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Chapter 1 

Figure 1.1: Organization of articular cartilage, with characteristics of 

chondrocytes and ECM in the different zones. The superficial zone, which 

represents approximately 10 % of the volume, contains cells and ECM fibres 

parallelly arranged. The transitional zone, which occupies about 40-60% of 

the volume, contains spherical cells and fibres obliquely arranged. The radial 

zone is characterized by spherical cells and large collagen fibres 

perpendicularly arranged. Calcified cartilage contains hypertrophic 

chondrocytes, calcified matrix and collagen type X. 

 

Chapter 2 

Figure 2.1: Collagen type II standard separated by SDS-PAGE show only an 

α1 band, whilst collagen type I standard shows α1 and α2 bands, at a ratio 2:1 

(A). SDS-PAGE (A) and complementary densitometric analysis (B) showed 

an increase in collagen deposition in early passage (3) human chondrocytes 

grown in monolayer, under MMC conditions (carrageenan (CR) 100 μg/mL 

for 2, 5 and 10 days). Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Note: Part A is 

comprised of different gels; white space is used to separate different gels.  

 

Figure 2.2: Immunocytochemistry (A) and complementary fluorescence 

intensity analysis (B) showed an increase in collagen type I deposition in early 

passage (3) human chondrocytes grown in monolayer under MMC conditions 

(carrageenan (CR)100 μg/mL), whilst no difference was observed in collagen 

type II.  Data shown are representative of two independent experiments with 

N=15 and are expressed as mean ±SD. Statistical significance was accepted 

at p <0.05. Scalebar: 100 µm. 

 

Figure 2.3: Morphology (A) and viability (B) of early passage (3) human 

chondrocytes grown in monolayer were not affected by MMC (carrageenan 

(CR) 100 μg/mL). In the absence of MMC, the number of cells increased as 
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a function of time, whilst under MMC conditions, it remained constant (C). 

The metabolic activity of MMC samples at day 5 and day 10 was lower than 

one of the control (D). Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm  

 

Figure 2.4: SDS-PAGE (A) and relative densitometric analysis (B) of cell-

associated collagen and further-removed matrix showed enhanced collagen 

deposition in early passage (3) human chondrocytes grown in alginate beads 

under MMC conditions (carrageenan (CR) 100 μg/mL for 2, 5 and 10 days). 

Analysis was performed in triplicate, data shown are representative of two 

independent experiments and are expressed as mean ±SD. Statistical 

significance was accepted at p <0.05. Note: Part A is comprised of different 

gels; white space is used to separate different gels.  

 

Figure 2.5: Immunocytochemistry (A) and complementary fluorescence 

intensity analysis (B) showed an increase, albeit not significant, in collagen 

type I and type II deposition in early passage (3) human chondrocytes in 

alginate beads under MMC conditions (carrageenan (CR) 100 μg/mL for 2, 5 

and 10 days). Data shown are representative of two independent experiments 

with N=15 and are expressed as mean ±SD. Scalebar: 100 µm.. 

 

Figure 2.6: Morphology (A), viability (B) and metabolic activity (C) of early 

passage chondrocytes grown in alginate beads were not affected as a function 

of MMC (carrageenan (CR) 100 μg/mL). Analysis was performed in 

triplicate, data shown are representative of two independent experiments and 

are expressed as mean ±SD. Statistical significance was accepted at p <0.05. 

Scalebar: 100 µm. 

 

Figure 2.7: During monolayer expansion, human chondrocytes in human 

serum (HS) and foetal bovine serum (FBS) showed elongated morphology 

(A) and their respective growth curves appeared similar (B). Data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Scalebar: 100 µm. 



 

XI 

 

Figure 2.8: SDS-PAGE of late passage human chondrocytes grown in human 

serum (HS) and foetal bovine serum (FBS), after 3 and 7 and 14 days of re-

differentiation in monolayer. Analysis was performed in triplicate, data 

shown are representative of two independent experiments and are expressed 

as mean ±SD. Note: The figure is comprised of different gels; white space is 

used to separate different gels. 

 

Figure 2.9: SDS-PAGE (A) and complementary densitometric analysis (B) 

of late passage chondrocytes re-differentiated in monolayer in FBS showed 

an increase in collagen deposition under MMC conditions (carrageenan (CR) 

50, 100 and 500 μg/mL, for 2, 5 and 10 days). Note: Part A is comprised of 

different gels; white space is used to separate different gels. Analysis was 

performed in triplicate, data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. 

 

Figure 2.10: Immunocytochemistry (A) and complementary fluorescence 

intensity analysis (B) of human chondrocytes expanded and re-differentiated 

in monolayer in FBS showed an increase in collagen type I deposition under 

MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL, for 2, 5 and 10 

days), whilst almost no collagen type II was detected. Data shown are 

representative of two independent experiments with N=15 and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm. 

 

Figure 2.11: SDS-PAGE (A) and complementary densitometric analysis (B) 

of late passage human chondrocytes re-differentiated in monolayer in HS 

showed an increase in collagen deposition under MMC conditions 

(carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days). Analysis 

was performed in triplicate, data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm Note: Part A is comprised of different 

gels; white space is used to separate different gels. 
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Figure 2.12: Immunocytochemistry (A) and complementary fluorescence 

intensity analysis (B) of human chondrocytes expanded and re-differentiated 

in monolayer in FBS showed an increase in collagen type I deposition under 

MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 

days), whilst almost no collagen type II was detected. Data shown are 

representative of two independent experiments with N=15 and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm.  

 

Figure 2.13: MMC (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 

10 days) did not affect morphology (A), viability (B), proliferation (C) and 

metabolic activity (D) of late passage human chondrocytes re-differentiated 

in monolayer in FBS. Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Scalebar: 100 µm 

 

Figure 2.14: MMC (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 

10 days) did not affect morphology (A), viability (B), proliferation (C) and 

metabolic activity (D) of late passage human chondrocytes re-differentiated 

in monolayer in HS. Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Scalebar: 100 µm 

 

Figure 2.15: SDS-PAGE and complementary densitometric analysis of late 

passage chondrocytes re-differentiated in alginate beads in FBS showed that: 

collagen in pellet was increased under MMC conditions (A), it was decreased 

in supernatant (B) only at 500 μg/mL carrageenan (CR), whilst it was barely 

detectable in culture media (C) independently of the MMC conditions. Note: 

The figure is comprised of different gels; white space is used to separate 

different gels. Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. 
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Figure 2.16: Immunocytochemistry (A) and complementary fluorescence 

intensity analysis (B) confirmed that MMC (carrageenan (CR) 50, 100 and 

500 μg/mL for 2, 5 and 10 days) increased collagen type I deposition in 

alginate beads human chondrocyte culture in FBS, whilst almost no collagen 

type II was detected. Data shown are representative of two independent 

experiments with N=15 and are expressed as mean ±SD. Statistical 

significance was accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 2.17: SDS-PAGE and complementary densitometric analysis of late 

passage human chondrocytes re-differentiated in alginate beads in HS, 

showed that under MMC conditions (carrageenan (CR) 50, 100 and 500 

μg/mL for 2, 5 and 10 days) collagen in pellet was increased (A), whilst it 

was decreased in supernatant (B) and culture medium (C) only at 500 μg/mL 

carrageenan. Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Note: The figure is 

comprised of different gels; white space is used to separate different gels. 

 

Figure 2.18: Immunocytochemistry (A) and complementary fluorescence 

intensity analysis (B) confirmed that MMC (carrageenan (CR) 50, 100 and 

500 μg/mL for 2, 5 and 10 days) increased collagen type I deposition in 

alginate beads human chondrocyte culture in HS. Data shown are 

representative of two independent experiments with N=15 and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar:100 

µm. 

 

Figure 2.19: Morphology (A), viability (B) and metabolic activity (C) of late 

passage human chondrocytes re-differentiated in alginate beads in FBS were 

not affected as a function of MMC (carrageenan (CR) 50, 100 and 500 μg/mL 

for 2, 5 and 10 days). Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Scalebar: 100 µm. 
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Figure 2.20: Morphology (A), viability (B) and metabolic activity (C) of late 

passage human chondrocytes re-differentiated in alginate beads in HS were 

not affected as a function of MMC (carrageenan (CR) 50, 100 and 500 μg/mL 

for 2, 5 and 10 days). Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Scalebar: 100 µm.  

 

Chapter 3 

Figure 3.1: Schematic workflow of the experiments. Cells were cultured with 

MMC medium for two days and then differentiated into adipogenic, 

chondrogenic and osteogenic lineage. Deposited ECM and phenotypic 

markers were evaluated at the end of the MMC pre-culture (day 0 of 

differentiation) and at day 8 and 16 for adipogenic induction, at day 7 and 14 

for chondrogenic induction, at day 6 and 12 for osteogenic induction. 

 

Figure 3.2: SDS-PAGE and relative quantification of collagen in the cell 

layer showed that two days of MMC were sufficient to increase collagen 

deposition and no substantial increase was observed at longer timepoints. 

Morphology (B) and metabolic activity (C) were not affected as a function of 

MMC. After 2 days of MMC, VEGF and TGF-β1, retained in the cell layer, 

were not significantly increased in MMC samples (D). Analysis was 

performed in triplicate, data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm. Note: Part A is comprised of different 

gels; white space is used to separate different gels.  

 

Figure 3.3: Metabolic activity of BMSCs (A) was not affected as a function 

of MMC. After 2 days of MMC, VEGF and TGF-β1, retained in the cell layer, 

were not significantly increased in MMC samples (D). Analysis was 

performed in triplicate, data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05.  
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Figure 3.4: Gross visual assessment (A) and oil red staining (B) made 

apparent an increase in lipid droplets as a function of time in culture within 

each group and revealed that significantly more lipid droplets were 

accumulated, when MMC was not used during the pre-condition and 

adipogenic differentiation phases (--). Data shown are representative of two 

independent experiments. Scalebar: 100 µm. 

 

Figure 3.5: Oil red complementary quantification uptake (A) made apparent 

an increase in lipid droplets as a function of time in culture within each group 

and revealed that significantly more lipid droplets were accumulated, when 

MMC was not used during the pre-condition and adipogenic differentiation 

phases (--). FABP4 expression, as judged by staining (D) and complementary 

fluorescence intensity analysis (E), also showed a tendency to increase as a 

function of time in culture within each group. Data shown are representative 

of two independent experiments and are expressed as mean ±SD. Statistical 

significance was accepted at p <0.05. For Part A, analysis was performed in 

triplicate, for Part B, N= 15. Scalebar: 100 µm. 

 

Figure 3.6: BMSCs were trypsinised at the end of the pre-condition phase 

and seeded in new wells for the adipogenic differentiation phase. Gross visual 

assessment (A), oil red staining (B) and complementary quantification uptake 

(C) revealed that more lipid droplets were accumulated when MMC was not 

used during the pre-condition and adipogenic differentiation phases (--), after 

day 16 of differentiation. Analysis was performed in triplicate Data shown 

are representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 3.7: Immunocytochemistry (A) and complementary image intensity 

analyses (B) revealed almost no collagen type I and very little collagen type 

IV in samples where MMC was not used during the pre-condition and 

adipogenic differentiation phases (--), whilst a significant increase in both 

collagen I and collagen type IV was observed for samples where MMC was 

not used during the pre-condition phase and was used during the adipogenic 

differentiation phase (-+). The highest collagen type I and collagen type IV 
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deposition was observed for cells that were grown under MMC conditions 

during the pre-condition and differentiation phases (++). Data shown are 

representative of two independent experiments with N= 15 and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm. 

 

Figure 3.8: Cell viability (A), metabolic activity (B) and DNA content (C) 

were not affected for cells that were pre-conditioned in the absence of MMC 

prior to adipogenic differentiation (-- and -+), whilst a reduced DNA content 

was observed at day 8 and day 16 for cells that were pre-conditioned in the 

presence of MMC (+- and ++). Analysis was performed in triplicate, data 

shown are representative of two independent experiments and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm 

 

Figure 3.9: Immunocytochemistry (A) and complementary image intensity 

analyses (B) revealed very little collagen type I and almost no collagen type 

II and collagen type X in samples that were pre-conditioned and differentiated 

into chondrogenic lineage in the absence of MMC (--). A significant increase 

in collagen type I and collagen type II and almost no collagen type X was 

observed when MMC was used only during the chondrogenic differentiation 

phase (-+). Data shown are representative of two independent experiments 

with N=15 and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 3.10: Immunocytochemistry and complementary image intensity 

analyses (A) revealed that the highest amount of chondroitin sulphate was 

deposited at day 14 from cells that were either pre-conditioned in the absence 

of MMC and cultured under MMC during the chondrogenic differentiation 

phase (-+) or pre-conditioned in the presence of MMC and cultured under 

MMC during the chondrogenic differentiation phase (++). Similar results 

were obtained when total GAG content per well or per DNA was quantified 

(B). Western blot analysis revealed no differences in Sox-9 expression at day 

7 and day 14 between the groups (C). Data shown are representative of two 
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independent experiments and are expressed as mean ±SD. For Part A, N= 15, 

for Part B and C, analysis was performed in triplicate. Statistical significance 

was accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 3.11: Cell morphology (A), viability (B), metabolic activity (C) and 

DNA content (D) were not affected for cells that were pre-conditioned in the 

absence of MMC prior to chondrogenic differentiation (-- and -+), whilst a 

reduced DNA content was observed at day 8 and day 16 for cells that were 

pre-conditioned in the presence of MMC (+- and ++). Analysis was 

performed in triplicate. Data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 3.12: Gross visual assessment (A) and alizarin red staining (B) 

revealed that MMC during the osteogenic differentiation phase (-+) increased 

mineralised areas and accumulated calcium nodules at day 6 and 12 for. 

Increased mineralisation was observed at day 6 for cells grown in the presence 

of MMC during the pre-condition and the differentiation phases (++), but cell 

detachment prohibited analysis at day 12. Cells that were grown in the 

absence of MMC during the pre-condition phase and in the presence of MMC 

during the differentiation phase exhibited the highest calcium content after 12 

days in culture (-+) (C). Cells that were grown in the absence of MMC during 

the pre-condition phase and in the absence or presence of MMC during the 

differentiation phase (-+ and ++) exhibited similar ALP activity at respective 

time points (D). Analysis was performed in triplicate. Data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm.  

 

Figure 3.13: Immunocytochemistry (A) and complementary image intensity 

(B) analyses revealed that cells treated with MMC, either in the pre-condition 

or in the osteogenic differentiation phase (+-, -+ and ++), deposited 

significantly higher collagen type I than cells that were grown in the absence 

of MMC in both pre-condition and differentiation media (--). 

Immunocytochemistry (A) and complementary image intensity (B) revealed 
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that osteopontin expression reached its highest value at day 12 in cells that 

were grown in the absence of MMC in both pre-condition and differentiation 

phase (--), whilst it reached its equal highest value at day 6 in cells that were 

grown in the absence of MMC in pre-condition phase and in the presence of 

MMC during the differentiation phase (-+).Data shown are representative of 

two independent experiments with N= 15 and are expressed as mean ±SD. 

Statistical significance was accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 3.12: BMSCs were trypsinised at the end of the pre-condition phase 

and seeded in new wells for the osteogenic differentiation phase. At day 12, 

gross visual inspection (A) and DNA quantification (B) revealed that the 

number of cells that were grown in the presence of MMC in the pre-condition 

phase (+- and ++) was significantly lower to the number of cells that were 

grown in the absence of MMC in the pre-condition phase (-- and -+). The 

highest calcium content was detected on cells that were grown in the presence 

of MMC in both pre-condition and differentiation phases (++) (C). Analysis 

was performed in triplicate and data shown are representative of two 

independent experiments and are expressed as mean ±SD. Statistical 

significance was accepted at p <0.05. Scalebar: 100 µm. 

 

Figure 3.13: Cell viability (A), metabolic activity (B) and DNA content (C) 

were not affected for cells that were pre-conditioned in the absence of MMC, 

prior to osteogenic differentiation (-- and -+). Cell detachment prohibited 

accurate analysis of cell grown in the presence of MMC during the pre-

condition phase (+- and ++). Analysis was performed in triplicate and data 

shown are representative of two independent experiments and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm. 
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Appendix 

Figure B.1: Primary bovine articular chondrocytes isolated from knee 

articular cartilage one day after seeding (A) and at passage 2 (B). Scalebar: 

100 µm. 

 

Figure B.2: SDS-PAGE of collagen extracted from rabbit chondrocytes 

grown in monolayer or alginate beads, 2, 5 and 10 days after the addition of 

carrageenan (CR) 50, 100 or 500 µg/mL. In monolayer, collagen was not 

detectable, at any timepoint. In alginate beads, collagen was detectable only 

at day 10 and MMC increased collagen associated with cells (pellet). Figure 

is comprised of different gels; white space is used to separate different gels. 

 

Figure B.3: SDS-PAGE of collagen extracted from bovine chondrocytes 

grown in monolayer or alginate beads, 2, 5 and 10 days after the addition of 

carrageenan (CR) 50, 100 or 500 µg/mL. Collagen was not detectable in 

monolayer, at any timepoint. In alginate beads, collagen associated with cells 

(pellet) was detected at day 10 in MMC samples (50 and 100 µg/mL CR). 

Both α1 and α2 chains were present. Figure is comprised of different gels; 

white space is used to separate different gels. 

 

Figure B.4: To determine whether MMC, by altering oncotic pressure, 

affected equilibrium swelling ratio, alginate beads were incubated in culture 

medium (DMEM/F12 + 10% FBS) supplemented with carrageenan 0, 50, 

100, 500 µg/mL. No significant difference in the swelling ratios was observed 

among the groups. Analysis was performed in triplicate Data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. 

 

Figure B.5: EGFP-C1 empty plasmid (mock) and EGP-C1-Sox-9 plasmid 

were kindly provided by Prof. Gun-Il Im from Department of Orthopaedics, 

Dongguk University. Maps of the plasmids were created using SnapGene™ 

software. Mock plasmid contains EGFP report gene under the control of the 

cytomegalovirus (CMV) promoter. Sox-9 gene has been inserted through 

restriction sites BglII and SmaI of the multicloning site (MCS) and is 
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expressed as fusion to the C-terminus of EGFP. Neomycin resistance gene 

(NeoR) (for eukaryotic cells) and kanamycin resistance gene (KanR) (for E. 

Coli) are under the control of SV40 promoter and ampR, respectively. pUC 

origin of replication (ori) is provided for propagation in E. Coli. SmaI 

restriction site in the multicloning site (MCS) (1388 bp of the mock plasmid), 

is lost after insertion of Sox9 cDNA, as SmaI produces blunt-ended 

fragments. A SmaI restriction site is present in the Sox-9 cDNA (2255 bp of 

the pEGFP-C1-Sox9). 

 

Figure B.6: pEGFP-C1 (mock) and pEGFP-C1-Sox9 were expanded in One 

Shot™ TOP10 E. Coli cells and isolated using the QIAGEN® Plasmid Maxi 

kit. Their identity was confirmed through DNA electrophoresis, prior and 

after digestion with SmaI restriction enzyme. Prior to digestion with SmaI, 

majority of the plasmids were in their supercoiled form, thus their migration 

did not correlate with their molecular weight. After digestion with SmaI, only 

the linearised form was detectable. DNA ladder 1 Kb has been loaded to 

determine plasmid length. 

 

Figure B.7: Two Nucleofector™ programs U23 and C17, which differ for 

length and strength of the electric field, were tested for BMSCs transfection 

with pEGFP-C1 plasmid. Higher transfection efficiency was observed with 

program C17, which was therefore used in the following experiments. N=10. 

Data are expressed as mean ±SD. Statistical significance was accepted at p 

<0.05.  

 

Figure B.8: For determining a possible effect of MMC in BMSC 

Nucleofection™, immediately after electroporation (program C17, pEGFP-

C1 plasmid), BMSCs resuspended in culture media containing carrageenan at 

concentration of 0, 125, 250, 500 or 1000 µg/mL No significant difference 

was observed in transfection efficiency and cell viability among the groups. 

N=10. Data are expressed as mean ±SD. Statistical significance was accepted 

at p <0.05. 
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Figure B.9:  Brightfield and fluorescent (FITC filter) images of BMSCs 1, 2 

and 3 days after transfection with pEGFP-C1 plasmid. Immediately after 

Nucleofection™ cells were resuspended in culture medium containing 

carrageenan 0, 125, 250 and 500 µg/mL. Scalebar: 100 µm. 

 

Figure B.10: To evaluate the effect of Sox-9 overexpression in ECM 

synthesis, BMSCs were transfected with pEGFP-C1-Sox9 using the 

Nucleofector™ program C17. Transfection was confirmed through western 

blot three days after the transfection (A). Immunostaining for collagen type I 

and II did not show a substantial increase in collagen type II synthesis in 

transfected cells, compared to naïve ones (B). Data shown are representative 

of two independent experiments. Scalebar: 100 µm. 
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Abstract 

Chondrocyte-based tissue engineering therapies require in vitro cell 

expansion, which is associated with loss of phenotype, decrease in synthesis 

of collagen type II and increase in synthesis of collagen type I. Another major 

obstacle in clinical translation of chondrocyte-based therapies is the lack of 

extracellular matrix (ECM) in the cartilage substitutes. Macromolecular 

crowding (MMC) is a biophysical phenomenon, based on the excluded 

volume effect, known to dramatically increase tissue-specific ECM 

deposition during in vitro culture and to modulate cell phenotype and stem 

cell differentiation. The effect of MMC in chondrogenesis has not been well 

investigated as yet. Herein, we hypothesized that MMC will increase hyaline 

ECM deposition in chondrocytes and favour chondrogenic, as opposed to 

osteogenic and adipogenic, differentiation of bone marrow mesenchymal 

stem cells (BMSCs). 

In early passage (3) human chondrocytes, MMC increased, albeit not 

significantly, both collagen type I and collagen type II deposition. In late 

passage (7) chondrocytes, re-differentiated using a commercial medium, 

MMC significantly increased collagen type I deposition, whilst almost no 

collagen type II was detected. These data suggested that the commercial 

medium used was not able to correctly restore cell phenotype and that the 

optimal medium for expansion of adult chondrocytes is still elusive. 

MMC was then assessed in the pre-condition and/or differentiation media of 

human BMSCs. A moderate increase in collagen type II and chondroitin 

sulphate, a lower increase in collagen type I and collagen type X and an 

unaffected Sox-9 expression were detected, suggesting that carrageenan, the 

highly sulphated crowder used, enhanced chondrogenesis. Osteogenesis was 

also enhanced, as evidenced by increased mineralisation, collagen type I 

deposition and osteopontin expression. Adipogenesis was not affected. 

Collectively, these data provide further knowledge on the use of MMC for 

the modulation of chondrogenic phenotype maintenance and stem cell 

differentiation. 

 

Keywords: cartilage tissue engineering, chondrocyte culture, mesenchymal 

stem cell differentiation, macromolecular crowding.
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1.1 Introduction 

Articular cartilage defects have been reported in about 60-66 % of routine 

knee arthroscopies [1] and full-thickness defects are found in 4.2-6.2 % of 

arthroscopies of patients younger than 40 years [2]. They are caused by joint 

diseases, genetic or metabolic conditions or as a result of trauma. The most 

common symptoms are pain, swelling and reduced mobility [3]. Articular 

cartilage defects increase the risk of osteoarthritis (OA) [4], are frequently 

found in association with OA and correlate with symptoms and disease 

progression [5]. Although the aetiology is not well known, probably in 

chronic cartilage injury, breakdown molecules induce inflammation in the 

joint [6] that in turn induces alteration of cell phenotype and increases the 

synthesis of cytokines and matrix-degrading enzymes by chondrocytes [7]. In 

the U.S., the estimated direct and indirect costs of OA and related diseases 

are about US$ 128 billion per year [8]. 

Numerous cell types are under intense investigation for cartilage repair and 

regeneration (Table 1.1). Autologous chondrocyte implantation techniques 

(ACI) rely on the isolation of chondrocytes from a non-load bearing region 

of articular cartilage and their in vitro expansion and implantation in the 

defect site [9]. Despite ACI treatments showed initially promising results, 

recent clinical trials have suggested that they are ineffective as a long-term 

treatment [10] and that they are not superior to other surgical treatments [11, 

12]. This is mainly due the fact that during in vitro expansion, chondrocytes 

gradually lose their phenotype, in a process known as dedifferentiation. Their 

synthesis of collagen type II decreases, parallel with an increase in collagen 

type I [13]. In vitro expansion usually results in production of 

fibrocartilaginous substitutes with inferior mechanical properties as 

compared to physiological hyaline cartilage [1]. A wide branch of scientific 

research is aimed at optimising cell culture systems to maintain the 

chondrogenic phenotype during in vitro expansion. In parallel, researchers 

are searching for cell sources alternative to chondrocytes that would minimise 

donor-site morbidity, reducing the number and costs of interventions. 

Different cell populations have been investigated and, particularly, 

mesenchymal stem cells (MSCs) have gained considerable attention, due to 

their ease of isolation, and great expansion and chondrogenic differentiation 
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capacity. ACI techniques have been used for the treatment of chondral defects 

with concomitant inflammatory and degenerative pathologies [14-22] and in 

this context, an advantage of MSCs over adult cells would be their anti-

inflammatory property. However, MSCs possess a high tendency to acquire 

a hypertrophic phenotype when exposed to chondrogenic stimuli. 

Hypertrophic cells show an increase in cell volume, a decrease in the 

expression of collagen type II and a concomitant upregulation of collagen 

type X, osteocalcin, alkaline phosphatase (ALP) and matrix 

metalloproteinases (MMP) involved in cartilage remodelling; this finally 

results in the production of mineralised matrix [23-25]. Such changes are 

typically associated with endochondral ossification during fracture repair. 

Different sources of MSCs have been investigated (bone marrow, adipose 

tissue, synovium, periosteum, umbilical cord blood, peripheral blood, skeletal 

muscle and synovial fluid), while different in vitro culture systems have been 

described for mitigating the MSC hypertrophic tendency. Other possible 

candidates for cartilage regeneration are induced pluripotent stem cells 

(iPSCs) and embryonic stem cells (ESCs) that show low levels of 

hypertrophic markers during differentiation [26, 27]. However, their intrinsic 

tumorigenic potential and ethical concerns have limited their 

experimentation.  
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Table 1.1: Rationale of various cell populations and numbers of studies 

available (Source: PubMed; Date:11-05-2018). 

Cell type Advantages Concerns 
Terms 

searched 

No. 

studies 

Nasal and 

articular 

chondrocytes 

Natural 

population in 

cartilage 

Low 

proliferation 

capacity and 

tendency to 

dedifferentiate 

Scarce 

availability. 

Additional 

knee surgery 

needed 

Cartilage 

tissue 

engineering 

chondrocytes 

4257 

BMSCs 

High 

chondrogenic 

potential 

Surgical 

procedure 

needed. 

Tendency to 

hypertrophy 

Cartilage 

tissue 

engineering 

bone marrow 

mesenchymal 

cells 

876 

Adipose 

derived stem 

cells 

(ADSCs) 

High 

proliferation 

rate. Ease of 

isolation. 

High yield of 

isolation 

Low 

chondrogenic 

potential 

Cartilage 

tissue 

engineering 

adipose 

derived stem 

cells 

356 

Synovial 

derived stem 

cells (SDSCs) 

High 

chondrogenic 

potential over 

extended 

passages. 

Their matrix 

Scarce 

availability. 

Additional 

knee surgery 

needed 

Cartilage 

tissue 

engineering 

synovial 

derived stem 

cells 

97 
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is similar to 

hyaline 

cartilage in 

collagen type 

I and collagen 

type II 

Periosteum 

MSCs 

High 

expansion 

potential 

Invasive 

surgical 

procedure 

needed. 

Scarce 

availability 

Cartilage 

tissue 

engineering 

periosteum 

MSCs 

31 

Peripheral 

blood MSCs 

Ease of 

isolation, high 

yield 

Not well 

studied 

Cartilage 

tissue 

engineering 

peripheral 

blood MSCs 

19 

Skeletal 

muscle 

MSCs 

Chondrogenic 

potential 

Invasive 

surgical 

procedure 

needed. 

Scarce 

availability 

Cartilage 

tissue 

engineering 

skeletal 

muscle MSCs 

36 

Umbilical 

cord MSCs 

Abundant 

supply, 

painless 

collection, no 

donor site 

morbidity, 

fast and long 

self-renewal 

in vitro 

Low isolation 

efficiency, 

tendency to 

produce 

fibrocartilage 

rather than 

hyaline 

cartilage 

Cartilage 

tissue 

engineering 

umbilical 

cord MSCs 

76 
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ESCs 

High 

chondrogenic 

potential, low 

tendency to 

display 

hypertrophic 

phenotype 

Safety and 

ethical 

concerns 

Cartilage 

tissue 

engineering 

embryonic 

stem cells 

189 

iPSCs 

High 

chondrogenic 

potential, low 

tendency to 

display 

hypertrophic 

phenotype 

Safety 

concerns 

Cartilage 

tissue 

engineering 

induced 

pluripotent 

stem cells 

78 

Synovial 

fluid derived 

stem cells 

(SFSCs) 

Not well 

studied 

Scarce 

availability. 

Additional 

knee surgery 

needed 

Cartilage 

tissue 

engineering 

synovial fluid 

MSCs 

20 
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1.2 Articular cartilage and cell populations 

Articular cartilage is a specialised type of hyaline cartilage that provides a 

smooth and lubricated surface for movable joints. It is an aneural, avascular 

and alymphatic tissue, composed of a dense ECM with a sparse distribution 

of chondrocytes. Collagen type II is the principal component of cartilage’s 

ECM; it forms a fibrillar network that entraps the proteoglycan (PG) 

aggregates and provides tensile strength to the joint. Other types of collagen 

found in articular cartilage are collagen type XI that cross-links with collagen 

type II to form larger fibrils and collagen type IX that binds in a regular 

pattern the surface of collagen type II / collagen type XI fibrils, probably 

mediating interaction with others matrix proteins [28]. Finally, collagen type 

X gives structural support and is associated with the calcified cartilage layer. 

PGs form 10-20 % wet weight and they consist of a core protein with one or 

more covalently attached glycosaminoglycan (GAG) chains, long 

unbranched polysaccharides consisting of a repeating disaccharide unit. They 

can be found either in large aggregates, such as aggrecan, or as small PGs, 

such as biglycan and fibromodulin [29, 30]. 

Articular cartilage is typically divided into 4 zones, starting from the joint 

space to the subchondral bone: superficial zone, transitional zone, radial zone 

and calcified cartilage zone (Figure 1.1.). The superficial zone is the thinnest 

of all layers and is covered with a thin film of synovial fluid. It possesses a 

high concentration of collagen and a low concentration of PGs. Transitional 

zone has a high concentration of aggrecans and collagen fibres obliquely 

arranged, whereas the deep zone contains the largest diameter-collagen fibres 

with chondrocytes organised in a columnar pattern perpendicular to the joint 

surface. The calcified zone contains calcified matrix and collagen type X. It 

provides resistance to compressive forces, given the high PG content, and 

ensures a cohesive connection to the underlying bone. Cells in this zone show 

hypertrophic phenotype and low metabolic activity [29, 30]. 
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Figure 1.1: Organization of articular cartilage, with characteristics of chondrocytes and ECM in the different zones. The superficial zone, which 

represents approximately 10 % of the volume, contains cells and ECM fibres parallelly arranged. The transitional zone, which occupies about 40-60% 

of the volume, contains spherical cells and fibres obliquely arranged. The radial zone is characterized by spherical cells and large collagen fibres 

perpendicularly arranged. Calcified cartilage contains hypertrophic chondrocytes, calcified matrix and collagen type X. 
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Chondrocytes are the main cellular component of cartilage and they form only 

1-5 % of its volume. Their place as the sole cell present in cartilage has 

recently been challenged by studies indicating an even more rare population 

of chondroprogenitor cells (CPCs) [31]. Chondrocytes are round shaped cells 

with a high metabolic activity and they are responsible for the synthesis of all 

cartilage ECM proteins. They do not need cell-to-cell contact, so they are 

sparsely spread within the matrix. In articular cartilage, they are found as a 

heterogeneous population of cells with different properties, capability to 

synthesise proteins and to respond to mechanical and chemical stimuli. Cells 

from the middle and the deep zones produce more matrix rich tissue with 

higher compressive modulus and more GAGs, large aggrecan and collagen, 

whereas cells from the superficial zone show weaker and slower cell 

attachment and they tend to form cells clusters with little matrix [32]. CPCs 

reside in the superficial zone of articular cartilage, they share various 

membrane markers with MSCs (e.g. CD9, CD44, CD54, CD90 and CD166), 

express Notch-1, have higher affinity for fibronectin compared to adult 

chondrocytes and possess tri-lineage differentiation potential [31, 33]. 

Recently, 2 different sub-populations of CPCs with different proliferative 

potential and capacity for telomere maintenance have been found in 

osteoarthritic cartilage [34]. However, CPCs have been only recently 

discovered and are not well characterised. Furthermore, after analysis of 

surface markers of chondrocytes during monolayer expansion, it has also 

been hypothesised that CPCs are de facto just de-differentiated chondrocytes 

[35, 36]. 

 

1.3 Mediators of chondrogenesis 

Chondrogenesis is a complex process occurring during embryonic and foetal 

development by which cartilage is formed from condensed mesenchymal 

stem cells that differentiate into chondrocytes. After chondrogenesis, 

chondrocytes of the peripheral region of the cartilage template remain as 

resting cells in the hyaline cartilage, while chondrocytes in the centre undergo 

proliferation, hypertrophic differentiation and apoptosis. During 

endochondral ossification, due to blood vessel invasion, osteoclasts and 
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osteoblasts reach the zones of hypertrophic chondrocytes and replace it with 

bone [37]. 

Central mediators of chondrogenesis are the transcription factors Sex 

determining region Y box 9 (Sox-9) and Runt-related transcription factor 2 

(Runx2). Sox-9 drives mesenchymal stem cells differentiation toward 

chondrogenic lineage and it is expressed during the first stages of 

chondrogenesis, whilst Runx2 is involved in the final hypertrophic 

differentiation and its activity is repressed by Sox-9 [38]. Sox-5 and Sox-6 

work in cooperation with Sox-9. Like Sox-9, they possess a high mobility 

group (HMG) domain, but they lack the transcriptional activation domain and 

bind DNA as homodimers and heterodimers [39]. Expression of Sox-9 and 

Runx2 during chondrogenesis is finely regulated by different growth factors, 

most of them belonging to the transforming growth factor (TGF) superfamily, 

a large family of cell regulatory proteins comprised of more than forty 

members. In early phases of chondrogenesis, they stimulate the expression of 

Sox-9 and in late phases, they modify the balance between chondrogenic and 

hypertrophic transcription factors determining the fate of chondrocytes [40, 

41]. TFG-β, bone morphogenetic proteins (BMPs), insulin growth factor 

(IGF) and fibroblast growth factor (FGF) are the most studied growth factors 

involved in chondrogenesis. TFG-β binds a TGF-β RI that recruits and 

phosphorylates a type II receptor. Depending on the type II receptor recruited, 

they can activate Smad2/3 pathway or the Smad1/5/8. Strong evidence 

suggest that Smad1/5/8 pathway cooperates with Runx2 to stimulate 

hypertrophy and an imbalance between Smad2/3 and Smad1/5/8 pathways 

has also been observed during OA progression and ageing [40, 42, 43]. TGF-

β proteins also activate the MAP kinase mitogen-activated kinases (MAPK) 

cascade and they utilise Erks1/2, p38 and JNK as MAPKs. Particularly, p38 

activates cartilage nodule formation, whilst Erk1/2 induces hypertrophy and 

it regulates the effects of pro-inflammatory cytokines produced during OA 

progression [40]. 

BMP family include also the growth differentiation factor (GDFs) subgroup. 

BMP proteins stimulate MSC condensation, increase chondrocyte 

proliferation and matrix synthesis, but are also essential for the endochondral 
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ossification [44, 45]. They bind to type II receptor, which recruits a type I 

receptor, finally leading to the activation of Smad 1/5/8 pathway [40, 46]. 

The role of BMP-2, BMP-4 and BMP-6 is controversial, as these growth 

factors are also well-known inducers of hypertrophic progression [47-49] and 

of bone formation [50, 51]. On the contrary, BMP-7 appears to inhibit 

hypertrophic progression, probably by regulating the expression of the 

transcription factor Bapx1 [52, 53]. 

Chondrogenesis takes place in a low oxygen environment (1-6 % O2) [54] 

that seems to be essential in promoting differentiation. While typically 

described as hypoxia, the fact that low oxygen is the natural in vivo situation 

the term ‘physioxia’ is increasingly used [55]. The main mediators of low 

oxygen are hypoxia-inducible factors (HIFs) that are heterodimeric 

transcription factors composed by α and β subunits. Under environmental 

oxygen tension (20 % O2), due to hydroxylation of specific proline residues, 

HIF α subunits are degraded through the proteasomal pathway. Conversely, 

when oxygen levels fall below 5 %, hydroxylation is inhibited and HIF α 

subunits can heterodimerise with β subunits and translocate to the nucleus, 

where they activate Sox-9 expression. Two different α subunits HIF-1α and 

HIF-2α are involved in chondrogenesis [56, 57]. Furthermore, low oxygen 

activates PKA/Akt pathway that prevents hypertrophic differentiation, 

presumably by suppressing the expression of Runx2 and inhibits terminal 

chondrocytes apoptosis by suppressing the activation of caspase 3 and 8 [57]. 

 

1.4 Chondrocytes 

1.4.1 In vitro culture and media supplementation 

In traditional ACI techniques, chondrocytes are isolated from non-load-

bearing regions of articular cartilage. Recent studies have suggested the use 

of chondrocytes isolated from nasal septum [58] or from auricular cartilage 

[59] that are easily available with a less invasive surgery. Nasal chondrocytes 

appeared to possess a higher proliferation and chondrogenic capacity than 

articular chondrocytes [60, 61]. When seeded in collagen I/III matrices, they 

formed thicker constructs, with a higher GAG content than articular 

chondrocytes [58]. Further studies are needed to demonstrate the superiority 

of nasal spectrum / auricular cartilage chondrocytes over the articular ones. 
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Independently of the chondrocyte tissue origin, in vitro expansion of 

chondrocytes is difficult, since they have a low proliferation capacity and they 

tend to lose their morphology, phenotype and function (Table 1.2). When 

cultured in monolayer, they gradually switch from producing aggrecan to 

producing smaller PG species and from synthesising collagen type II to 

synthesising collagen type I, resulting in a change of biomechanical 

properties of the ECM [62]. Furthermore, they lose key chondrocyte markers, 

such as Sox-5, Sox-6, Sox-9 and increase the expression of hypertrophy 

markers, such as ALP and Runx2 [63]. The phenomenon of dedifferentiation 

has been reported as early as the first passage in monolayer culture [64, 65] 

and it represents one of the biggest limitations in cartilage engineering. 

Methods described to enhance cell proliferation and mitigate 

dedifferentiation include addition of growth factors to culture media, culture 

of cells in three-dimensional scaffolds, reduction of oxygen tension and 

application of mechanical stimuli. Finally, some bioreactors specifically 

designed for chondrocytes enhance cell proliferation and increase the 

synthesis of a hyaline-like matrix. 

Factors commonly used in chondrocyte culture include members of the 

transforming growth factor (TGF) superfamily, that are the physiological 

regulators of chondrogenesis and are able to stimulate in vitro cell 

proliferation and synthesis of ECM proteins [66]. TGF-β increased 

proliferation and stimulates synthesis of collagen type II in chondrocyte 

culture [67]. Among bone morphogenetic protein (BMPs) family members, 

BMP-2 has been reported to induce chondrogenic differentiation of pre-

chondrogenic cells [68] and BMP-7 is known as an inductor of cartilage 

formation and inhibitor of the terminal differentiation of pre-hypertrophic 

chondrocytes into hypertrophic chondrocytes [69]. Growth differentiation 

factor-5 (GDF-5) is another member of the BMP family, often used in 

combination with insulin. It is able to enhance collagen type II expression, 

without increasing the expression of collagen type I [70]. Insulin growth 

factor-1 (IGF-1) and fibroblast growth factor (FGF-2, also basic fibroblast 

growth factor bFGF) mainly modulate cartilage metabolism [71]. IGF-1 has 

been shown to prevent chondrocyte apoptosis [72] and to stimulate the 

expression of type II collagen and proteoglycan in pre-chondrogenic cells 
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[73], whereas bFGF has been shown to elicit dose-dependent effects on 

chondrocyte mitotic activity and anabolic processes [74]. Insulin, transferrin 

and selenium (ITS) is often used in combinations with growth factors, as it 

increases collagen type II synthesis and keeps constant the expression of 

collagen type I [75]. Coating of culture plastic dishes with collagen type I 

[76], collagen type II [77] or ECM proteins secreted by synovial cells [78] 

has been proposed as a method for maintaining phenotype in monolayer 

culture. However dedifferentiation has been reported also in chondrocytes 

grown on collagen type I, collagen type II and fibronectin coated-plastic 

dishes [79]. While in traditional ACI technique chondrocyte expansion was 

performed using autologous serum, the majority of in vitro research studies, 

as well as some variants of ACI [80], used foetal bovine serum [76, 81-84]. 

In vitro, human serum, which contains higher levels of EGF and PDGF-β, 

leads to an increase in proliferation rate up to 7 times compared to FBS [85]. 

To overcome problems related with the use of FBS, such as the variability in 

serum quality and potential presence of contaminants, some studies proposed 

a serum-free culture medium that contained PDGF-β, FGF-2 [86], EGF and 

dexamethasone [87]. Chondrocytes cultured in a serum-free condition 

showed the same proliferation ability than the ones cultured in FBS [56]. 

Platelet-rich plasma (PRP) is a fraction of plasma that contains high levels of 

multiple growth factors [88]. It can be used as an alternative of FBS for 

chondrocyte expansion, as it been shown to support this [89] and matrix 

synthesis [90]. Human platelet lysate is derived by mechanical disruption of 

platelets and contains all platelet-related factors, used as an alternative to 

animal serum [91]. However, a few studies have demonstrated that it failed 

to induce the deposition of typical cartilage matrix components [92, 93]. 

Given the importance of cell-cell contact in preventing de-differentiation 

[94], multilayer chondrocyte sheets have been fabricated and have been 

shown to increase the expression of collagen type II [95, 96] and fibronectin 

and aggrecan [95] and to decrease the expression of collagen type I [95, 96] 

compared to traditional monolayer. However, despite the large variety of 

conditions tested, there is still no clear consensus on the optimal media 

supplementation and in vitro conditions for expanding chondrocytes. 
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Table 1.2: Changes in protein synthesised by chondrocytes during expansion. 

Dedifferentiation of chondrocytes is accompanied by loss of most of the 

chondrogenic markers and upregulation of some of the hypertrophic markers. 

Phenotype Molecule 

Changes 

associated with 

dedifferentiation 

Ref 

Chondrogenic phenotype 
Collagen type 

II 
↓ 

[97, 

98] 

Chondrogenic phenotype Aggrecan Constant 
[28, 

98] 

Chondrogenic phenotype Sox-9 ↓ 
[28, 

97] 

Chondrogenic phenotype Sox-5, Sox-6 ↓ [28] 

Chondrogenic phenotype IGFR2 ↓ [99] 

Chondrogenic phenotype VEGFR1 ↓ [99] 

Chondrogenic phenotype CD44 ↑ 
[28, 

97] 

Chondrogenic phenotype CD151 ↑ [97] 

Chondrogenic phenotype 
CD54 

(ICAM-1) 
↓ 

[28, 

97, 

100] 

Chondrogenic phenotype VCAM 1 ↓ 
[99, 

100] 

Fibroblastic phenotype 
Collagen type 

I 
↑ 

[97, 

98] 

Hypertrophic phenotype 
Collagen type 

X 
Constant 

[28, 

97] 

Hypertrophic phenotype Runx2 ↑ [28] 

Hypertrophic phenotype 
MMP-1, 

MMP-3 

Constant or 

reduced 

[97, 

98] 
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Hypertrophic phenotype ALP ↑ [28] 

Hypertrophic phenotype MMP-13 
Constant or 

reduced 

[28, 

98] 

Chondrogenic/ hypertrophic 

phenotype 
BMP-2 ↓ 

[97, 

99] 

Chondrogenic phenotype TGF-β2 ↓ 
[46, 

101] 

Hypertrophic phenotype VEGF ↓ [99] 

Hypertrophic phenotype FGFR3 ↓ [46] 
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1.4.2 Three-dimensional scaffolds 

The general trend in tissue engineering is culturing chondrocytes in three-

dimensional scaffolds, as they have shown more success in retention of 

phenotype than monolayer systems. Scaffolds can be used for the re-

differentiation of chondrocytes that, after monolayer expansion, have 

undergone dedifferentiation. Culture of cells in three-dimensional scaffolds 

is believed to inhibit cell spreading on the substrate and the formation of actin 

stress fibres that probably mediate the dedifferentiation process [102]. 

Over the past decades, different materials and architectures have been 

investigated for their capability to maintain in vitro chondrogenic phenotype 

and to provide adequate mechanical properties necessary for the initial in vivo 

support. Scaffolds commonly used are hydrogels, since they can retain high 

water content [103] and transmit mechanical loads to encapsulated cells 

[104], mimicking physiological conditions or porous scaffolds that facilitate 

cell infiltration [105]. Numerous natural [102, 106-113] and synthetic [114-

118] biomaterials have been investigated in the quest of the ideal one to 

maintain chondrogenic phenotype in vitro. Fibrin contains native arginine-

glycine-aspartic acid (RGD) sites for chondrocytes attachment [119, 120] and 

it can support growth and matrix synthesis of chondrocytes [115]. Fibrin gels 

alone [121] or reinforced with natural [119] or synthetic [115] polymers have 

also demonstrated enhanced collagen type II and aggrecan synthesis of both 

articular [115, 119] and nasal chondrocytes [121]. Hyaluronic acid (HA) has 

been widely used due to its large natural presence in the ECM and was able 

to induce dedifferentiated chondrocytes to increase collagen type II synthesis 

and to decrease collagen type I synthesis [108]. Since collagen type II is the 

main component of cartilage, some studies compared the chondrogenic 

properties of scaffolds composed of collagen type II and collagen type I. 

While in one study, no differences in term of phenotype maintenance of goat 

chondrocytes were observed between collagen type I and II sponges [112], 

one study showed that collagen type I sponges were not as able as collagen II 

sponges to induce collagen type II synthesis and to maintain the round 

morphology of canine chondrocytes [122]. Agarose hydrogels have been 

shown to maintain chondrogenic phenotype for longer than monolayer culture 

systems [106]. Culture of human chondrocytes in agarose gels resulted in the 
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formation of 2 regions: a central region with cartilaginous matrix, containing 

cells with typical chondrocytes morphology and a peripheral region at the 

interface with the media, containing cells with a more elongated morphology 

and a higher proliferation rate [123]. Alginate beads were able to preserve 

phenotype in a long term (up to 8 months) culture [124] and have been used 

for re-differentiating chondrocytes that have been expanded in two-

dimensional culture [125]. Bovine articular chondrocytes cultured for an 

extended period in alginate beads, formed two different subpopulations: the 

first was near the surface of the beads and was composed of flattened cells 

surrounded by a matrix spare in PGs and collagen fibrils, whereas the second 

was throughout the depth of the beads and composed of round cells 

surrounded by densely-packed fibrils running tangential to the surface [124]. 

Decellularised matrices and cartilage-derived matrices have been shown to 

support neocartilage formation in the absence of exogenous growth factors 

[126]. Appropriate exposure of human chondrocytes to specific ECM proteins 

enhances synthesis of other cartilage proteins and can be used to produce 

chondrocytes with various phenotypes [127]. Recently, silated hydroxypropyl 

methylcellulose hydrogels (Si-HPMC) have been used to maintain 

chondrogenic phenotype. Rabbit chondrocytes cultured for three weeks in Si-

HPMC expressed collagen II and aggrecan at higher levels and collagen I at 

lower level than ones of freshly isolated chondrocytes [128], whilst 

dedifferentiated rabbit nasal chondrocytes, reacquired the expression of 

collagen II and aggrecan and decreased the expression of collagen I, after 4 

weeks of culture in these hydrogels [109]. Also, monolayer expanded human 

nasal chondrocytes cultured for three weeks in these scaffolds in the absence 

of exogenous growth factors, expressed collagen II and aggrecan, whilst their 

expression of collagen I was lower than the one of freshly isolated cells [110]. 

The influence of scaffolds’ architecture has also been under intense 

investigation in order to correlate chondrocyte shape and phenotype. When 

human chondrocytes were cultured in a non-woven HA web (Hyalograft®C), 

collagen type I/III fleece (Chondro-Gide®), collagen type I gel (CaRes®) and 

collagen type I / chondroitin sulphate sponges (Novocart® 3D), the authors 

found that in all type of scaffolds, except the sponges, ‘foot-like’ extensions 

were present and the predominant cell morphology was elongated. Only in 
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collagen sponges, cell extensions were present that physically enwrapped 

small diameter fibres and cells mainly maintained a spherical morphology. 

The authors speculated that only in scaffolds with small diameter fibres, 

chondrocytes can retain their spherical shape and that whilst cell extensions 

enwrapping the fibres are proper permanent adhesion structures, the ‘foot-

like’ extensions are temporary cell shape alteration that control the de-

differentiation process [129]. However, in this study, analysis of 

chondrogenic markers and characterisation of ECM synthesised were not 

performed, probably assuming that cell morphology is a sufficient indicator 

of cell phenotype. Another study investigated the relationship between fibre 

dimensionality and chondrocyte phenotype maintenance; the authors found 

that electro-spun poly-L-lactide (PLLA) nano-fibres, as opposed to PLLA 

micro-fibres, better maintained morphology and phenotype of bovine 

chondrocytes in terms of collagen type II, collagen type IX, aggrecan and 

cartilage PG link protein synthesis [130]. Fibre orientation has also been 

studied as a factor affecting cell morphology, although there is no clear 

consensus. In poly(p-dioxanone) (PPDO), polyetherimide (PEI) and co-

poly(ether)esterurethane (PDC) electro-spun scaffolds of 2-3 μm of size, 

porcine chondrocytes better maintained their round morphology, when the 

fibres were aligned. However, collagen type II was synthesised at similar 

levels, independently of scaffold composition and fibre orientation [131]. 

However, in another study, bovine chondrocytes on aligned electro-spun 

poly-ε-caprolactone (PCL) fibres (1 μm diameter size) showed an elongated 

morphology, whilst on random fibres, they maintained their rounded shape. 

Despite the differences in morphology, synthesis of collagen type I and II 

appeared to be similar in both types of fibres, meaning that probably cell 

morphology is not a sufficient indicator of cell phenotype [132]. A synthetic 

scaffold with hexagonal pore geometry has been shown to enhance 

chondrocyte attachment in vitro, when compared to scaffold with square 

geometry [133]. 

Another study compared the behaviour of porcine chondrocytes in chitosan 

sponges (with pore size of about 100 μm) and hydrogels (with pore size of 

about 20 μm) and showed that cells in sponges proliferated faster but had a 

more elongated morphology. Although the synthesis of collagen type II and 
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aggrecan was similar in the two scaffolds, the synthesis of collagen type I and 

X was lower in the hydrogels [134]. The authors hypothesised that the smaller 

pore size and low structural interconnectivity of hydrogel results in a limited 

diffusion of nutrients that better mimics the native nutrient-poor avascular 

native microenvironment in which chondrocytes reside [135]. However, 

another study found that rat chondrocytes proliferated faster and expressed 

collagen type II and aggrecan at higher levels (although also expression of 

collagen type I and X increased) in porous gelatin scaffolds with a pore size 

of 250-500 μm, compared to smaller (50-250 μm) pore sizes [136]. Apart 

from scaffold composition and architecture, the mechanical properties of the 

scaffolds have been shown to influence ECM production and secretion. It has 

been shown that by modifying the equilibrium swelling ratio and the 

compressive modulus of polyethylene glycol (PEG) hydrogels, it was 

possible to control the localisation of cell-secreted GAGs (pericellular or 

homogeneous within the hydrogel) and to increase collagen type II synthesis 

of calf chondrocytes [137]. Despite the large number of studies, there is still 

no consensus on the optimal system for expanding chondrocytes and probably 

further investigations on the relation between scaffold architecture, 

cytoskeleton rearrangement and dedifferentiation are needed for a rational 

design of scaffolds. 

 

1.4.3 Oxygen tension 

Physiologically speaking, low oxygen tension promotes chondrogenic 

differentiation of MSCs during pre-natal limb development, whereas adult 

chondrocytes reside within avascular hyaline cartilage and are bathed in low 

oxygen synovial fluid. The microenvironment oxygen tension of cartilage is 

as low as 1 % [138]. Both hypoxia (5 %) and severe hypoxia (1 %) combined 

with three-dimensional culture, have been shown to enhance the expression 

of collagen type II, Sox-9 and aggrecan in human chondrocyte culture, 

although they also increased expression of collagen type I [139]. Furthermore, 

culture of passaged human articular chondrocytes in 5 % oxygen tension in 

alginate beads allowed restoration of the native chondrogenic phenotype 

(similar of freshly isolated chondrocytes) in a mechanism mediated by the 

transcription factor Sox-9 [62]. Furthermore, human OA chondrocytes that 
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showed hypertrophic phenotype and did not express typical chondrogenic 

markers neither in vivo nor in vitro reacquired the expression of collagen type 

I and II and aggrecan at levels similar to those of healthy chondrocytes when 

they were cultured under low oxygen tension (2 % and 5 %) in pellet with 

TGF-β1 [140, 141]. 

 

1.4.4 Bioreactors and mechanical stimulation 

Perfusion and airlift bioreactors have been used for chondrocyte expansion, 

since they improve cell growth, maintain the characteristic chondrocyte round 

morphology, permit cartilage-specific ECM secretion and allow an even cell 

distribution in the scaffolds [142-144]. Calf and rabbit chondrocytes cultured 

in these bioreactors synthesised ECM proteins, such as collagen type II, 

aggrecan and superficial zone protein, even in the absence of exogenous 

growth factors in the presence of 10 % FBS [144, 145]. Recently, ultrasound 

bioreactors have been used for chondrocyte culture [146-148]. In these 

bioreactors, chondrocytes in three-dimensional scaffolds [146, 147] or in 

liquid solution [148] were forced to aggregate and form agglomerates by 

acoustic radiation forces. Human OA chondrocytes cultured for 21 days in a 

serum-free medium containing TGF-β3 and dexamethasone in an ultrasound 

bioreactor increased synthesis of collagen type II and aggrecan, while the 

expression of collagen type I and collagen type X were negligible [148]. 

Bioreactors are also able to provide mechanical stimulation mimicking the 

native cartilage microenvironment. Articular cartilage experiences a complex 

combination of compressive deformation, shear loading and hydrodynamic 

stress during the articulation of synovial joints. Direct compression results 

from direct contact between joint surfaces and during normal daily activities 

overall cartilage thickness compresses from 5 to 20 %, with the higher 

compression near the articular surface [149]. Articulation of synovial joints 

does not result only in compression in the direction of the applied load, but 

also in expansion in the transversal direction (shear stress) that is highest near 

the articular surface. Moreover, cartilage is a highly hydrated tissue, due to 

negatively charged PGs that attract water. During joint loading, water from 

the synovial fluid is retained within the cartilage resulting in an increase of 

hydrostatic pressure (HP) that is uniform imparted to chondrocytes. The 
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chondrocyte response to these mechanical stimuli is recognised as an integral 

component in the maintenance of articular cartilage matrix homeostasis and 

an important parameter to consider when simulating chondrocyte in vivo 

microenvironment [150]. Regarding hydrostatic pressure, in monolayer 

culture systems, intermittent application of hydrostatic pressure was 

beneficial in terms of ECM production, whereas a static pressure seemed to 

have no effects [151]. Application of intermittent hydrostatic pressure (10 

MPa 1 Hz, 4 h / day) to bovine articular chondrocyte resulted in an increasing 

in collagen type II and aggrecan synthesis and secretion [152]. By contrast, 

static HP regimens (5 and 10 MPa and 2.8 MPa) have been found to increase 

GAG and collagen synthesis in agarose culture systems of calf chondrocytes 

[153] and in collagen scaffolds systems of bovine chondrocytes.[151, 154] 

Dynamic compression (0.1 Hz) of calf cartilage explants up-regulated the 

expression of collagen type II, aggrecan and transcription factors, such as Jun, 

Fos and Sox-9 [155]. Dynamic compression (1 Hz) has also been shown to 

increase ECM deposition of calf chondrocytes grown in agarose hydrogels 

[156]. Intermittent application of a cyclic sinusoid compression (1 Hz, 1 h / 5 

h) on human OA chondrocytes seeded in collagen type I hydrogels resulted 

in an increase of collagen type II and aggrecan expression and a strong 

decrease in MMP-13 expression [84]. However, it has been proposed that the 

duration of load should be limited during the early de novo tissue formation 

[157]. Increases in mRNA expression of aggrecan and collagen II peaked 

after 2 h of cyclic loading, whereas 8 h per day cyclic load resulted in a lower 

GAG/DNA than static controls [157]. This is potentially due to the load 

preventing the newly formed ECM from consolidating into the pericellular 

matrix. 

The low shear stress provided by a rotating bioreactor was sufficient for 

increasing ECM synthesised by bovine chondrocytes, resulting in the 

generation of a graft with mechanical properties similar of those of native 

cartilage [158]. Furthermore, human dedifferentiated chondrocytes and 

human OA chondrocytes cultured in rotating bioreactor in the absence of 

exogenous growth factors (with 10 % FBS) reacquired the expression of 

collagen type II and formed a solid tissue during culture [159]. Dynamic shear 

had a markedly pro-anabolic effect on gene transcription, inducing the 
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upregulation of aggrecan, collagen type II, link protein, fibromodulin, 

fibronectin, TGF-β of calf chondrocytes [155]. In calf cartilage explants, IGF-

1 further augmented ECM deposition and PG synthesis induced by dynamic 

shear.[160] Some studies observed that bovine cells from the superficial zone 

and cells from the deep zone respond to compression [161, 162] and to 

oscillatory tensile load [163] differently. Particularly, deep cells, if exposed 

to dynamic strain of 0.3 Hz inhibited GAG synthesis and when exposed to 1 

Hz increased their GAG production. By contrast, superficial cells exhibited a 

general inhibition of GAG synthesis under compression [161]. Furthermore, 

superficial cells responded to compression by increasing their proliferation 

rate, whereas deep cells proliferation rate was not influenced.[162] 

Oscillatory tensile loading did not influence matrix synthesised by deep cells, 

but increases both total GAG retained in the graft and released to the media 

by superficial cells [163]. A bioreactor combining compressive load and shear 

stress induced higher levels of matrix synthesised by bovine chondrocytes 

than the single-factor loading regimens [164], suggesting that combination of 

different mechanical stimuli can further increase chondrogenesis. Recently, a 

tribological system has been described, where chondrocytes, embedded on a 

scaffold, were pressed onto a conforming ball that oscillates orthogonally, in 

a way to reproduce interfaces motion of joint kinematics. Compressive loads 

were applied along the cylindrical axis of the scaffold, causing a shear force. 

Bovine chondrocytes seeded onto polyurethane scaffolds and expanded in 

this bioreactor exhibited elevated levels of collagen type II and cartilage 

oligomeric matrix protein (COMP) [165]. The majority of the studies on 

mechanical stimulation in three-dimensional culture systems, however, have 

been performed with animal cells, so the outcomes need to be further 

evaluated using human cells before coming to definitive conclusions. 

 

1.4.5 Pre-clinical studies 

Chondrocytes from different sources have been compared in pre-clinical 

studies. Nasal chondrocytes have been implanted in cartilage defects of rabbit 

[109] and goats [83], in which their transplantation, in contrast to 

transplantation of articular chondrocytes, did not lead to any increase in 

subchondral bone area; a sign of onset of OA. The capability of auricular 
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chondrocytes to produce ectopic cartilage has been tested in mice [81, 166] 

and auricular and nasal chondrocytes encapsulated in alginate beads produced 

higher amount of ECM compared to articular ones [166]. However, another 

study showed no differences in ectopic cartilage produced by porcine 

articular, auricular and nasoseptal chondrocytes using PGA scaffolds. 

Furthermore, independently of cell type, in this study, all the constructs in 

vivo showed some cell-free and some ossified areas [167]. 

A few studies have proposed to selectively isolate and implant chondrocyte 

sub-populations that possess a higher chondrogenic potential. A study 

assessed the ability of CPCs to produce ectopic cartilage [82], while another 

one showed that subcutaneous implantation of chondrocytes with a higher 

proliferation rate (selectively isolated through CellTrace™ CFSE) lead to a 

higher PG synthesis compared to ones with lower proliferation (although it 

was not clear if this was due to a higher synthesis or to a higher number of 

cells) [168]. 

Compared to bone marrow mesenchymal stem cells (BMSCs), in one study 

pellets of articular chondrocytes were able to produce more hyaline ECM, 

when subcutaneously implanted in mice [169], while in another study,  no 

differences in terms of GAGs and collagen synthesis were observed between 

cells encapsulated in alginate beads [166]. Discrepancies in these results 

reflect the importance of finding better cell characterization methods and 

adequate in vitro pre-culture systems. 

In general, pre-expansion of chondrocytes in synthetic [113] and biological 

[170, 171] three-dimensional scaffolds increases their in vivo chondrogenic 

potential [111]. A synthetic scaffold with a hexagonal pore geometry has been 

shown to increase collagen type II synthesis in vivo in rabbit cartilage defects, 

compared to collagen type I membrane [133]. Also, chondrocytes pre-

expanded in vitro in alginate scaffolds and then isolated and implanted as 

scaffold-free constructs have been evaluated in porcine defects and resulted 

in higher collagen and GAG content and better macroscopic regeneration, 

compared to non-treated controls [170]. Despite the large number of pre-

clinical studies, it is difficult to compare in vivo efficacy of different culture 

systems for chondrocytes, due to the lack of standardisation of designs, 

controls, outcome parameters and animal models used. The International 



Chapter 1 

26 

 

Cartilage Repair Society (ICRS) recommended the use of large animal 

models, such as goat, sheep and horse, with an adequate skeletal maturity and 

to avoid the use of species that possess a high auto-healing capability (e.g. 

rabbits) [172]. Furthermore, since human patients are generally diagnosed 

and operated after a certain period of symptom progression, ICRS suggested 

the use of chronic chondral defect models [173] that, compared to acute ones, 

better mimic the timing, the degeneration and subchondral bone overgrowth 

of human patients. However, a large variety of small [174, 175] and large 

[111] animal and defect models have been used (principally subcutaneous 

[176, 177] and acute intra-articular [174, 175]. Particularly, regarding 

subcutaneous models, one study hypothesised that the production of hyaline 

matrix may be attributable to MSC migration from adjacent tissues rather than 

to a chondrogenic phenotype re-acquirement or maintenance by 

chondrocytes. In this study, human chondrocytes (in collagen matrices, fibrin 

gels or as aggregates) were subcutaneously implanted inside a permeable 

chamber that prevented host cell invasion. After 12 weeks, no hyaline matrix 

was produced in the constructs and collagen and fibrin matrices were not even 

reabsorbed, contrarily to other studies that, after subcutaneous implantation, 

had observed a great increase in synthesis of hyaline matrix [178] compared 

to in vitro. However, crucially the authors did not use a control group without 

the chamber [179]. 

In addition to the difficulty in comparing results from different in vivo 

models, it is also difficult to translate them to human, since animal cartilage 

defects have a size much smaller than clinically challengeable and a high 

involvement of subchondral bone. While in animals, subchondral bone can 

be of about 80-90 % of the whole defect, in human it is usually not affected 

and it is even believed to act as a barrier that limits the endogenous repair 

mechanisms [172, 180]. 

 

1.4.6 Clinical trials 

Some on-going studies are testing different protocols for cell isolation and 

expansion, for reducing chondrogenic dedifferentiation and improving 

clinical outcomes. A variant of the ACI that has been granted market 

authorisation by the European regulatory body is the Characterized 
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Chondrocytes Implantation (CCI). The rationale of CCI is that, since articular 

cartilage is composed of a heterogeneous population of chondrocytes, a 

selective isolation of cells with a stable phenotype can improve histological 

quality of substitutes. In CCI chondrocytes with a marker profile predictive 

of the capacity to produce a stable hyaline cartilage are selectively isolated 

and implanted [99]. The resulted medical product, named ChondroCelect®, 

has been compared with micro-fracture, and showed improved clinical 

outcomes [181, 182]. 

CPCs in collagen scaffolds were implanted in large defects (>6 cm2) of 15 

patients. One year after transplantation, clinical scores were increased and the 

defect was fully covered by new hyaline-like ECM in 13 patients, with regular 

subchondral bone contour in 14 patients [82]. 

A phase I clinical trial involving 25 patients with full-thickness defects 

evaluated the efficacy of expanded nasal chondrocytes in collagen type I/III 

matrices transplantation (NCT01605201). 2 years after transplantation, the 

self-assessed clinical scores for pain, knee function and quality of life were 

improved [183]. However nasal and articular chondrocytes have still not been 

directly compared in clinical trials. 

In another recently developed technique named BioCart™, chondrocytes are 

grown in monolayer in the presence of a variant of FGF and autologous 

serum, before being seeded onto a fibrin and HA scaffold and implanted. 

Eight patients undergoing this treatment showed clinical improvement by an 

increase of clinical scores (Lysholm and IKDC), with no adverse events after 

one year follow up [184]. An on-going clinical trial is comparing this 

treatment with traditional micro-fracture in patients with cartilage defects 

smaller than 5 cm2 (NCT00729716). While in BioCart™, the three-

dimensional scaffold is just used as a carrier for delivering chondrocytes, 

other studies are trying to enhance chondrogenic phenotype maintenance by 

in vitro expansion of chondrocytes in three-dimensional scaffolds. 

BioSeed®-C is a tissue engineered cartilage graft, composed of autologous 

chondrocytes grown on scaffolds made from fibrin, PLGA and 

polydioxanone. A recent study analysed the efficacy of this product in 52 

patients with full thickness cartilage defects in the knee, including a subgroup 

(19 patients) of patients with OA. After 4 years, almost all patients showed 
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moderate to complete filling of the defects, but the maximum strength 

capacities for knee flexion and extension remained low [185]. NeoCart® is 

another product made by autologous chondrocytes expanded onto collagen 

type I scaffolds under hypoxic conditions and exposed to mechanical stimuli 

in a bioreactor. This product has already passed the phase I clinical trial. A 

recent 30 patients, 2-years, phase II clinical trial compared NeoCart® 

treatment with micro-fracture. It reported that implantation of NeoCart® in 

3-grade lesions (where defects involve more than 50 % of cartilage layer) 

resulted in a higher score on the knee injury and osteoarthritis outcome score, 

with a safety profile similar of that of micro-fracture [186]. Allogeneic 

chondrocytes, combined with a proportion of irradiated cells transduced to 

over express TGF-β, are currently undergoing phase III trials with the product 

name Invossa®. HA has also been tested as a scaffold for expanding 

chondrocytes for clinical applications. Hyalograft® is an implant consisting 

of autologous chondrocytes grown on a scaffold made of an esterified 

derivative of HA. A 7-years follow up study involving 58 young patients 

showed that Hyalograft® is effective for the treatment of isolated cartilage 

defects smaller than 4.4 cm2 [187]. Hyalograft® has also passed phase I and 

phase II clinical trials that involved 141 patients and had an average follow 

up time of 3 years. A longer follow-up is needed to decipher whether these 

new therapies can represent long-term treatments. Furthermore, comparisons 

of these therapies in patients with same clinical characteristics could help in 

assessing their efficacy, as factors like differences in age, size of defects, 

presence of acute or chronic lesions can affect clinical outcomes. 

 

1.5 Bone marrow mesenchymal stem cells 

1.5.1 In vitro culture and media supplementation 

BMSCs are widely studied due to their relative ease of isolation, expansion 

and their high differentiation potential [188]. In pellet culture, their 

chondrogenic potential (in terms of GAG synthesis) was higher than ADSCs, 

although it was lower than the one of adult chondrocytes [189]. Such studies 

may need to be interpreted with caution as media used is often optimised for 

BMSCs. Major chemical factors used to stimulate BMSC differentiation into 

chondrocytes include mainly insulin, dexamethasone, TGF-β [166, 190] and 
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BMP-2 [191]. TGF-β1 increased collagen type II and aggrecan synthesis 

[192] and reduced the expression of terminal hypertrophic differentiation 

markers collagen type X, VEGF, MMP-13 and osteocalcin [193]. TGF-β2 

and TGF-β3 induced chondrogenic differentiation of human BMSCs, 

augmenting the expression of early stage-cartilage proteins, such as 

fibromodulin and COMP, followed by the expression of aggrecan and 

collagen type II. Chondrogenesis of human BMSCs mediated by TGF-β was 

further enhanced by BMP-2 [194] and by dexamethasone [195]. Particularly, 

dexamethasone enhanced PG deposition [196]. Also GDF-5, in association 

with BMP-2 and TGF-β1, has been used for BMSC differentiation, as it 

enhanced Sox-9 expression, aggrecan and collagen type II synthesis, while 

increased the collagen type II/collagen type I ratio [191]. The addition of 

Wnt3A or of its synthetic analogue CHIR can also enhance BMSC 

proliferation and collagen type II and aggrecan expression [197]. Since during 

the late stages of chondrogenesis, Wnt3A also increases hypertrophic 

progression [198], its inhibitors have been used to reduce secretion of 

calcified matrix in chondrogenically differentiated BMSCs [197]. However, 

in most studies, BMSCs cultured in the presence of the most commonly used 

differentiating agents tend to upregulate the expression of collagen type I 

[199, 200] and collagen type X [200, 201], resulting in the production of a 

fibrocartilage / hypertrophic cartilage rather than hyaline cartilage. 

Platelet rich plasma (PRP) is the blood plasma enriched with platelets and it 

has been widely used as a carrier for BMSCs in clinical applications, since it 

possesses the ability to induce BMSCs chondrogenic differentiation. Medium 

containing PRP has been compared with medium containing TGF-β1, 

ascorbic acid and dexamethasone and showed a greater differentiation-

inductive capacity. However, media containing PRP also caused upregulation 

of collagen type I [199]. Since cell-cell contact enhances BMSC 

chondrogenic potential [202, 203], they are usually differentiated in pellet 

culture systems or micro-mass [191, 192, 194]. The micro-mass culture 

system resulted in lower expression of collagen type I and type X, when 

compared to pellet culture [204]. BMSCs have been also differentiated as 

single cell sheets [205, 206] or as multicellular layers on permeable 
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membranes [207, 208]. The latter resulted in a more homogeneous deposition 

of collagen II compared to pellet culture [207]. 

An alternative to a biological media supplements approach is based on 

macromolecular crowding (MMC). Macromolecular crowding, the addition 

of macromolecules in the culture media, is a biophysical phenomenon, based 

on the principles of excluding volume effect, that increases biological 

processes by several orders or magnitude [209-213]. MMC has been used 

extensively as means to increase ECM deposition in permanently 

differentiated [214-219] and stem cell [214, 220-223] cultures. Although in 

chondrocyte [224] and in ADSC [225] cultures a significant increase in 

chondrogenesis was not observed (neutral and non-sulphated crowder, 

cocktail of Ficoll 70 and Ficoll 400, was used), in human BMSC cultures 

significantly increased chondrogenesis was observed, possibly attributed to 

the negative charge and highly sulphated nature of the crowder (carrageenan) 

used [226]. 

Considering that requirements for media may vary depending on the presence 

of other chondrogenic modulators (e.g. scaffolds, mechanical stimulation) an 

ideal combination of media supplements for driving BMSC differentiation is 

difficult to identify. 

 

1.5.2 Three-dimensional scaffolds 

Natural [107, 166, 227, 228] and synthetic [227, 229, 230] biomaterials have 

been used to enhance BMSC differentiation. Alginate hydrogels enhanced the 

expression of chondrogenic genes in BMSC culture and induced the 

characteristic rounded chondrocyte morphology [231]. HA hydrogels have 

been shown to enhance expression of collagen type II, aggrecan and Sox-9, 

while maintaining low levels of expression of collagen type I in human 

BMSC culture, compared to PEG hydrogels [227]. Recently, cartilage ECM-

derived scaffolds have been used to induce chondrogenic differentiation of 

BMSCs [232-236], as they retain the native structure of cartilage and provide 

BMSCs with signals that modulate behaviour and differentiation [234]. 

ECM-derived scaffolds have been shown to induce collagen type II synthesis, 

even in the absence of exogenous growth factors [237] and their composition 

(in terms of collagen type I/II and aggrecan/biglycan ratios) has been shown 
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to regulate this chondro-inductive effect. In particular, collagen type I 

enriched ECM-derived scaffolds induced a higher differentiation, compared 

to collagen type II enriched [236]. Similarly, a study showed that collagen 

type I coated transwell resulted in a higher chondrogenic differentiation (in 

terms of collagen II and GAGs synthesis), compared to collagen type II 

coated transwells [237]. 

A few studies have investigated how the scaffold architecture influences 

chondrogenic differentiation of BMSCs. Differently to chondrocytes [134], 

BMSCs in chitosan sponges (with pore size of about 100 μm) proliferated 

faster and produced higher amount of GAGs and collagen type II compared 

to ones in chitosan hydrogels with pore size less than 20 μm (although the 

higher amount of GAGs and collagen type II could be also explained by the 

higher proliferation of cells in sponges rather than by the higher degree of 

differentiation). The authors of this study put forward the notion that the 

better diffusion nutrient capability of sponges (due to their higher pore size 

and interconnectivity) suits the metabolic requirements of BMSCs better 

[135]. In another study, rat BMSCs in collagen-HA scaffolds proliferated 

faster, expressed higher levels of Sox-9 and GAGs, and showed a higher ratio 

collagen type II/I at higher pore size (300 μm compared to 130 μm and 94 

μm) [238]. 

Apart from material and architecture, chondrogenic differentiation of BMSCs 

has been found to be sensitive to nano-topographical cues [239] and to 

chemical modification of the substrate [240, 241]. In one study, 4 types of 

PCL films were made by nano-imprinting and coated with chondroitin 

sulphate. Films with nano-pillars with 250 nm diameter and 500 nm pitch, 

nano-holes with 225 nm diameter and 400 nm pitch and nano-grills with 250 

nm line and 250 nm space were compared to non-pattern films. BMSCs on 

the nano-pillar surface showed spherical morphology with filopodia 

extrusion, while those on the other materials showed polygonal or elongated 

morphology. After 2 and 4 weeks of chondrogenic differentiation, BMSCs on 

nano-pillar films showed the highest collagen type II expression and 

synthesis, the lowest collagen type I expression and synthesis and the highest 

aggrecan expression, although they also expressed collagen X [239]. Finally, 

functionalisation of surfaces with specific polysaccharides (e.g. 3-
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sialyllactose) has been shown to increase expression of Sox-9 and aggrecan, 

even in the absence of any chondrogenic supplements in the culture media 

[242]. However, despite the large variety of scaffold tested so far, the 

mechanism by which substrate architecture and topography influence BMSC 

differentiation is still not elucidated and this makes difficult the identification 

of new possible approaches. 

 

1.5.3 Oxygen tension 

Low oxygen tension (3 %) has been shown to play a pivotal role on ovine 

BMSC proliferation, delaying their senescence, and on their differentiation 

into chondrocytes [228]. Human BMSCs, induced for differentiation under 1 

% oxygen tension, increased chondrogenesis and showed a lower expression 

of the hypertrophic markers collagen type X and Runx2 than the ones cultured 

under normoxia. These cells showed an increase in the activation of 

PKA/Akt/FoxO pathway that may play an important role in inhibiting the 

switch to a hypertrophic phenotype [57]. However, an increase in the 

expression of collagen type X has been reported in sheep BMSCs cultured 

under low oxygen tension in HA and collagen scaffolds [228]. The effect of 

low oxygen tension has been recently shown to depend on the MSC 

differentiation stage. Culture of human BMSCs at 2 % oxygen tension 

resulted in higher chondrogenesis (in terms of increase in GAGs and collagen 

type II expression) than that of CPCs that possess greater chondrogenic 

potential (although a greater decrease in the expression of collagen type X 

and MMP-13 was detected in CPCs) [55]. 

 

1.5.4 Mechanical stimulation 

Similar to chondrocytes, BMSCs also respond to mechanical stimulation to 

increase ECM synthesis. One study found that application of intermittent 

hydrostatic pressure (10 MPa, 1 Hz, 4 h / day) increased collagen type II and 

aggrecan synthesis, as well as Sox-9 expression in pellet culture. 

Administration of TGF-β3 further increased matrix synthesis promoted by HP 

in human BMSCs [243]. In another study, application of intermittent HP (1 

MPa, 1 Hz, 4 h / day) in BMSCs, cultured in a collagen type I scaffold, 

resulted in increased GAG synthesis and upregulation of aggrecan, collagen 
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type II and Sox-9. However, in this culture system, collagen type I was also 

upregulated [244]. Cyclic compression was able to enhance TGF-β induced 

chondrogenesis but, alone, was insufficient to induce expression of collagen 

type II [245, 246] and was able to induce GAGs synthesis only to a lower 

extent compared to TGF-β administration [247]. However, multiaxial loading 

(10 %, 1 Hz) up-regulated collagen type II and Sox-9 expression in human 

BMSCs, even in the absence of exogenous growth factors in the media [246, 

248]. This has been attributed to an increase in the endogenous TGF-β1 

synthesised by the cells [249, 250], although some differences in cell 

secretome have been detected during chondrogenesis driven by exogenous 

TGF-β1 or during chondrogenesis driven by this multiaxial loading system 

[251]. Activation of TGF-β under physiological load has also been 

demonstrated and may be related to the stiffness of the repair tissue [249]. 

Further investigation is needed to fully appreciate the influence / standardise 

mechanical stimulation. 

 

1.5.5 Co-culture of chondrocytes and bone marrow stem cells 

In co-culture systems, BMSCs are cultured together with adult chondrocytes 

in an effort to promote differentiation via secretion of paracrine signals and 

prevention of hypertrophic transition of differentiated BMSCs. Additionally, 

matrix produced by chondrocytes directs physical cell-matrix interaction and 

tethers secretory growth factors [252]. Typically, there are 2 different systems 

of co-culture: direct co-culture, where BMSCs and chondrocytes are mixed 

and cultured together and indirect co-culture, where the cells are separated 

with a membrane. A separable-closed co-culture system has also been 

developed, that, like the direct co-culture system, allows close cellular 

interaction between chondrocytes and BMSCs, but, like the indirect co-

culture system, allows a physical separation of the 2 groups of cells [253]. 

The effect of co-culture with chondrocytes on BMSC differentiation is 

controversial. In the separable-closed co-culture system, human chondrocytes 

had a strong impact on human BMSCs’ aggrecan and Sox-9 expression. In 

another study, immortalised human BMSCs co-cultured with immortalised 

human articular chondrocytes without exogenous growth factors, synthesised 

collagen type II, without up-regulating the expression of osteogenic markers 
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[254]. In an indirect co-culture system, where bovine chondrocytes and rabbit 

BMSCs were grown in a PCL scaffold in a flow perfusion bioreactor, 

chondrocytes increased BMSCs’ GAG and total collagen synthesis [254]. 

However, results of other studies are less encouraging. In one study, 

researchers performed micro-mass co-culture of human primary articular 

chondrocytes and human BMSCs and they found that in the absence of 

exogenous growth factors, chondrocytes failed in inducing chondrogenic 

differentiation of BMSCs and that in the presence of TGF-β1 and 

dexamethasone, they failed in preventing BMSC hypertrophy [255]. 

In general, direct and indirect co-cultures act through different mechanisms 

and their effect depends on the culture system used [256]. A better 

understanding of these mechanisms is still needed to assess the efficacy of 

these co-culture systems, with particular attention paid to relative cell death 

in direct co-culture models. The state of the chondrocytes is also crucial in 

this process. The complexity of this approach restricts clinical applications. 

 

1.5.6 Pre-clinical studies 

While in vitro studies generally attempt to identify the most efficient system 

for inducing chondrogenic differentiation of BMSCs, some pre-clinical 

studies aimed at understanding if an in vitro pre-differentiation of BMSCs is 

effective or if undifferentiated BMSCs possess the same regenerative 

capability. In a mini-pig model, it was observed that in vivo signalling 

molecules and biomechanical stimuli can provide an appropriate environment 

for BMSCs to correctly differentiate into chondrocytes [257]. The authors 

concluded that pre-differentiation before transplantation may be 

unfavourable. However, in rabbit models, it has been observed that 

undifferentiated BMSCs in vivo tended to secrete a fibro-cartilaginous matrix 

that did not integrate with adjacent matrix and degenerated after several years 

[258, 259]. Another study showed that the in vivo regenerative capability of 

BMSCs was dependent on their differentiation degree. In this study, human 

BMSCs were differentiated in PGA/PLA porous scaffolds for 2, 4 and 8 

weeks before being implanted in a pig model. Constructs that had been 

differentiated for 4 and 8 weeks resulted in higher deposition of collagen type 

II and GAGs and a higher histological score [229]. 
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A few in vivo studies have compared the regenerative capabilities of pre-

differentiated BMSCs with other cell types. In a rabbit model, BMSCs were 

compared to MSCs from periosteum, synovium, adipose tissue and muscle; 

BMSCs that were pre-cultured for 72 h on allogeneic demineralised bone 

matrix with incorporated TGF-β1 possessed the greatest capability to secrete 

hyaline-like cartilage matrix in vivo [260]. However, another study showed 

that BMSCs possessed lower regenerative capability than adult chondrocytes. 

In this study, human BMSCs and human chondrocytes were cultured for 7 

weeks in pellet in the presence of dexamethasone, ascorbate, insulin, 

transferrin, selenium and TGF-β3 before being implanted subcutaneously 

with fibrin glue in mice. While chondrocytes were able to resist vascular 

invasion and calcification, BMSCs resulted in deposition of mineralised 

matrix. However, the subcutaneous environment is not very representative of 

the native cartilage microenvironment [169]. Additionally, the exact 

monolayer expansion conditions used, including the number of population 

doublings, is likely to play a role in the final outcome. 

BMSCs in different natural [235, 261, 262], synthetic [229, 263, 264] or 

combination of both [265, 266] scaffolds have been tested in vivo in cartilage 

defects of small [235, 237, 265] and large [229, 261, 262] animals. To 

investigate the relationship between composition and architecture of scaffolds 

and chondrogenic differentiation of BMSCs, a study showed that rabbit 

BMSCs, when grown for 1 week on collagen type I hydrogels, even in the 

absence of exogenous growth factors, once implanted subcutaneously in 

rabbit, resulted in a cartilage construct, whilst when they were grown on 

collagen I and alginate mixed hydrogels they did not [267]. Furthermore, if 

collagen type I sponges, calcium phosphate ceramic sponges or silk fibroin 

protein matrix sponges were used (instead of collagen type I hydrogels), no 

cartilage constructs were produced in vivo [268]. Authors of these two studies 

concluded that only certain materials and certain scaffold architectures 

possess in vivo chondro-inductive properties and that hydrogels may not be 

suitable for chondrogenesis. However, they did not characterise the scaffolds 

used. Furthermore, their results are in contrast with other in vitro studies that 

have shown a higher in vitro chondro-inductive effect of sponges compared 

to hydrogels [135, 238]. 
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Despite the synergistic action of BMSCs and chondrocytes, which has been 

described in the in vitro co-culture systems, subcutaneous injection of rabbit 

BMSCs and rabbit chondrocytes in platelet rich plasma gels in mice resulted 

in a progressive ossification of BMSCs, with increased vascularization and 

expression of hypertrophic markers [252]. An advantage of using BMSCs 

may be their immunosuppressive ability and hypo-immunogenic nature, that 

may be useful in the presence of an inflammatory environment [269]. 

Recently, a study showed that also chondrocytes differentiated from BMSCs 

were also not immunogenic (did not expressed HLA-II in response to IFN-γ) 

[270]. Furthermore, pre-differentiated porcine BMSCs implanted 

subcutaneously in pigs using a PGA/PLA scaffold reduced infiltration of 

foreign body multinucleated giant cells and induced M2 polarisation of 

macrophages (from pro-inflammatory to tissue remodelling activity) 

compared to chondrocytes [263]. Although M2 macrophages have not been 

well studied in ex vivo chondrogenesis, they are usually associated with 

endochondral ossification [271]. Furthermore, to fully assess the anti-

inflammatory activity, further investigations of pre-differentiated BMSCs in 

chronic defect models, rather than in subcutaneous or acute defects models, 

should be performed. Further pre-clinical experimentation is needed to assess 

the efficacy of the most promising culture systems to pre-differentiate 

BMSCs. If one advantage of using BMSCs is their anti-inflammatory 

property, this still need to be assessed in suitable animal models. 

 

1.5.7 Clinical trials 

Although significant progress has been made for the in vitro differentiation 

of BMSCs towards chondrogenic lineage, all on-going clinical trials are 

investigating the therapeutic potential of undifferentiated BMSCs. Induction 

of differentiation of BMSCs before implantation still remains to be tested in 

humans but its experimentation is limited by the regulatory framework that 

requires minimal cell manipulation.  

A randomized clinical trial that involved 72 patients showed that the injection 

of autologous chondrocytes or the injection of undifferentiated BMSCs 

beneath the periosteal flap for cartilage repair resulted in the same clinical 

outcomes, measured by the International Cartilage Repair Society cartilage 
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injury evaluation package [272]. Additionally, patients that received BMSCs 

had a greater improvement in their physical functioning assessment, when 

compared with patients that received chondrocytes. In a pilot study with 5 

patients, platelet-rich fibrin glue was used as a scaffold to deliver 

undifferentiated BMSCs for repairing large-sized cartilage defects, with an 

average of 5.8 cm2. After 12 months, magnetic resonance imaging (MRI) in 

3 out of the 5 patients showed complete defect filling and complete surface 

congruity with native cartilage, whereas, in the other 2, incomplete congruity 

was evidenced. Differences observed in clinical outcomes can depend on the 

different potential of BMSCs (possibly, due to a difference in age of patients) 

or on a possible subchondral pathology [273]. In another study, a patient with 

degenerative knee OA underwent 3 intra-articular knee injections of BMSCs 

in PBS with platelet-lysate and dexamethasone as differentiating agents. At 

24 weeks post injection, statistically significant cartilage and meniscus 

growth was detected using MRI, as well as increased range of motion and 

decreased pain score [274]. Another study showed that the injection of 

undifferentiated BMSCs in the knee of 4 patients with moderate to severe OA 

resulted in pain reduction, improvement in crepitus, but only a minor 

improvement of the range of motion [275]. A case report used a collagen sheet 

for the delivery of undifferentiated BMSCs to a 20 x 30 mm defect in a young 

patient (31 years old). It was proposed as an effective treatment with a 

complete filling of the defect with hyaline-like cartilage 7 months after 

transplantation and a great improvement of the clinical symptoms after 1 year 

[276]. Implantation of BMSCs with a collagen scaffold in 2 patients with 

large traumatic cartilage defects of the knee resulted in an improvement of 

clinical outcomes, complete defect fill, improvement in stiffness and 

incorporation to the adjacent cartilage, after 32 months [277]. In another 

study, undifferentiated BMSCs embedded in collagen sheets were 

transplanted and covered by autologous periosteum or synovium for the 

treatment of full thickness cartilage defects. The results were dubious: 

although only 6 months after transplantation the clinical outcomes had 

improved, the defects seemed to be covered by a fibro-cartilaginous tissue, 

rather than a hyaline cartilage [278]. In a pilot study with a 5-year follow-up, 

undifferentiated BMSCs have been injected in the knees of 5 patients with 
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moderate to severe OA. The injection let to an initial recovery of the clinical 

parameters that remained better than baseline for all the follow-up period. 

However, some clinical parameters, such as the GP (rest time to produce a 

gelling pain in minutes resting on a chair), the WT (walking time in minutes) 

and the number of stairs climbed underwent to an important decline after 5 

years. Additionally, X-ray imaging did not show any improvement of the joint 

space, not even 6 months after the injection. The authors of this study 

speculated that the transplanted BMSCs may initially create a 

microenvironment to repair cartilage and suppress the synovial inflammation 

typical of OA, but after several months they lose their characteristics, 

permitting the process of cartilage degradation [279]. 

However, most of the clinical studies are mainly case reports and prospective 

randomised trials are still not available. Furthermore, to finally assess the 

regenerative capability of BMSCs, further comparison with chondrocytes 

with longer follow-up should be performed. 

 

1.6 Adipose derived stem cells 

1.6.1 In vitro culture and media supplementation 

Given the BMSC tendency to produce hypertrophic cartilage rich in collagen 

type I [200, 280, 281] and type X [169, 280, 282, 283], alternative MSC 

sources are under investigation. ADSCs are isolated from lipoaspirates and 

they are largely studied because they can be obtained in large amounts using 

a minimally invasive procedure [284]. Compared to BMSCs, they show a 

higher proliferation rate and they can undergo a higher number of passages 

before senescence [284, 285]. When exposed to commonly used 

chondrogenic growth factors, ADSCs tend to upregulate the expression of 

collagen type I and type X [285], albeit with a lower initial tendency than 

BMSCs. It is worth noting that a few studies have shown that they possess a 

lower chondrogenic potential than BMSCs [108, 286-291]. However, in these 

studies, researchers used identical culture conditions for both ADSCs and 

BMSCs, despite emerging evidence suggesting that these two cell types 

respond differently to stimuli and a comparison between them can be affected 

by the specific culture conditions used [285]. 
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Growth factors and chemical substances commonly used for ADSC 

chondrogenic differentiation include TGF-β1 and TGF-β3, insulin, BMP-6, 

BMP-7 and ascorbic acid. TGF-β1 alone was not able to induce the formation 

of cartilaginous matrix [192], but it reduced the expression of the 

hypertrophic marker alkaline phosphatase [292] and in association with a 

combination of insulin, transferrin and selenium enhanced both PG synthesis 

and cell proliferation. The addition of the over-sulphated exopolysaccharide 

GY785 DRS has been shown to further increase GAG, collagen II and COMP 

synthesis of ADSCs cultured in the presence of TGF-β1 and insulin [293]. 

The addition of dexamethasone in ADSC differentiation media seemed to be 

unfavourable, since it reduced PG synthesis and deposition [294]. If 

compared with BMSCs, ADSCs responded differently to growth factors. In 

particular, they responded less favourably to dexamethasone and TGF-β3 in 

terms of aggrecan production but responded more favourably to BMP-6 in 

terms of aggrecan and collagen type II synthesis [285]. In the presence of 

BMP-2, ADSCs acquired an osteogenic phenotype, while BMSC 

differentiated into the chondrogenic lineage [292, 295]. Similar to 

chondrocytes, human serum increased ADSCs proliferation rate and 

expression of Sox-9 [296]. Human platelet lysate enhanced their proliferation 

rate, but it also induced the expression of the hypertrophic marker collagen 

type X [91]. ADSCs are commonly differentiated in high-density cell culture 

systems like pellet [287, 288], micro-mass [297], spheroids [286] or 

multicellular layers on permeable membranes [298]. Spheroid culture has 

been shown to enhance ADSC expression of HIF-1α, the transcription factor 

upregulated by hypoxia and responsible for the increase in Sox-9 expression 

[299]. 

Despite the large variety of conditions tested, ADSCs generally show a lower 

chondrogenic potential compared to BMSCs, meaning that probably the most 

suitable culture system has not been identified as yet. 

 

1.6.2 Three-dimensional scaffolds 

Chondrogenic differentiation of ADSCs has been demonstrated in a variety 

of natural [108, 285, 288, 300, 301] and synthetic [302-304] biomaterials. 

Similar to chondrocytes, rabbit and human ADSCs expanded in three-
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dimensional scaffolds showed lower expression levels of hypertrophic 

markers collagen type I and type X than ones expanded in monolayer [75, 

109]. A study comparing human ADSCs seeded in alginate hydrogels, 

agarose hydrogels and porous gelatine scaffolds [301] showed that these 

scaffolds were able to support chondrogenic differentiation similarly, in terms 

of PG and collagen type II deposition. Another study compared cartilage 

derived matrix with alginate beads [285] and found that human ADSCs grown 

in these scaffolds expressed collagen type II and aggrecan at similar levels. 

One study compared the ability of fibrin glue, PLGA scaffold and alginate 

hydrogels to induce human ADSC chondrogenic differentiation and showed 

that cells grown in fibrin glue proliferated fastest and showed the highest 

expression of the chondrogenic genes collagen type II, Sox-9 and aggrecan. 

However, in this system, cells in fibrin also showed the highest expression of 

collagen type I [305]. A study investigated the effect of biochemical clues 

(using different compositions of chondroitin sulphate, HA, and heparan 

sulphate) and matrix stiffness in human ADSC differentiation. The authors 

found that the scaffold’s stiffness not only influenced the amount of collagen 

type II, type X and aggrecan produced by the cells, but also the cell response 

to the biochemical cues [306]. Although various studies have compared the 

chondro-inductive potential of different materials, the role of scaffold 

architectures and mechanical properties on ADSC differentiation needs to be 

investigated. 

 

1.6.3 Oxygen tension 

Similar to BMSCs and chondrocytes, low oxygen tension (2 % and 5 % 

respectively) plays an important role in chondrogenic differentiation [307] 

and matrix synthesis [288] of ADSCs. Human ADSCs cultured in the 

presence of TGF-β3 and BMP-2 in atmospheric oxygen tension (20 %) 

augmented both the expression of chondrogenic markers and of hypertrophic 

markers. However, when they were cultured with the same growth factor but 

under lower oxygen tension (2 %), they exhibited a decreased expression of 

collagen type X and MMP-13 [194]. In alginate [288] and pellet [308] culture 

of human ADSCs, 5 % oxygen tension increased the synthesis of collagen 
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type II and PG [288], reducing the expression of the hypertrophic markers 

collagen X and MMP-13 [308].  
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1.6.4 Mechanical stimulation 

Hydrodynamic pressure, if applied without exogenous growth factors, does 

not seem to significantly influence ADSC differentiation. Application of a 

cyclic HP (7.5 MPa, 1 Hz 4 h / day) in human ADSCs seeded on agarose 

scaffolds and cultured without exogenous growth factors, resulted only in a 

low initial upregulation of collagen type II, aggrecan and Sox-9, followed by 

a decrease in their expression after 14 days [309]. Conversely, human ADSCs 

cultured in collagen scaffolds in the presence of TGF-β1 and under cyclic HP 

stimulation (0.5 MPa, 0.5 Hz, continuously for 1 week or 2 alternate weeks), 

showed an increased expression of collagen II, Sox-9 and aggrecan and a low 

decrease in the expression of collagen type I and integrin β. However, the 

expression of collagen type X was also increased over time [310]. Cyclic HP 

(5 MPa, 0.5 Hz 4 h / day) in pellet culture of human ADSCs in the presence 

of TGF-β1 and dexamethasone resulted in increased expression of the 3 major 

chondrogenic markers: aggrecan, collagen type II and Sox-9.[311] Dynamic 

HP (17 kPa 12 h / day) increased the expression of Sox-9 and aggrecan of rat 

ADSCs, even in the absence of exogenous growth factors [312]. Recently, 

centrifugal gravity, which induced mechanical stress before pre-

differentiation of ADSCs, has been proposed as a simple way to increase 

chondrogenesis, through enhancement of Sox-9 expression [313]. 

 

1.6.5 Co-culture of chondrocytes and adipose derived stem cells 

ADSCs could be induced to differentiate into chondrocytes in co-culture 

systems. In one study, human ADSCs were co-cultured with human articular 

chondrocytes in the presence of TGF-β1 and dexamethasone in fibrin and 

collagen matrix scaffolds. They showed only a weak increase in aggrecan, 

collagen type IX, collagen type II, collagen link protein I synthesis and Sox-

9, but the variability was too high to obtain a statistical significance [314]. 

However, in another study, human OA chondrocytes and human ADSCs co-

cultured in hydrogels composed of PEG and chondroitin-sulphate in the 

presence of TGF-β3 showed a synergistic interaction with enhanced cartilage 

matrix deposition. The discrepancies between these 2 studies can be 

explained by the fact that interaction between ADSCs and chondrocytes is 

highly dependent on the three-dimensional scaffold and soluble factors used 
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[315]. Additionally, in calf chondrocytes and human ADSCs co-culture 

system, it has been observed that ADSC chondrogenic differentiation is 

highly dependent on the intercellular distance and cells distribution in the 

scaffold [316]. Researchers have also induced oxidative stress injury in rat 

chondrocytes to mimic OA. These injured cells were indirectly co-cultured 

with a mixture of rat ADSCs and rat chondrocytes, with ADSCs alone or with 

chondrocytes alone. After 36 h, only injured cells co-cultured with both 

ADSCs and chondrocytes expressed aggrecan and collagen type II at 

physiological levels and decreased expression of collagen type I and collagen 

type X. Discordances between different studies show that probably further 

elucidation on the mechanism by which ADSCs interact with adult 

chondrocytes is needed. 

 

1.6.6 Pre-clinical studies 

The chondrogenic capability of ADSCs has been tested in vivo in small [177, 

317-319] and large [320-322] animal models. Similar to BMSCs, a pre-

clinical study in rabbits observed that pre-differentiated ADSCs possess a 

greater capacity to repair cartilage defects than undifferentiated ADSCs, 

according to histological analysis [318]. However, among all the different 

culture systems proposed for in vitro pre-differentiation, only few of them 

have been tested in vivo. 

Although low oxygen tension generally exhibits in vitro chondrogenic 

properties, a study showed that pre-conditioning with low oxygen tension did 

not increase the in vivo chondrogenic capabilities of human ADSCs, probably 

because the in vivo environment overcame this effect. In this study, cells were 

cultured for 3 weeks in monolayer in the presence of insulin, transferrin, 

selenium, ascorbic acid, dexamethasone and TGF-β1 at 5 % or 21 % oxygen 

tension and then subcutaneously implanted into Si-HPMC hydrogels in mice. 

Although during the in vitro expansion, low oxygen tension resulted in an 

increased collagen type II and aggrecan expression, 5 weeks after 

transplantation, no histological differences were observed between the 

constructs formed by ADSCs pre-conditioned with low oxygen tension and 

ADSCs cultured under atmospheric oxygen tension. Furthermore, the 

implantation of rabbit ADSCs pre-conditioned with low oxygen tension (5 
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%) or cultured under atmospheric oxygen tension into rabbit cartilage defects 

resulted in no significant differences in the histological scores [318]. 

Compared to a static culture, the use of rotating bioreactor during the in vitro 

pre-differentiation of ADSCs in decellularised ECM resulted in a greater 

deposition of collagen after the constructs were subcutaneously implanted in 

mice [304]. 

An in vivo synergistic effect of ADSCs and chondrocytes has also been 

described. Similar to that observed in vitro, a study showed that the 

composition of hydrogels (chondroitin sulphate, HA and heparan sulphate) 

and their stiffness (0.67 kPa, 6.90 kPa and 32.70 kPa) modulated the ratio of 

hypertrophic (collagen type X and type I) and hyaline (collagen type II and 

aggrecan) ECM-components synthesised by a mixture of human ADSCs and 

calf neonatal chondrocytes, transplanted subcutaneously in nude mice [177]. 

In another study, researchers injected a mixture of ADSCs and chondrocytes, 

chondrocytes alone or ADSCs alone in a rat OA model. At day 42 after 

transplantation, animals receiving both ADSCs and chondrocytes showed the 

highest PG content in their knees and the lowest osteoarthritic assessment. 

These results suggest that a mixture of ADSCs and chondrocytes may be more 

beneficial than chondrocytes or ADSCs alone, although the molecular 

mechanism underlying the possible interaction between ADSCs and 

chondrocytes is not fully understood [319]. Another study, however, showed 

no difference in term of collagen produced by a mixture of human ADSCs 

and auricular chondrocytes or auricular chondrocytes alone in Pluronic®F-

127 injected subcutaneously in mice (hypertrophic markers were not 

assessed) [81]. The discrepancies between these studies may be explained by 

considering the different sources of chondrocytes, scaffolds and animal 

models used. MSCs naturally possess anti-inflammatory properties [323] that 

are probably enhanced when they are mixed with adult chondrocytes [319, 

324]. While in OA models, the beneficial effect of a mixture of MSCs and 

adult chondrocytes may mainly depend on the increased capability to reduce 

inflammation, in a subcutaneous model the anti-inflammatory effect may not 

be required. A direct comparison between pre-differentiated and 

undifferentiated ADSCs in large animal models and a higher degree of 
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standardisation, when comparing systems for pre-differentiation, are still 

needed. 

 

1.6.7 Clinical trials 

Similar to BMSCs, all on-going clinical trials are investigating the therapeutic 

potential of undifferentiated ADSCs, whilst the induction of differentiation 

of ADSCs before implantation still remains to be assessed in humans. A few 

studies have used infra-patellar fat pad ADSCs for human OA treatment [325, 

326]. Injection of undifferentiated ADSCs from infra-patellar fat pad in 

platelet rich plasma solution in 18 patients with knee OA resulted in an 

improvement of osteoarthritis index and of MRI score and a reduction in knee 

pain. Furthermore, the improvements in clinical and MRI results were 

maintained for 2 years after implantation and they were positively correlated 

with the number of cells injected [326]. ADSCs from the abdominal depot 

that are easily isolated have also been used in clinic. These cells were injected 

in platelet rich plasma solution in 21 patients with OA who had failed in 

autologous cartilage transplantation. After 6 months, the patients showed a 

high decrease in pain score and an increase in the Lysholm damage score. The 

MRI showed a partial regeneration of the cartilage at the injured site and a 

thicker cartilage layer after 6 months. All the patients after 6 months could 

move normally and had no side-effects or complications [327]. Injection of 

autologous ADSCs from abdominal subcutaneous fat has been assessed in 

phase I and phase II clinical trials as a treatment for idiopathic OA. In phase 

I, 3 different ADSC dosages (1 x 107, 5 x 107 and 1 x 108) were tested in 18 

patients for a dose-escalation study. Nine patients were enrolled in a phase II 

study using the proposed optimal dose of 1 x 108 that was aimed at evaluating 

safety and efficacy of the treatment, with clinical, radiological, arthroscopic 

and histological assessment. Six months after injection, patients had an 

improvement of function and a decrease of the knee joint pain, without any 

treatment related adverse events. Cartilage defects were reduced by 

regeneration of hyaline-like cartilage [328]. 

Furthermore, a phase I clinical trial involving 48 patients with severe OA and 

indication of total knee arthroplasty evaluated the safety and clinical efficacy 

of a dose escalation protocol (2 x 106 cells, 10 x 106 and 50 x 106) for the 
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injection of ADSCs expanded in the presence of human platelet growth 

factor-enriched plasma and heparin (NCT01585857). After 6 months, 

independently of the dose, improvement in pain, function, and mobility were 

observed in all group, although statistical significance was detected only for 

patients treated with the lowest dose [329]. Currently, injections of ADSCs at 

the lowest doses (2 x 106 cells and 10 x 106) are evaluated in a phase II clinical 

trial (NCT02838069). Another study (NCT01399749) is comparing ADSCs 

with chondrocytes injection for the treatment of traumatic cartilage defects 

smaller than 5 cm2 in diameter. Most of current clinical trials evaluated 

ADSCs injection in patients with OA, so that results obtained are not easily 

comparable with ones obtained with other cell types. Furthermore, since 

ADSCs can be isolated from different depots, a comparison of cells from 

different sources is needed. 

 

1.7 Synovial derived stem cells 

Synovial cells may be a possible candidate for cartilage engineering since 

they derive from the same pool of precursor cells as adult articular 

chondrocytes [330]. Moreover, in mice with osteochondral defects and joint-

surface injuries, MSCs from synovium are physiologically involved in wound 

healing and this means that they may possess the capability of regenerating 

articular cartilage [330]. Synovial derived stem cells (SDSCs) have been 

differentiated into chondrocytes using TGF-β3 [331] or TGF-β1 [71] and 

BMP-2 in a pellet culture system [188], even in the absence of serum [71]. 

Unlike BMSCs, dexamethasone did not influence SDSC chondrogenic 

differentiation [195]. An advantage of using SDSCs is their maintenance of 

plasticity over extended passages. Late passage cells (expanded in the 

presence of TGF-β1, bFGF and PDGF-BB) exhibited decreased GAG 

deposition and increased synthesis of collagen type II, so with  the secreted 

matrix resembling native superficial articular cartilage in collagen type II and 

GAG percentage [331]. Cartilage matrix secreted by synovial MSCs was rich 

in collagen type II and aggrecan, but not in collagen type I or collagen type X 

and it was mechanically similar to native articular cartilage [330]. 

Additionally, the chondrogenic potential of synovial cells was independent of 

donor age [332], rendering a synovial cell treatment suitable also for elderly 
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patients. A few studies have demonstrated the capability of synovial cell 

grafts to promote functional cartilage repair in pre-clinical models. Synovial 

cells seeded onto a PGA mesh with fibrin glue have been successfully used 

for repairing cartilage defects in rabbit models [333]. In a swine model, 

synovial cells injected into the knee were able to repair cartilage defects, as 

assessed by arthroscopical, histological and MRI analyses [334]. SDSCs from 

both skeletally mature and immature pigs exhibited the same levels of 

cartilage regeneration (histological assessment) in a pig model independently 

of the maturity of recipients [335]. ECM synthesised by synovial cells 

injected in cartilage defects of pigs possessed viscoelastic properties similar 

to those of normal cartilage [335]. However, a study that compared the 

potential of rat SDSC sheet and rat chondrocyte sheet in a rat model showed 

that SDSCs possessed a higher tendency to secrete collagen X and collagen I 

[336]. Although synovial membrane can be harvested via arthroscopy with 

minimal complications at the donor site [258], the use of synovial cells may 

be limited due to the reduced availability of donor material and the time 

required to expand their numbers. To date, SDSCs have never been used in 

clinical trials. 

 

1.8 Other sources of mesenchymal stem cells 

Apart from bone marrow, adipose tissue and synovial membrane, 

mesenchymal cells can be isolated from articular cartilage, periosteum, 

umbilical cord blood, peripheral blood, skeletal muscle and synovial fluid. 

Cartilage contains a notch 1 positive progenitor cell population that can be 

isolated by their preferential attachment to fibronectin [33, 337]. The cells 

have great expansion capacity and are resistant to hypertrophy. They have 

also been shown to be mechano-responsive [338]. 

Isolation of MSCs from peripheral blood requires a less invasive procedure 

than the one used for isolating BMSCs. Peripheral blood-derived stem cells 

(PBSCs) have been differentiated towards the chondrogenic lineage using 

TGF-β3 [339, 340] or TGF-β1 [341]. The regenerative potential of PBSCs in 

vivo has also been demonstrated: patients with chondral defects first 

underwent subchondral drilling and 5 days after the operation, they 

underwent injection of PBSCs in HA solution. Histological analysis showed 
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the filling of defects with hyaline cartilage and minimal adverse side effects 

were reported [342]. Advantages of PBSCs are the ease and high yield of 

isolation, but the proliferation rate and chondrogenic capability of these cells 

still need to be investigated. 

Umbilical cord mesenchymal cells, in comparison to ADSCs or BMSCs, 

exhibited lower isolation efficiency [343] and when exposed to chondrogenic 

media (TGF-β1, ascorbic acid and dexamethasone), they showed higher 

expression of hypertrophic markers (e.g. collagen type I) [344]. TGF-β1 and 

dexamethasone have been used for their differentiation in monolayer culture 

system and in collagen hydrogels scaffolds [343, 345]. A pulsed 

electromagnetic field treatment has also been described as a means to 

differentiate them towards chondrogenic lineage [346]. In a pre-clinical study 

in rabbits, implantation of human umbilical cord cells seeded on PLLA 

scaffolds resulted in an improper repair of cartilage defects with inflammation 

in the synovial membrane [347]. A clinical trial is currently investigating the 

efficacy of injection of allogeneic umbilical cells in HA scaffold 

(CARTISTEM®) in patients with full thickness cartilage defects 

(NCT01041001). Whilst the high availability, painless collection, absence of 

donor site morbidity, fast and long in vitro self-renewal encourage the use of 

umbilical cord MSCs, their low isolation efficiency and tendency to produce 

fibrocartilage are the main disadvantages. 

Periosteum is known to contain chondrocytes precursors [348]. The periosteal 

mesenchymal cells’ chondrogenesis has been enhanced in the presence of 

TGF-β3 [349], whilst their differentiation has been enhanced under low 

oxygen [350]. One of the advantages of using periosteum mesenchymal cells 

is that they retain their expansion potential even at late passages [188]. MSCs 

from periosteum have been successfully used for repairing cartilage defects 

in rabbit models [260, 351, 352], but they have not been tested in human so 

far. 

Muscle derived stem cells possess the capability to differentiate into 

chondrocytes in the presence of TGF-β [353] and they have been successfully 

used for cartilage regeneration in rabbits [354, 355] and rats [356]. Their 

chondrogenic potential seems to be influenced by donor sex: male cells 

possess higher capacity for chondrogenic differentiation in vitro and better 
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cartilage regeneration potential in vivo [356]. The limitations in the use of 

muscle derived stem cells and periosteum cells are the surgical procedure 

needed for their extraction and the limited availability of donor material. 

A population of MSCs has also been isolated from synovial fluid (SFSCs). 

These cells share similar expression profile with SDSCs [357, 358], their 

number is increased during meniscus [359], anterior cruciate injury and 

surgery [358] and arthritis and OA [360, 361]. They are probably recruited 

by chemokines in the blood [358] to repair cartilage [361]. The increase in 

their number is not associated with a change in their chondrogenic capabilities 

and epitope markers [358]. Human SFSCs have been differentiated into 

chondrogenic lineage in pellet [357, 362] and alginate scaffolds [361] in the 

presence of TGF-β1 and ITS [357, 361, 362], dexamethasone [357, 362], 

ascorbic acid [361, 362] and BMP-7 [362]. Main limitations in the use of 

SFSCs are the surgical procedure for their isolation and their limited 

availability. 

 

1.9 Pluripotent stem cells 

The tendency of mesenchymal stem cells to undergo hypertrophic 

differentiation can theoretically be overcome using pluripotent stem cells that 

possess a higher degree of plasticity. Human embryonic stem cells (ESCs) 

have been differentiated into chondrogenic lineage in pellet culture and HA 

hydrogels with TGF-β1, FGF2 and PDGF-BB [26]. After differentiation, they 

maintained a low expression of the hypertrophic markers collagen type I and 

type X. Their in vivo chondrogenic capability has been demonstrated in rat 

models [26]. Using different growth factors (BMP-4 or GDF-5), it has been 

possible to generate 2 different populations of chondrocytes derived from 

mouse ESCs: one with and one without hypertrophic properties [363]. The 

ethical issues and the risk of immune rejection of ESCs can be overcome 

using induced pluripotent stem cells (iPSCs) that are somatic cells, typically 

adult skin fibroblasts, reprogrammed to an embryonic stem cell-like state 

[364]. They are able to differentiate into the chondrogenic lineage by 

exposure to BMP-4 [365] or TGF-β3 [359] or also through transduction with 

TGF-β1 and co-culture with adult chondrocytes [366]. A combination of 

FGF-2, BMP-4, follistatin, NF4 and GDF-5 has also been used with a timing 
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that mimics physiological chondrogenesis [27]. Once differentiated, iPSCs 

expressed high levels of collagen type II, Sox-9, GAGs and aggrecan, whilst 

they maintained low levels of hypertrophic genes. Using different growth 

factors (TGF-β3 or BMP-4), it has also been possible to generate in vitro 

chondrocytes with hypertrophic or chondrogenic characteristics (in terms of 

collagen type I, type II and type X synthesis) and these characteristics were 

maintained even in vivo, when the cells were injected subcutaneously in mice 

[367]. Direct iPSC injection or combined with an alginate hydrogel [359], a 

chondroitin sulphate methacrylate hydrogel [27] or PLC and gelatin scaffolds 

[368] has been successfully used for repairing cartilage defects in rats [359], 

mice [27] and rabbits [368], respectively. iPSCs can overcome the limited 

availability and the invasiveness of surgeries needed for extraction of other 

cell types and they also possess a high expansion capacity [365]. Variation of 

the populations produced and associated risk of tumorigenesis [365] need to 

be carefully evaluated before moving to human experimentation. Further, a 

comparison with multipotent stem cells, in terms of hypertrophic tendency 

and considering the need to minimise cell handling for clinical application, 

needs to be performed. 

 

1.10 Critique 

Although various in vitro cell culture approaches (e.g. use of three-

dimensional scaffolds, growth factor supplementation, mechanical 

stimulation, co-culture systems, modulation of oxygen tension, transfection / 

transduction) have been used to either induce or maintain chondrogenic 

phenotype in the different cell types, there is still a lack of complete 

understanding on how these mediators act (Table 1.3). 

Considering also the need to minimise cell handling for clinical application, 

complex approaches are not easily translatable into clinical practice. 

With respect to the choice between one cell type over another largely depends 

on the difficulty in guaranteeing a stable chondrogenic phenotype. Due to 

their scarce availability, chondrocytes need to be pre-expanded in vitro. 

Although different multifactorial approaches can maintain a chondrogenic 

phenotype in vitro, only a few of them have been tested in vivo, making it 

difficult to determine if they can result in a stable phenotype. Recent studies 
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suggest that it is possible to selectively isolate CPCs or adult chondrocytes 

with a more stable phenotype. However, there is no clear consensus on 

markers for their characterisation and the regenerative potential of these cells 

has not been clearly compared with the one of whole population of 

chondrocytes. Furthermore, the fact that CPCs are normally involved in 

response to injury may suggest that their regenerative potential is not enough 

to lead to functional repair [369]. 

The main advantages of MSCs are that they possess the same regenerative 

capability as chondrocytes [272] and they are readily available. However, 

there are still a few issues that need to be addressed. Firstly, it has to be 

clarified if cells from elderly donors possess a lower proliferation and 

differentiation capability, as studies provide contradictory results [370, 371]. 

Secondly, there is no consensus with respect to the pre-differentiation before 

implantation: whilst some studies have reported that implantation of 

undifferentiated cells leads to calcification and fibro-genesis [258, 259], it 

should also be noted that in vitro differentiation often leads to hypertrophic 

phenotype [169, 252, 285]. The use of undifferentiated MSCs is encouraged 

by the fact that these cells possess immunomodulatory and anti-inflammatory 

properties, which might be beneficial in the presence of inflammatory 

diseases [323]. Undifferentiated MSCs also require minimal handling. On the 

other hand, a direct comparison between undifferentiated and pre-induced 

MSCs have been performed only in animal models, in which the acquisition 

of chondrogenic phenotype could be easier than in human patients [372]. 

Assuming that pre-differentiated cells lead to better clinical outcomes, 

numerous studies have compared the in vitro chondrogenic potential of MSCs 

from different sources. However, this comparison is somehow onerous, given 

that MSCs from different sources may respond differently to the same stimuli 

and the lack of standardised expansion protocols in defined media, which also 

leads to dramatic variations [285]. Some studies have also implanted pre-

differentiated cells in different animal models, but differences in cartilage 

thickness, involvement of subchondral bone and self-healing capability of 

animal models used make difficult the comparison between results of 

different studies [373]. In general, BMSCs have been described as the MSCs 

with the highest chondrogenic potential [108, 260, 286-288], whilst ADSCs 
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have been used since they are readily available and possess a greater 

expansion capability. However, differences in proliferation and viability of 

ADSCs from different depots and donor age have also been observed [374-

376]. SDSCs have been widely studied, since their chondrogenic potential is 

independent of donor age and their tendency to hypertrophic differentiation 

is relatively low. Their main limitation is the reduced availability of donor 

material and the knee surgery required for their isolation. iPSCs show 

promising results, possessing a low tendency to undergo in vitro hypertrophic 

differentiation. 

To date, only undifferentiated BMSCs and ADSCs and genetically modified 

chondrocytes have been tested in humans. No differences between BMSCs 

and chondrocyte treatments have been observed, whilst a clinical trial is 

currently comparing ADSC and BMSC treatments (NCT02642848). 

However, the wide spectrum of the clinical requirements of the patients 

requiring a cartilage substitute makes it hard to generalise obtained results. 

Factors like age, concomitant diseases and defect size affect the clinical 

outcomes. It has also been evidenced that, due to stricter inclusion criteria, 

patients commonly enrolled in clinical trials are not representative of patients 

treated in clinical practice, especially as regard their defect size [377, 378]. 

The limited available clin ical data indicate that currently available cell 

therapies (naïve or engineered cells without pre-conditioning) seem to 

possess the same capacity to achieve a short-term success, as micro-fracture 

and osteochondral autograft [379] and they are more expensive and laborious. 

Further, despite it had been initially developed to prevent the formation of 

fibrocartilage repair tissue typical of micro-fracture, ACI itself often results 

in the production of fibrocartilage rather than hyaline cartilage, lacking a 

long-term regenerative capacity [380]. Thus, it is imperative to conduct more 

controlled / standardised clinical trials that the reparative potential of pre-

conditioned cells would be assessed. 
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Table 1.7: Proposed mechanisms by which in vitro modulators induce chondrogenic differentiation and cell types where these mechanisms have been 

studied. 

Modulators Mechanism Cells Ref 

Hypoxia 

Activation of PKA/Akt pathway BMSCs [57, 381] 

Increase in stability of HIF-1α Chondrocytes, MSCs [381-387] 

Increase in activity of HIF-2α Chondrocytes [387, 388] 

Increase in activity of HIF-3α Chondrocytes [389] 

Compression Signal transduction through integrin Chondrocytes [390-392] 

HP and 

compression 

Calcium signalling probably mediated by primary cilia Chondrocytes [393-397] 

Signal transduction via actin cytoskeletal remodelling Chondrocytes [398] 

Compression Stimulation of endogenous TGF-β synthesis BMSCs and chondrocytes 
[249, 250, 399, 

400] 

3-D scaffolds 

Signal transduction via actin cytoskeletal remodelling 

All cell types 

[401-403] 

Pathways associated with cell-cell interaction [94, 202, 203] 

Influence the response to mechanical stimulation [394, 404, 405] 

IGF-1 Activation of MAPKs 
Ubiquitous 

[40-43, 45, 46, 406, 

407] TGF-β Activation of Smad 2/3 or Smad 1/5/8 and MAPKs 



Chapter 1 

54 

 

FGF Activation of MAPK and STAT1 pathways 

BMP-2, 4, 6, 7, 

GDF-5 
Activation of Smad1/5/8 and MAPKs 
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1.11 Project rationale, aim, hypothesis and objectives 

Although almost thirty years have passed since the first autologous 

chondrocyte implantation procedure, cell-based therapies have still the same 

success rate as other surgical treatments. Whilst different cell types have been 

proposed as potential candidates for cartilage engineering, (a) significant 

differences between in vitro and in vivo cell behaviour, (b) lack of 

standardisation of pre-clinical experiments, (c) difficulty in transferring 

results obtained in pre-clinical models to human patients, (d) safety and 

scalability of the potential technologies and differences in patients’ clinical 

characteristics have made difficult to compare the regenerative capabilities of 

the various cell types and to bring cell therapies to market. Nonetheless, 

chondrocytes and bone marrow stem cells are the cell populations of choice 

for cartilage tissue engineering. 

Different in vitro microenvironment modulators (e.g. three-dimensional 

scaffolds, oxygen tension, bioreactor systems, co-culture systems, 

transfection / transduction) have been assessed to-date as a means to induce / 

maintain chondrogenic phenotype. However, data to-date clearly demonstrate 

the inability of such approaches to produce enriched hyaline-like ECM 

constructs. Hyaline ECM is responsible for the in vivo behaviour and the 

mechanical properties of the cartilage substitutes. Electrostatic repulsion 

forces [408] and capability to attract water [29, 30] of GAGs determine 

cartilage resistance to compression. On the other hand, collagen II fibres 

further stabilised by collagen IX molecules, provide tensile strength [409]. 

Alterations in ECM composition correlate with morphologic abnormalities 

and symptoms which lead to arthroscopy, are associated with ageing and 

diseases [410] and limit endogenous cartilage repair mechanisms [411]. 

MMC is an in vitro cell culture technique based on a biophysical phenomenon 

and consisting of the addition of inert macromolecules (crowders) into the 

culture medium. Occupying a substantial part of the available volume 

(excluding volume effect), crowder molecules accelerate enzymatic reactions 

(including the rate limited conversion of pro-collagen to collagen), biological 

processes and macromolecular associations [412, 413]. MMC has been 

shown to dramatically increase ECM deposition in different cell types [214, 

220-223] and to modulate stem cell phenotype. Specifically, it increased lipid 
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droplet accumulation in ADSC differentiation [225] and expression of 

adipogenic markers in BMSC differentiation [414]; it induced ‘browning’ in 

BMSC-derived white adipocytes [415]: these effects were attributed to cell 

interaction with the ex novo built ECM and to growth factor sequestering by 

the ECM [414]. 

However, the effect of MMC in chondrogenesis has not been well 

investigated as yet and preliminary data are contradictions: one study showed 

MMC (a cocktail of neutral non-sulphated crowders, Ficoll 70 and 400 

KDa) to not increase ECM deposition in chondrocyte culture [224] and 

another study showed MMC (a cocktail of neutral non-sulphated crowders, 

Ficoll 70 and 400 KDa) to not induce chondrogenic differentiation of 

adipose derived stem cell [225]. In contrast to these results, a third study 

showed MMC (negatively charged and highly sulphated polysaccharide, 

carrageenan) pre-conditioning, to significantly increase chondrogenesis in 

human BMSC cultures [226]. 

Considering the above, the aim of this study was to assess the influence of 

MMC in human chondrocyte culture and in human BMSC differentiation. 

Carrageenan, a sulphated polysaccharide -composed by galactans having one 

(κ), two (ι) or three (λ) sulphate groups in their disaccharide unit- was used as 

the crowding agent. Carrageenan has been previously used as crowding agent 

in BMSC [226], corneal fibroblast [223,224] and dermal fibroblast [222] 

cultures. Due to its higher polydispersity and hydrodynamic radius [225], it 

most efficiently excluded volume and increased ECM deposition, compared 

to Ficoll™ cocktail and dextran sulphate.  

Further, several highly sulphated polysaccharides (e.g. chondroitin sulphate 

[416], chemically over-sulphated polysaccharide GY785 [417], heparan 

sulphate [418] and pentosan sulphate [419]) have exhibited chondro-

inductive capability. 

The following hypothesis and specific objectives were evaluated: 

- Hypothesis 1: MMC increases hyaline ECM deposition in adult 

human chondrocytes  

Objective 1: To assess the influence of MMC in adult human 

chondrocyte culture.  

- Hypothesis 2: MMC favours chondrogenic, as opposed to osteogenic 

and adipogenic, human BMSC differentiation 
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Objective No 2: To assess the influence of MMC in human BMSC 

culture 
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2.1 Introduction 

The extracellular matrix (ECM) of cartilage (primarily collagen type II, the 

main ECM protein of articular cartilage) is responsible for its mechanical 

properties [1], protects it from injury during normal locomotion [2, 3] and 

determines the behaviour, migration, differentiation and survival of host cells 

[4]. Alterations in ECM composition are associated with disease and aging 

[5]. The efficacy of a cell-based therapy to regenerate cartilage damaged by 

disease or trauma depends on the effectiveness of the in vitro culture system 

to induce stable chondrogenic phenotype [6, 7]. Although direct chondrocyte 

injections and chondrocyte sheets have shown promising results in in vitro 

[8-13], in vivo [14-18] and clinical [19-22] setting, there is still no widely 

accepted treatment available. While in vivo chondrocytes synthesise all 

cartilage ECM components, when they are expanded in vitro, they rapidly (as 

early as passage 1 in both monolayer and alginate bead culture) lose their 

phenotype, reduce the synthesis of collagen type II and increase the synthesis 

of collagen type I [23, 24]. This switch from hyaline cartilage (rich in collagen 

type II) to fibrocartilage (rich in collagen type I) limits the efficacy of these 

therapies [25]. As such, immense scientific research and technological 

innovation focuses on the development of chondrogenic media that would 

maintain chondrogenic phenotype and enhance cartilage-specific ECM 

synthesis and deposition during in vitro expansion. 

Among the various media supplements (e.g. conditioned media [26, 27]; low-

calcium serum-free media [28]; dexamethasone or triiodothyronine [29-31]; 

recombinant acid ceramidase [32]; insulin-transferrin-selenium [33-35]), 

growth factor containing media (e.g. insulin-like growth factor 1 [36]; 

fibroblast growth factor  [37], fibroblast growth factor 2 [38-40]; 

recombinant bone morphogenetic protein 4 [41]; transforming growth factor 

β1 [41, 42]; transforming growth factor β2 [43]; platelet-derived growth 

factor BB [44]; cocktail of transforming growth factor 1, fibroblast growth 

factor 2 and platelet-derived growth factor BB [45]; cocktail of 

dexamethasone, transforming growth factor 3 and bone morphogenetic 

protein 6 [46]; chondrogenic cocktail containing transforming growth factor 

3 [47]; sequential transforming growth factor β1 in monolayer and insulin-
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like growth factor I in three-dimensional culture [48]) have shown promise in 

either maintaining a chondrogenic phenotype or differentiating stem cells 

towards the chondrogenic lineage. Some of them have even been 

commercialised [e.g. Lonza (the full re-differentiation medium contains 

among others the following: R3 insulin-like growth factor 1, human 

recombinant fibroblast growth factor , transferrin, insulin, transforming 

growth factor 1, transforming growth factor 3), Cell Applications Inc. 

(undisclosed formulation), PromoCell (undisclosed formulation)]; the Lonza 

one has been used extensively for research purposes [49-52]. 

Macromolecular crowding (MMC) is a biophysical phenomenon, based on 

the principles of excluded volume effect, that has been used to increase ECM 

deposition in permanently differentiated [53-58] and stem cell [59-62] 

cultures for up to 120-fold. By mimicking the in vivo crowded extracellular 

space, MMC, the addition of inert polydispersed macromolecules in the 

culture media, dramatically accelerates biological activities, such as the 

enzymatic conversion of pro-collagen to collagen. Although MMC (neutral 

and non-sulphated crowder cocktail, Ficoll 70 and Ficoll 400, was used) did 

not significantly increase chondrogenesis in chondrocyte [63] and adipose 

derived stem cell [64] cultures, it significantly increased chondrogenesis in 

human bone marrow stem cell cultures (negatively charged and highly 

sulphated crowder, carrageenan (CR), was used) [65]. Considering that 

sulphated polysaccharides have been shown repeatedly to enhance 

chondrogenesis [66-73], herein we hypothesised that the combination of a 

commercially available chondrogenic medium with MMC will enable 

chondrogenic phenotype maintenance during in vitro chondrocyte expansion 

and will increase cartilage-specific ECM deposition, enabling the 

development of a tissue engineered cartilage substitute. To validate our 

hypothesis, human chondrocytes at passage 2 were cultured in monolayer and 

in alginate beads with and without MMC. The cells were then expanded to 

passage 6 in monolayer and, using a commercially available system, they 

were re-differentiated in monolayer or in alginate beads in foetal bovine 

serum or human serum with and without MMC. Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis, immunocytochemistry and cell 
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morphology, viability, proliferation and metabolic activity were used as read 

outs.  
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2.2 Materials and methods 

2.2.1 Materials 

Chemicals, media and media supplements were obtained from Sigma-Aldrich 

(Ireland), unless otherwise stated. Tissue culture consumables were 

purchased from Sarstedt (Ireland). 

 

2.2.2 Cell culture 

Healthy human primary chondrocytes at passage 2 (batch 8F3339, age 34, 

Lonza, Brennan & Company, Ireland) were seeded either in monolayer or in 

alginate beads (see section 2.3) in DMEM-F12, supplemented with L-

glutamine 2 mM, 10 % foetal bovine serum (FBS) and 1 % penicillin / 

streptomycin. After five days, macromolecular crowding (MMC) medium 

was added (100 μg/mL carrageenan (CR) in DMEM-F12 supplemented with 

100 μM L-ascorbic acid 2-phosphate and 10 % FBS). After 2, 5 and 10 days 

of the MMC treatment, ECM deposition and cell morphology, viability, 

proliferation and metabolic activity were assessed. 

Healthy human primary chondrocytes at passage 2 (batch 8F3339, age 34, 

Lonza, Brennan & Company, Ireland) were cultured using the Clonetics™ 

system of Lonza (Brennan & Company, Ireland). Briefly, the cells were 

expanded to passage 6 in monolayer using Lonza’s (Brennan & Company, 

Ireland) CGM™ chondrocyte growth medium (containing gentamicin 

sulphate-amphotericin B, b-fibroblast growth factor, R3-insulin-like growth 

factor 1, insulin, transferrin) supplemented with 5 % human serum (HS) or 5 

% FBS (Lonza, Brennan & Company, Ireland). Cells at passage 6 were 

seeded either in monolayer and in alginate beads (see section 2.3) using 

Lonza’s (Brennan & Company, Ireland) CDM™ chondrocyte differentiation 

medium (containing gentamycin sulphate-amphotericin B, transforming 

growth factor β-3, R3-insulin-like growth factor 1, insulin, transferrin) 

supplemented with 100 μM L-ascorbic acid 2-phosphate, 10 ng/mL 

transforming growth factor β1 and 5 % HS or 5 % FBS (Lonza, Brennan & 

Company, Ireland). 14 days after seeding, MMC medium was added (50 

μg/mL, 100 μg/mL or 500 μg/mL carrageenan in chondrocyte differentiation 

medium). After 2, 5 and 10 days of MMC treatment, ECM deposition and cell 

morphology, viability, proliferation and metabolic activity were assessed.  
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2.2.3 Preparation of alginate beads 

Cells were washed in 0.9 % NaCl and suspended in 1.2 % sodium-alginate 

solution in 0.9 % NaCl at a density of 350,000 cells/mL. Cell solution was 

transferred drop by drop, using a 21-gauche syringe, into 102 mM CaCl2. 

Beads were allowed to polymerise for 10 min, washed three times with 0.9 % 

NaCl and once with culture medium and finally transferred to culture media. 

Beads were cultured in non-treated cell culture flasks and media was changed 

every day. For measuring the amount of collagen in the culture medium, five 

beads were cultured in 500 μL of medium. 

 

2.2.4 Collagen extraction 

After 2, 5 and 10 days in culture, collagen was extracted from cell layers, 

alginate beads and culture media as has been described previously [74-76], 

with slight modifications. Briefly, alginate beads were depolymerised 

through incubation in 55 mM tri-sodium citrate di-hydrate for 30 min at room 

temperature. The solution was then centrifuged at 500 g for 10 min, to obtain 

a pellet, which contained the cell-associated matrix, and a supernatant, which 

contained the further-removed matrix. To extract the collagen, supernatants 

and pellets from the alginate beads, cells in monolayers and culture media 

were digested with porcine gastric mucosa pepsin in acetic acid (Fisher 

Scientific, Ireland; 0.1 mg/mL pepsin in 0.05 M acetic acid for pellets and 

monolayers, 1 mg/mL pepsin in 0.5 M acetic acid for supernatants and culture 

media) for 2 h at 37 ºC. Samples were then neutralised with 1 N NaOH. 

 

2.2.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) and densitometric analysis 

SDS-PAGE and complementary densitometric analysis were conducted as 

has been described previously [77], with slight modifications. Briefly, 

samples for SDS-PAGE were appropriately diluted in distilled water and 5X 

sample buffer, heated at 95 °C for 5 min and loaded on a 5 % acrylamide gel. 

Standard 0.5 mg/mL bovine skin collagen type I (Symatese Biomateriaux, 

France) and porcine articular cartilage collagen type II (in house extracted) in 

0.5 M acetic acid were loaded as controls. Electrophoretic run was performed 

using the Mini-Protean® 3 electrophoresis system (Bio-Rad Laboratories, 

UK) and gels were stained using the SilverQuest™ kit (Invitrogen, UK) 
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according to manufacturers’ instructions. Densities of collagen α1 and α2 

chains were calculated using ImageJ software (NIH, USA). Total collagen 

quantification was performed correlating the sum of α1 and α2 chain densities 

of the samples to the densities of the collagen type I standard. 

 

2.2.6 Release of cells from alginate beads for immunostaining analysis 

For immunostaining analysis of cells in alginate beads, five alginate beads 

were depolymerised in 600 μL of 55 mM tri-sodium citrate di-hydrate for 30 

min at room temperature. The solution was centrifuged at 500 g per 10 min. 

The cells were then suspended in culture medium (without L-ascorbic acid 2-

phosphate and carrageenan) and plated overnight before immunostaining. 

 

2.2.7 Immunostaining 

Cells were washed with HBSS, fixed in 4 % paraformaldehyde and incubated 

with 3 % bovine serum albumin (BSA) for 30 min to block nonspecific 

binding. Samples were then incubated overnight at 4 ºC with primary 

antibodies for collagen type I (90395, Abcam, Ireland) or collagen type II 

(185430, Abcam, Ireland) diluted 1:200 in 3 % BSA in phosphate buffered 

saline (PBS). Then, they were incubated with secondary antibody (goat anti-

mouse Cy5, A10524, Thermo Scientific, Ireland) diluted 1:400 in 3 % BSA 

in PBS and with 4',6-diamidino-2-phenylindole (DAPI) diluted 1:30,000 in 

PBS. Omission of the primary antibody was used as negative control. Images 

were taken using an Olympus IX-81 (Olympus, Japan) inverted fluorescence 

microscope. Integrated area density per each microscope field (n=15 per 

group) was calculated using ImageJ software and normalised for the average 

integrated density of the negative controls. When normalised integrated 

densities in half of the microscope fields (7 out of 15) were negatives or when 

the average normalised integrated density was negative, collagen was 

considered not detectable (ND).  
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2.2.8 Cell morphology 

Cell morphology was assessed using phase-contrast microscopy. Images were 

taken using an inverted microscope (Leica Microsystem. Germany) and 

analysed using the LAS EZ 2.0.0 software 2.4. 

 

2.2.9 Cell viability 

Cell viability was evaluated using Live/Dead® viability kit (Invitrogen, 

Ireland). Cell layers and alginate beads were washed with HBSS and then 

incubated with calcium AM and ethidium homodimer solution (2 μM calcein-

AM and 4 μM EthD-1) in HBSS for 30 min. After incubation, cells were 

washed with HBSS and fluorescence images were taken using an Olympus 

IX81 inverted fluorescence microscope. Cells incubated with DMSO were 

used as negative control. 

 

2.2.10 Cell proliferation 

Chondrocytes cultured in monolayer (10,000 cells per cm2) were trypsinised 

at different time-points, cell number was quantified using a haemocytometer 

and growth curves were plotted. Cell proliferation was also quantified via 

nuclei staining as follows: cells were washed with HBSS and then stained 

with DAPI. Images were acquired with an Olympus IX-81 inverted 

fluorescence microscope and the number of cells was counted using ImageJ 

software. 

 

2.2.11 Cell metabolic activity 

After 2, 5 and 10 days in culture, cell metabolic activity was evaluated using 

alamarBlue® assay (BioSource International, Invitrogen, Ireland), as per 

manufacturer’s guidelines. Briefly, cell layers and alginate beads were 

washed with HBSS and then incubated with alamarBlue® solution (10 % 

alamarBlue® in HBSS) for 4 h at 37 °C. For cells in alginate beads, four beads 

were incubated into 200 μL of alamarBlue® solution. Absorbance was 

measured at 550 nm and 595 nm using Varioskan Flash spectral scanning 

multimode reader (Thermo Scientific, UK). Metabolic activity was expressed 

as percent variation of alamarBlue® reduced between cells grown under 

MMC conditions and control (non MMC conditions). 
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2.2.12 Statistical analysis 

Data shown are representative of two independent experiments. Statistical 

analysis was performed using Minitab version 17, Minitab Inc., USA. 

Normality test (Anderson-Darling normality test) and equality of variances 

tests (Bonett’s test and Levene’s test) were performed. Parametric analysis 

was performed using one way analysis of variance (Tukey’s test) for multiple 

comparisons or 2 sample t-test for pair wise comparisons. Non-parametric 

analysis was performed using Kruskal-Wallis test for multiple comparisons 

or Mann Whitney test for 2 sample pair wise comparisons. Statistical 

significance was accepted at p < 0.05. 
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2.3 Results 

2.3.1 Assessing the influence of MMC on early passage human 

chondrocytes 

SDS-PAGE (Figure 2.1A) and complementary densitometric analysis 

(Figure 2.1B) of early passage (3) human chondrocytes in monolayer culture 

revealed almost no / very little collagen deposition under no MMC conditions, 

whilst MMC significantly increased (p < 0.001) collagen deposition. 

Considering that collagen type I is composed of two α1 chains and one α2 

chain and collagen type II by three α1 chains, the presence of α2 chain in the 

SDS-PAGE gels indicates synthesis and deposition of collagen type I (Figure 

2.1A). Immunocytochemistry (Figure 2.2A) and complementary 

fluorescence intensity analysis (Figure 2.2B) for collagen type I and collagen 

type II of early passage (3) human chondrocytes in monolayer culture 

confirmed that very little collagen was deposited under no MMC conditions, 

whilst MMC significantly increased (p < 0.001) collagen type I deposition, 

whilst no statistical difference (p > 0.05) was observed in collagen type II 

deposition. Neither morphology (Figure 2.3A) nor viability (Figure 2.3B) of 

early passage (3) human chondrocytes in monolayer culture were affected as 

a function of MMC. In the absence of MMC, proliferation (Figure 2.3C) of 

early passage (3) human chondrocytes in monolayer culture was increased 

[statically (p < 0.001) increased only between day 2 and day 10]. In the 

presence of MMC, early passage human chondrocytes did not proliferate 

(Figure 2.3C) as a function of time in monolayer culture (p > 0.05) and 

consequently their metabolic activity (Figure 2.3D) was lower compared to 

control [statically (p < 0.001) at day 5 and day 10]. SDS-PAGE (Figure 2.4A) 

revealed no collagen in the supernatant of early passage (3) human 

chondrocytes cultured in alginate beads, independently of the presence or 

absence of MMC. SDS-PAGE (Figure 2.4A) and complementary 

densitometric analysis (Figure 2.4B) of early passage (3) human 

chondrocytes in alginate beads revealed almost no collagen deposition under 

no MMC conditions in pellet, whilst MMC significantly increased (p < 0.001) 

collagen deposition in pellet. The presence of α2 band in the SDS-PAGE gels 

indicates synthesis and deposition of collagen type I. To better decipher 

collagen type I and collagen type II ratio, cells were released from the alginate 

beads and plated for immunocytochemistry (Figure 2.5A) and supplementary 
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fluorescence intensity analysis (Figure 2.5B), which demonstrated that MMC 

increased, albeit not significantly (p > 0.05), both collagen type I and collagen 

type II deposition in early passage (3) human chondrocyte culture in alginate 

beads. The morphology (Figure 2.6A) and viability (Figure 2.6B) of early 

passage (3) human chondrocytes cultured in alginate beads were not affected 

as a function of MMC and time in culture.  Metabolic activity (Figure 2.6C) 

of early passage (3) human chondrocytes cultured in alginate beads under 

MMC, compared to control, was increased at day 5 and decreased at day 10, 

albeit not significantly (p > 0.05). 
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Figure 2.1: Collagen type II standard separated by SDS-PAGE show only an α1 band, whilst collagen type I standard shows α1 and α2 bands, at a ratio 

2:1 (A). SDS-PAGE (A) and complementary densitometric analysis (B) showed an increase in collagen deposition in early passage (3) human 

chondrocytes grown in monolayer, under MMC conditions (carrageenan (CR) 100 μg/mL for 2, 5 and 10 days). Analysis was performed in triplicate, 

data shown are representative of two independent experiments and are expressed as mean ±SD. Statistical significance was accepted at p <0.05. Note: 

Part A is comprised of different gels; white space is used to separate different gels.  
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Figure 2.2: Immunocytochemistry (A) and complementary fluorescence intensity analysis (B) showed an increase in collagen type I deposition in early 

passage (3) human chondrocytes grown in monolayer under MMC conditions (carrageenan (CR)100 μg/mL), whilst no difference was observed in 

collagen type II.  Data shown are representative of two independent experiments with N=15 and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm

* 

* 

* 
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Figure 2.3: Morphology (A) and viability (B) of early passage (3) human 

chondrocytes grown in monolayer were not affected by MMC (carrageenan 

(CR) 100 μg/mL). In the absence of MMC, the number of cells increased as 

a function of time, whilst under MMC conditions, it remained constant (C). 

The metabolic activity of MMC samples at day 5 and day 10 was lower than 

one of the control (D). Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm  
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Figure 2.4: SDS-PAGE (A) and relative densitometric analysis (B) of cell-associated collagen and further-removed matrix showed enhanced collagen 

deposition in early passage (3) human chondrocytes grown in alginate beads under MMC conditions (carrageenan (CR) 100 μg/mL for 2, 5 and 10 days). 

Analysis was performed in triplicate, data shown are representative of two independent experiments and are expressed as mean ±SD. Statistical 

significance was accepted at p <0.05. Note: Part A is comprised of different gels; white space is used to separate different gels.  

 

 

  

* 

* 
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Figure 2.5: Immunocytochemistry (A) and complementary fluorescence intensity analysis (B) showed an increase, albeit not significant, in collagen 

type I and type II deposition in early passage (3) human chondrocytes in alginate beads under MMC conditions (carrageenan (CR) 100 μg/mL for 2, 5 

and 10 days). Data shown are representative of two independent experiments with N=15 and are expressed as mean ±SD. Scalebar: 100 µm 

 A 

B 
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Figure 2.6: Morphology (A), viability (B) and metabolic activity (C) of early 

passage chondrocytes grown in alginate beads were not affected as a function 

of MMC (carrageenan (CR) 100 μg/mL). Analysis was performed in 

triplicate, data shown are representative of two independent experiments and 

are expressed as mean ±SD. Statistical significance was accepted at p <0.05. 

Scalebar: 100 µm 

  

A B 

C 
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2.3.2 Assessing the influence of MMC on late passage re-differentiated 

human chondrocytes 

Human chondrocytes were expanded in FBS and HS to passage 6 and then 

re-differentiated in monolayer or in alginate beads. During expansion, cells 

in FBS and HS showed elongated morphology (Figure 2.7A) with similar 

growth curves (Figure 2.7B). During re-differentiation in monolayer culture, 

although collagen was detectable by SDS-PAGE for cells cultured in HS from 

day 3, collagen was not detectable for cells cultured in FBS at time points 

earlier than 14 days (Figure 2.8); thus, MMC treatment started at day 14 of 

re-differentiation in both sera. 

SDS-PAGE (Figure 2.9A for FBS and Figure 2.11A for HS) and 

complementary densitometric analysis (Figure 2.9B for FBS and Figure 

2.11B for HS) demonstrated that MMC significantly increased (p < 0.001) 

collagen (certainly collagen type I and collagen type V) deposition in human 

re-differentiated monolayer chondrocyte culture. Immunocytochemistry 

(Figure 2.10A for FBS and Figure 2.12A for HS) and complementary 

fluorescence intensity analysis (Figure 2.10B for FBS and Figure 2.12B for 

HS) confirmed that MMC significantly increased (p < 0.001) collagen type I 

deposition in human re-differentiated monolayer chondrocyte culture, whilst 

almost no collagen type II was detected. Among the various CR 

concentrations assessed, between 50 and 100 μg/mL CR appeared to induce 

maximum collagen deposition, whilst between the two sera assessed, HS 

appeared to induce maximum collagen deposition. FBS treated cells acquired 

a polygonal / round morphology (Figure 2.13A), whilst cells in HS 

maintained an elongated shape (Figure 2.14A), independently of the time in 

culture and CR concentration. Cell viability (Figure 2.13B for FBS and 

Figure 2.14B for HS), proliferation (Figure 2.13C for FBS and Figure 2.14C 

for HS) and metabolic activity (Figure 2.13D for FBS and Figure 2.14D for 

HS) were not affected as a function of MMC. The number of cells per mm2 

in HS (Figure 2.14C) was almost double of the number of cells per mm2 in 

FBS (Figure 2.13C), although the same seeding densities were used and no 

difference in growth curves was detected during expansion (Figure 2.7B). 

SDS-PAGE and complementary densitometric analysis (Figure 2.15A for 

FBS and Figure 2.17A for HS) demonstrated that MMC significantly 

increased (p < 0.001) collagen (collagen type I and collagen type V) 
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deposition in pellet of chondrocytes in alginate beads. SDS-PAGE and 

complementary densitometric analysis of the supernatant and the media of re-

differentiated in alginate bead chondrocytes grown in FBS (Figure 2.15B for 

supernatant and Figure 2.15C for media) and HS (Figure 2.17B for 

supernatant and Figure 2.17C for media) demonstrated that only at 500 

μg/mL CR was the collagen concentration significantly decreased (p < 0.001); 

this was more obvious in the HS experiment, where more collagen was 

detected. 

Immunocytochemistry (Figure 2.16A for FBS and Figure 2.18A for HS) and 

complementary fluorescence intensity analysis (Figure 2.16B for FBS and 

Figure 2.18B for HS) confirmed that MMC significantly increased (p < 

0.001) collagen type I deposition in human re-differentiated in alginate beads 

chondrocyte culture, whilst almost no collagen type II was detected. Among 

the various CR concentrations assessed, between 50 and 100 μg/mL CR 

appeared to induce maximum collagen deposition, whilst between the two 

sera assessed, HS appeared to induce maximum collagen deposition. FBS 

(Figure 2.19A) and HS (Figure 2.20A) treated cells acquired a round 

morphology in pellet culture, independently of the time in culture and CR 

concentration. Cell viability (Figure 2.19B for FBS and Figure 2.20B for 

HS) and metabolic activity (Figure 2.19C for FBS and Figure 2.20C for HS) 

were not affected as a function of MMC. 
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Figure 2.7: During monolayer expansion, human chondrocytes in human serum (HS) and foetal bovine serum (FBS) showed elongated morphology (A) 

and their respective growth curves appeared similar (B). Data shown are representative of two independent experiments and are expressed as mean ±SD. 

Scalebar: 100 µm 
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Figure 2.8: SDS-PAGE of late passage human chondrocytes grown in human serum (HS) and foetal bovine serum (FBS), after 3 and 7 and 14 days of 

re-differentiation in monolayer. Analysis was performed in triplicate, data shown are representative of two independent experiments and are expressed 

as mean ±SD. Note: The figure is comprised of different gels; white space is used to separate different gels. 
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Figure 2.9: SDS-PAGE (A) and complementary densitometric analysis (B) of late passage chondrocytes re-differentiated in monolayer in FBS showed 

an increase in collagen deposition under MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL, for 2, 5 and 10 days). Note: Part A is comprised 

of different gels; white space is used to separate different gels. Analysis was performed in triplicate, data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was accepted at p <0.05.  

 

 

 



Chapter 2 

127 

 

Figure 2.10: Immunocytochemistry (A) and complementary fluorescence intensity analysis (B) of human chondrocytes expanded and re-differentiated 

in monolayer in FBS showed an increase in collagen type I deposition under MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL, for 2, 5 and 

10 days), whilst almost no collagen type II was detected. Data shown are representative of two independent experiments with N=15 and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm 
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Figure 2.11: SDS-PAGE (A) and complementary densitometric analysis (B) of late passage human chondrocytes re-differentiated in monolayer in HS 

showed an increase in collagen deposition under MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days). Analysis was 

performed in triplicate, data shown are representative of two independent experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm Note: Part A is comprised of different gels; white space is used to separate different gels.  
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Figure 2.12: Immunocytochemistry (A) and complementary fluorescence intensity analysis (B) of human chondrocytes expanded and re-differentiated 

in monolayer in FBS showed an increase in collagen type I deposition under MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 

days), whilst almost no collagen type II was detected. Data shown are representative of two independent experiments with N=15 and are expressed as 

mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm 
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Figure 2.13: MMC (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days) did not affect morphology (A), viability (B), proliferation (C) and 

metabolic activity (D) of late passage human chondrocytes re-differentiated in monolayer in FBS. Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean ±SD. Scalebar: 100 µm 
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Figure 2.14: MMC (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days) did not affect morphology (A), viability (B), proliferation (C) and 

metabolic activity (D) of late passage human chondrocytes re-differentiated in monolayer in HS. Analysis was performed in triplicate, data shown are 

representative of two independent experiments and are expressed as mean ±SD. Scalebar: 100 µm 
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Figure 2.15: SDS-PAGE and complementary densitometric analysis of late passage chondrocytes re-differentiated in alginate beads in FBS showed that: 

collagen in pellet was increased under MMC conditions (A), it was decreased in supernatant (B) only at 500 μg/mL carrageenan (CR), whilst it was 

barely detectable in culture media (C) independently of the MMC conditions. Note: The figure is comprised of different gels; white space is used to 

separate different gels. Analysis was performed in triplicate, data shown are representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05.  



Chapter 2 

133 

 

Figure 2.16: Immunocytochemistry (A) and complementary fluorescence intensity analysis (B) confirmed that MMC (carrageenan (CR) 50, 100 and 

500 μg/mL for 2, 5 and 10 days) increased collagen type I deposition in alginate beads human chondrocyte culture in FBS, whilst almost no collagen 

type II was detected. Data shown are representative of two independent experiments with N=15 and are expressed as mean ±SD. Statistical significance 

was accepted at p <0.05. Scalebar: 100 µm 
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Figure 2.17: SDS-PAGE and complementary densitometric analysis of late passage human chondrocytes re-differentiated in alginate beads in HS, 

showed that under MMC conditions (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days) collagen in pellet was increased (A), whilst it was 

decreased in supernatant (B) and culture medium (C) only at 500 μg/mL carrageenan. Analysis was performed in triplicate, data shown are representative 

of two independent experiments and are expressed as mean ±SD. Statistical significance was accepted at p <0.05. Note: The figure is comprised of 

different gels; white space is used to separate different gels.  
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Figure 2.18: Immunocytochemistry (A) and complementary fluorescence intensity analysis (B) confirmed that MMC (carrageenan (CR) 50, 100 and 

500 μg/mL for 2, 5 and 10 days) increased collagen type I deposition in alginate beads human chondrocyte culture in HS. Data shown are representative 

of two independent experiments with N=15 and are expressed as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar:100 µm. 
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Figure 2.19: Morphology (A), viability (B) and metabolic activity (C) of late passage human chondrocytes re-differentiated in alginate beads in FBS 

were not affected as a function of MMC (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days). Analysis was performed in triplicate, data 

shown are representative of two independent experiments and are expressed as mean ±SD. Scalebar: 100 µm 
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Figure 2.20: Morphology (A), viability (B) and metabolic activity (C) of late passage human chondrocytes re-differentiated in alginate beads in HS were 

not affected as a function of MMC (carrageenan (CR) 50, 100 and 500 μg/mL for 2, 5 and 10 days). Analysis was performed in triplicate, data shown 

are representative of two independent experiments and are expressed as mean ±SD. Scalebar: 100 µm 
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2.4 Discussion 

Clinical translation and commercialisation of chondrocyte-based tissue 

engineering therapies are jeopardised by the rapid phenotypic drift and the 

very slow cartilage-specific ECM deposition. Herein, we ventured to assess 

the influence a commercially available chondrogenic media and MMC in 

human chondrocyte monolayer and alginate beads culture. 

SDS-PAGE of human chondrocytes at passage 3 and re-differentiated human 

chondrocytes (expanded up to passage 6) seeded in monolayer or alginate 

beads illustrated significantly enhanced collagen (certainly collagen type I 

and collagen type V) deposition under MMC conditions. MMC has been 

shown repeatedly to dramatically (over 100-fold) increase collagen type I 

deposition in various permanently differentiated and stem cell populations 

[53-62]. Collagen type V constitutes only to a minor portion to cartilage ECM 

[1] and is typically associated with collagen type I [78]. Its presence in 

chondrocyte ECM most likely indicates de-differentiation, although it has 

been previously detected it in the pericellular matrix of healthy human 

articular cartilage [79]. 

Immunocytochemistry analysis of early passage (3) chondrocytes in 

monolayer showed that MMC significantly increased collagen type I, but not 

collagen type II deposition, whilst in alginate beads, MMC increased, albeit 

not significantly, both collagen type I and collagen type II deposition. These 

data, once more, verify the need for three-dimensional culture to restrain 

chondrogenic dedifferentiation in vitro [80-86]. Further, phenotypic drift is 

apparent from passage 2, which is in agreement with previous publications, 

where dedifferentiation was observed as early as passage 1 and was increased 

as a function of passaging [23, 24, 87, 88]. 

Immunocytochemistry analysis of re-differentiated human chondrocytes 

(expanded up to passage 6) showed that MMC significantly increased 

collagen type I deposition in both monolayer and alginate beads culture, 

whilst almost no collagen type II was detected. The high amount of collagen 

type I and the absence of collagen type II synthesised by the cells after ‘re-

differentiation’ indicates that probably the commercial system did not lead to 

a proper re-acquisition of chondrogenic phenotype. Other studies that have 

used the same medium with chondrocytes reported a limited in vitro secretion 

of collagen type II [89]; higher collagen type I than collagen type II 
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expression [90]; and lower secretion of pro-collagen type II C pro-peptide in 

chondrocytes than the one of undifferentiated human bone marrow stem cells 

[49]. We consider it unlikely that the crowder used could have induced de-

differentiation, as carrageenan has been shown to enhance chondrogenesis in 

human bone marrow stem cell cultures [65] and sulphated polysaccharides, 

like carrageenan, have been shown repeatedly to enhance chondrogenesis 

[66-73]. Considering that: (a) the ratio between collagen II and collagen I is 

the main indicator of chondrogenic phenotype and its changes are associated 

with de-differentiation [91-93]; (b) collagen expression, synthesis, secretion 

and deposition are not always correlated [94-96]; and (c) the almost 

undetectable deposited collagen in the absence of MMC, MMC may be 

adapted for characterising the type of ECM produced and for assessing the 

effectiveness of future developed re-differentiation media. 

Alginate beads are widely used for growing chondrocytes in vitro [97-100], 

but cannot be implanted in vivo [101, 102] and alginate has to be 

depolymerised and removed prior to cell implantation. However, the matrix 

produced is often diffused in the further-removed compartment or in the 

culture medium and is thus removed after bead depolymerisation and 

centrifugation [103-107]. MMC may ensure that after cells have been isolated 

from the alginate beads, a higher amount of ECM remains associated with 

them. Furthermore, since crowded environments reduce diffusion of 

macromolecules [108], MMC, in addition to accelerating the enzymatic 

conversion of procollagen to collagen, can also decrease diffusion of collagen 

through the beads. In fact, SDS-PAGE gels showed that in non-crowded 

cultures, collagen diffused in the further-removed compartment and in the 

culture medium. At low carrageenan concentrations (50 and 100 μg/mL), it 

diffused mainly in the further-removed compartment and partially in the 

culture medium, whereas at high carrageenan concentration (500 μg/mL) it 

remained associated with cells. 

With respect to the differences between the two sera, we recognise that much 

work is conducted with FBS, autologous or allogeneic HS and serum-free 

media [109-119], with no conclusive winner as yet. In general, autologous 

HS is used in the traditional autologous chondrocyte implantation technique, 

whilst FBS and serum-free media formulations are used in research studies. 

Previous studies have shown an increase in cell proliferation during 
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monolayer expansion [119, 120], possibly attributed to the high epidermal 

growth factor and platelet derived growth factor BB content. This was not 

observed herein, as this effect may have been masked by the numerous growth 

factors of the re-differentiation media. With respect to chondrocyte 

morphology, differences were observed in monolayer culture of re-

differentiated cells, where FBS-treated cells acquired a polygonal / round 

morphology, whilst HS-treated cells exhibited an elongated shape that is the 

earliest sign of de-differentiation [121]. It is worth noting that human 

chondrocytes treated with autologous serum, allogeneic serum and FBS 

started with a polygonal morphology at passage 0, which became more 

elongated and larger after serial passaging [109]. In alginate beads, 

independently of the sera used, they maintained the round chondrocyte-like 

morphology. Alginate beads have been shown to maintain round cell 

morphology and prohibit cell spreading and the formation of actin stress 

fibres, in this manner the chondrogenic phenotype is maintained [97, 98, 122]. 

With respect to collagen content, more collagen was detected in the presence 

of HS, which in our case is attributed to the increased cell number. It is also 

worth noting that previous studies have attributed the reduced ECM 

deposition in FBS cultures to the high matrix metalloproteinase content of 

FBS [55-57]. 
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2.5 Conclusions 

Clinical translation and commercialisation of chondrocyte-based tissue 

engineering therapies is jeopardised by their rapid phenotype loss and their 

associated limited cartilage-specific extracellular matrix synthesis and 

deposition during ex vivo culture. Herein, we ventured to assess the 

simultaneous effect of a commercially available chondrogenic media and 

macromolecular crowding on human chondrocyte phenotype maintenance 

and extracellular matrix deposition. Although macromolecular crowding 

enhanced extracellular matrix deposition, immunocytochemistry analysis 

made apparent that the chondrocytes had synthesised fibrocartilage-like 

matrix as opposed to hyaline-like matrix, as evidenced by the high content in 

collagen type I and the limited, if any, collagen type II content. Our data 

illustrate that the quest of the optimal chondrogenic media continues and that 

macromolecular crowding can be used as a tool to assess the effectiveness of 

such media. 
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3.1 Introduction 

In vivo, the fate of mesenchymal stem cells is controlled by a reciprocal 

interaction with the surrounding extracellular matrix (ECM). ECM regulates 

several cell functions, including attachment, shape, migration and 

differentiation [1-4] and, in response to these signals, cells appropriately 

remodel the surrounding matrix [5, 6]. In vitro, ECM also controls cell 

functions and triggers cell differentiation, even in the absence of exogenous 

inducing factors [7-11]. ECM remodelling that accompanies cell 

differentiation directly controls stem cell behaviour and fate [1, 12, 13]. 

Stem cells sheets are emerging therapeutic strategies for the treatment of 

different injuries and pathophysiologies [14-18]. Bone marrow mesenchymal 

stem cell (BMSC) sheets have been developed and characterised in vitro [19-

21] and assessed in pre-clinical models [22-25] for a wide range of clinical 

indications, including fat [26-29], bone [19, 22, 23, 30, 31] and cartilage [20, 

24, 25, 32, 33] regeneration. It is generally recognised that in vitro induction 

is necessary prior to implantation to ensure uniform differentiation and to 

avoid unwanted differentiation, uncontrolled proliferation and senescence 

[11, 34-39]. Due to slow ECM deposition in traditional in vitro systems, cell-

ECM interactions are not mimicked, leading to lower [40-42] and often 

uncontrollable differentiation. 

Macromolecular crowding (MMC) is a bioinspired in vitro technique based 

on the fact that the extracellular space is a highly crowded milieu, as no 

individual macromolecule is present at high concentration [43, 44]. MMC 

consists of the addition of inert macromolecules in the culture medium, which 

by occupying substantial part of the available volume (excluding volume 

effect), they accelerate enzymatic reactions (including the rate limited 

conversion of pro-collagen to collagen), biological processes and 

macromolecular associations [45, 46]. MMC has been shown to enhance and 

accelerate ECM deposition in permanently differentiated cell cultures; up to 

120-fold increase in ECM deposition has been documented within 48 hours 

of crowded culture, whilst traditional non-crowded systems require several 

weeks to months for the development of cell sheets with similar amounts of 

ECM [47-56]. 

Macromolecular crowding in human BMSC cultures has also been shown to 

enhance ECM deposition [56-58] and to induce supramolecular assembly and 
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alignment of ECM, which induced increased alignment of the intracellular 

actin cytoskeleton [59]. Further, MMC pre-conditioning has been shown to 

enhance chondrogenesis and to not affect osteogenesis and adipogenesis in 

human BMSC cultures [57]. When MMC was used in chemically induced 

adipogenesis, it significantly enhanced the adipogenic differentiation of 

human BMSCs [60] and induced browning in human BMSC-derived white 

adipocytes [61]; neither of these studies assessed the influence of MMC on 

chondrogenic and osteogenic differentiation and MMC pre-conditioning was 

not used. In human adipose-derived stem cell (ADSCs) cultures, osteogenic 

and adipogenic differentiation were enhanced, whilst chondrogenic 

differentiation was reduced under MMC conditions [62]; MMC pre-

conditioning was not used. Considering that numerous studies have 

demonstrated the beneficial effects of various pre-conditioning factors (e.g. 

oxygen tension, media supplementation, mechanical or electrical stimulation, 

far-infrared irradiation, scaffolds) in stem cell function and lineage 

commitment [63-68], herein we ventured to assess the influence of MMC pre-

conditioning in human BMSC fate and lineage commitment. Specifically, 

human BMSCs were cultured in the presence and absence of MMC and were 

subsequently differentiated towards chondrogenic, adipogenic and osteogenic 

lineage, again, in the presence or absence of MMC. 
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3.2 Materials and methods 

3.2.1 Materials 

Unless otherwise stated, chemicals and culture media were purchased from 

Sigma-Aldrich (Ireland) and tissue culture consumables from Sarstedt 

(Ireland). 

 

3.2.2 Cell culture 

Human BMSCs were isolated from fresh bone marrow (Lonza, Switzerland) 

as previously described [57]. Cells were expanded up to passage 4 in alpha-

Minimum Essential Medium (α-MEM) with GlutaMAX™ (Gibco, Thermo 

Scientific, UK) supplemented with 10 % foetal bovine serum (FBS). 

Workflow of the experiments is illustrated in Figure 3.1. Cells at passage 5 

were seeded at a density of 5,000 cells/cm2. One day after seeding, MMC 

media was added (culture medium supplemented with L-ascorbic acid 2-

phosphate 100 μM, with or without carrageenan at 100 μg/mL). After two 

days of MMC, cells were switched to chondrogenic, osteogenic or adipogenic 

induction media. 

Adipogenesis was induced through cycles of three days of induction [DMEM-

HG, supplemented with 10 % FBS, 0.2 mM indomethacin, 1 μM 

dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 10 μg/mL 

insulin, with or without carrageenan at 100 μg/mL] and one day of 

maintenance (DMEM-HG, supplemented with 10 % FBS, and 10 μg/mL 

insulin and with or without carrageenan at 100 μg/mL). Chondrogenic 

medium consisted of Dulbecco's Modified Eagle Medium (DMEM) High 

Glucose (HG), supplemented with 10 ng/mL transforming growth factor β3 

(TGF-β3), 10-7 M dexamethasone, 10 % insulin-transferrin-selenium (ITS), 1 

% sodium pyruvate, 100 μM ascorbate, with or without carrageenan at 100 

μg/mL. Osteogenic medium consisted of DMEM Low Glucose (LG) 

supplemented with 10 % FBS, 100 μM ascorbate, 10 mM β-

glycerophosphate, 10-8 M dexamethasone, with or without carrageenan at 100 

μg/mL. Deposited ECM and lineage-specific phenotypic markers were 

analysed at day 0 of various lineage induction (end of the MMC pre-culture; 

day 3 in total, with 2 days under MMC) at day 7 and 14 for chondrogenic 

induction, day 8 (2 cycles) and 16 (4 cycles) for adipogenic induction and day 

6 and 12 for osteogenic induction. The following abbreviations are used in 
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the results and figures: -- samples pre-conditioned and differentiated without 

MMC; -+ samples pre-conditioned without MMC and differentiated with 

MMC; +- samples pre-conditioned with MMC and differentiated without 

MMC; and ++ samples pre-conditioned and differentiated with MMC. 
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Figure 3.1: Schematic workflow of the experiments. Cells were cultured with 

MMC medium for two days and then differentiated into adipogenic, 

chondrogenic and osteogenic lineage. Deposited ECM and phenotypic 

markers were evaluated at the end of the MMC pre-culture (day 0 of 

differentiation) and at day 8 and 16 for adipogenic induction, at day 7 and 14 

for chondrogenic induction, at day 6 and 12 for osteogenic induction. 
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3.2.3 Collagen extraction and gel electrophoresis 

To determine the MMC pre-condition period, BMSCs were cultured for 2, 4 

and 7 days with and without MMC. Deposited collagen was evaluated 

through sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) and complementary densitometric analysis, as has been described 

previously [69]. Briefly, collagen was isolated by incubation of cell layer with 

porcine gastric mucosa pepsin 0.1 mg/mL in acetic acid 0.05 M (Thermo 

Scientific, UK) for 2 h at 37 ºC. The extracted collagen was neutralised with 

NaOH 1 N and loaded on the gels under non-reducing conditions. Bovine 

collagen type I (Symatese Biomateriaux, France) was loaded as control. 

Electrophoretic run was performed using the Mini-Protean® 3 

electrophoresis system (Bio-Rad Laboratories, UK). The gels were stained 

using the SilverQuest™ kit (Invitrogen, USA). To quantify the total amount 

of collagen, densities of collagen α1 and α2 chains were calculated using 

ImageJ software (NIH) and the sum of the densities of α1 and α2 chains were 

correlated with the collagen standard. 

  

3.2.4 Cell metabolic activity 

alamarBlue® assay (BioSource International, Invitrogen, Ireland) was used 

to evaluate cell metabolic activity. Cells were incubated with alamarBlue® 

solution (10 % alamarBlue® in HBSS) for 4 h at 37 °C and absorbances at 

550 nm and 595 nm were measured using a Varioskan Flash spectral scanning 

multimode reader (Thermo Scientific, UK). Percent variations of 

alamarBlue® reduced compared to controls (non MMC conditions) were 

calculated. 

 

3.2.5 Cell viability 

Samples were washed with PBS and cell viability was evaluated using the 

Live/Dead® viability kit (Invitrogen, Ireland). Fluorescence images were 

taken using an Olympus IX81 inverted fluorescence microscope. 

 

3.2.6 Enzyme-linked immunosorbent assay (ELISA) 

Cell layers, harvested and lysed using radioimmunoprecipitation assay 

(RIPA) lysis buffer, were diluted 10 times in PBS. Acid activation of latent 

TGF-β1 was performed (as previously described [70, 71]), by addition of 12 



Chapter 3 

162 
 

µL of HCl 4 M per 250 µL of diluted samples and incubation at 4 °C for 1 h 

under shaking. Before analysis, samples were neutralised by addition of 12 

µL of NaOH 4 M. Samples were analysed using the human ELISA VEGF kit 

(PeproTech) and the TGF-β1 Human ELISA Kit (Abcam, UK). 

 

3.2.7 GAG and DNA quantification 

Cell layers and culture media were digested for 3 h at 60 °C with 0.1 % 

crystallised papain in 0.2 M sodium phosphate buffer pH 6.4, containing 

sodium acetate, EDTA, disodium salt and cysteine-HCl. For GAGs 

quantification, Blyscan™ Glycosaminoglycan Assay (Biocolor, Ireland) was 

used. For DNA quantification, samples digested with papain were diluted 10 

times in TE buffer and the Quant-iT™ PicoGreen® dsDNA Assay Kit was 

used. 

 

3.2.8 Immunocytochemistry 

Cells were fixed with 10% formalin or with ice-cold methanol (for 

intracellular stainings). Primary antibodies for collagen type I (ab90395, 

Abcam, UK), collagen type II (ab185430, Abcam, UK), collagen type IV 

(ab6586, Abcam, UK), collagen type X (ab49945, Abcam, UK), osteopontin 

(ab69498, Abcam, UK) and fatty acid binding protein 4 (FABP4, ab92501, 

Abcam, UK) were incubated overnight at 4 °C in BSA 3% in PBS, at a 

concentration of 1:200. Secondary antibodies AlexaFluor488 donkey anti-

mouse (A21202, Abcam, UK) or AlexaFluor546 goat anti-rabbit (A11035, 

Abcam, UK) were incubated 1 h at room temperature, at a concentration of 

1:400. Nuclei were counterstained using 4,6-diamidino- 2-phenylindole 

(DAPI, Invitrogen, US) and images were taken using an Olympus IX-81 

inverted fluorescence microscope. Mean fluorescence intensity per each 

microscope field (n=15 per group) was calculated using ImageJ software and 

normalised for the average mean fluorescence intensity of negative controls 

(omission of primary antibody). 
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3.2.9 Oil red staining and quantification of uptake 

Samples were fixed with formalin 10 % for 10 min and stained with oil red 

solution (oil red 0.3 % in isopropanol, diluted 3/2 in distilled water) for 5 min 

at room temperature. Nuclei were counterstained with haematoxylin and 

images were taken using an inverted microscope (Leica Microsystem, 

Germany). For quantification of oil red staining, the die was extracted 

pipetting 100 % isopropanol over the surface of the wells. The solution was 

then centrifuged at 500 g for 2 min to remove debris and the absorbance at 

520 nm was measured using a Varioskan Flash spectral scanning multimode 

reader (Thermo Scientific, UK). 

 

3.2.10 Western blot 

Cells were lysed and proteins were extracted using the RIPA lysis buffer, 

containing cOmplete™, EDTA-free protease inhibitor cocktail. Protein 

concentration was quantified using the Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, UK). 5 µg of proteins were loaded on a 12 % acrylamide 

gel and separated under reducing conditions (DL-Dithiothreitol 20% vol/vol 

in sample buffer). Proteins were then transferred to a nitrocellulose 

membrane, blocked with 5% skim milk in TBS-T, incubated overnight at 4°C 

with primary antibody for Sox-9 (sc-166505, Santa Cruz Biotechnology, 

USA) and β-actin (ab8226, Abcam, UK), diluted 1:100 and 1:5,000 

respectively. Secondary antibodies goat anti-mouse (31430, Thermo 

Scientific, UK) conjugated with horseradish peroxidase was incubated 1 h at 

room temperature at a dilution 1: 10,000. Bound antibodies were detected 

using SuperSignal™ West Pico Chemiluminescent Substrate (Thermo 

Scientific, UK).  

 

3.2.11 Alizarin Red staining 

Samples were fixed with ice-cold methanol for 10 min, stained with alizarin 

red 0.2 % in water for 5 min and washed with water. Images were taken using 

an inverted microscope (Leica Microsystem). 
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3.2.12 Calcium quantification 

Samples were digested overnight at 4°C with 0.5 M HCl. Calcium 

quantification was performed using the StanBio Calcium Liquicolour™ Kit. 

Absorbance at 550 nm was measured using the Varioskan Flash spectral 

scanning multimode reader (Thermo Scientific, UK) and amount of calcium 

per well was calculated using calcium standards. 

 

3.2.13 Alkaline phosphatase (ALP) activity 

ALP activity was measured as previously described [9] with slight 

modifications. Briefly, cells were lysed with of water (200 µL/well in 24-

multiwell plate) and freeze-thawed at -80 °C degrees and room temperature 

twice, to release the ALP. 20 µL of the lysate were incubated with 80 µL of 

1-Step™ PNPP Substrate Solution (Thermo Scientific, UK, 37621) and after 

30 min of incubation at 37 °C, the reaction was stopped by adding 100 µL of 

0.05 M NaOH. Absorbance at 405 nm was measured using a Varioskan Flash 

spectral scanning multimode reader (Thermo Scientific, UK). Amount of p-

nitrophenol was calculated using p-nitrophenol standards and units of enzyme 

were calculated dividing the µmoles of p-nitrophenol produced by the time 

(min). DNA was quantified using the Quant-iT™ PicoGreen® dsDNA Assay 

Kit and units of enzyme were normalised by the amount of DNA. 

 

3.2.14 Statistical analysis 

Statistical analysis was performed with Minitab version 17, Minitab Inc., 

USA. When the group distributions were normal (Anderson-Darling 

normality test) and variances of populations were equal (Bonett’s test and 

Levene’s test), one-way analysis of variance (Tukey’s test) (for multiple 

comparisons) and 2-sample t-test (for pair wise comparisons) were 

performed. When group distributions were not normal, or variances were not 

equal, Kruskal-Wallis test was performed and Mann Whitney test was used 

as post-hoc. Results were considered statistically significant when p-value 

was less than 0.05. Data are presented as mean ± standard deviation (SD). 

  



Chapter 3 

165 
 

3.3 Results 

3.3.1 Optimisation of MMC pre-culture 

To optimise the length of MMC pre-conditioning, BMSCs were cultured for 

2, 4 and 7 days under MMC and collagen deposition was evaluated using 

SDS-PAGE and densitometric analysis: two days of MMC significantly 

(p<0.001) increased collagen deposition and no significant (p>0.05) increase 

was observed between day 2 and day 4 or day 7 (Figure 3.2A). Cell 

morphology (Figure 3.2B) and metabolic activity (Figure 3.3A) were not 

altered as a function of MMC. At day 2, sandwich ELISA showed no 

statistically significant difference (p>0.05) in acid activated TGF-β1 between 

cell layer and culture media, independently whether MMC was used, whilst 

significantly higher (p<0.001) amounts of VEGF were detected in culture 

media, as opposed to cell layers, independently on whether MMC was used 

(Figure 3.3B). 
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Figure 3.2: SDS-PAGE and relative quantification of collagen in the cell layer showed that two days of MMC were sufficient to increase collagen 

deposition and no substantial increase was observed at longer timepoints. Morphology (B) and metabolic activity (C) were not affected as a function of 

MMC. After 2 days of MMC, VEGF and TGF-β1, retained in the cell layer, were not significantly increased in MMC samples (D). Analysis was 

performed in triplicate, data shown are representative of two independent experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm. Note: Part A is comprised of different gels; white space is used to separate different gels.  
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Figure 3.3: Metabolic activity of BMSCs (A) was not affected as a function of MMC. After 2 days of MMC, VEGF and TGF-β1, retained in the cell 

layer, were not significantly increased in MMC samples (D). Analysis was performed in triplicate, data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was accepted at p <0.05.  

 



Chapter 3 

168 
 

3.3.2 Adipogenic induction 

Gross visual assessment (Figure 3.4A), oil red staining (Figure 3.4B) and 

complementary quantification uptake (Figure 3.5A) made apparent an 

increase in lipid droplets as a function of time in culture within each group 

and revealed that significantly more lipid droplets were accumulated after 16 

days of adipogenic differentiation. FABP4 expression, as judged by 

immunofluorescent staining (Figure 3.5B) and complementary fluorescence 

intensity analysis (Figure 3.5C), also showed a tendency to increase as a 

function of time in culture within each group. In samples where MMC was 

used during the pre-condition phase (+-), lipid droplet accumulation (Figure 

3.5A) and FABP4 expression (Figure 3.5C) were reduced compared to the 

control. To determine whether this was due to an inhibitory effect of 

endogenous ECMdeposition by the cells (in another study, BMSCs seeded 

onto decellularised BMSC-derived ECM exhibited a substantial reduction of 

lipid droplet accumulation during their adipogenic differentiation, compared 

to cells seeded on plastic dishes [60]), in some experiments, cells were 

trypsinised at the end of the pre-condition phase and seeded in new wells for 

the differentiation phase. Even in this case, the highest adipogenic potential 

at day 16, as judged by gross visual assessment (Figure 3.6A), oil red staining 

(Figure 3.6B) and complementary quantification uptake (Figure 3.6C), was 

observed for cells that were not pre-conditioned and were not differentiated 

under MMC conditions. 

Immunocytochemistry (Figure 3.7A) and complementary image intensity 

(Figure 3.7B) analyses revealed almost no collagen type I and very little 

collagen type IV in samples where MMC was not used during the pre-

condition and differentiation phases, whilst a significant increase (p<0.001) 

in both collagen type I and collagen type IV was observed for samples where 

MMC was not used during the pre-condition phase and was used during the 

differentiation phase. The highest (p<0.001) collagen type I and collagen type 

IV deposition was observed for cells that were grown under MMC conditions 

during the pre-condition and differentiation phases. 

Cell viability (Figure 3.8A), metabolic activity (Figure 3.8B) and DNA 

content (Figure 3.8C) were not affected for cells that were pre-conditioned 

in the absence of MMC, whilst a reduced DNA content was observed at day 

8 and day 16 for cells that were pre-conditioned in the presence of MMC. 
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Figure 3.4: Gross visual assessment (A) and oil red staining (B) made apparent an increase in lipid droplets as a function of time in culture within each 

group and revealed that significantly more lipid droplets were accumulated, when MMC was not used during the pre-condition and adipogenic 

differentiation phases (--). Data shown are representative of two independent experiments. Scalebar: 100 µm. 
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Figure 3.5: Oil red complementary quantification uptake (A) made apparent an increase in lipid droplets as a function of time in culture within each 

group and revealed that significantly more lipid droplets were accumulated, when MMC was not used during the pre-condition and adipogenic 

differentiation phases (--). FABP4 expression, as judged by staining (D) and complementary fluorescence intensity analysis (E), also showed a tendency 

to increase as a function of time in culture within each group. Data shown are representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. For Part A, analysis was performed in triplicate, for Part B, N= 15. Scalebar: 100 µm. 
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Figure 3.6: BMSCs were trypsinised at the end of the pre-condition phase and seeded in new wells for the adipogenic differentiation phase. Gross visual 

assessment (A), oil red staining (B) and complementary quantification uptake (C) revealed that more lipid droplets were accumulated when MMC was 

not used during the pre-condition and adipogenic differentiation phases (--), after day 16 of differentiation. Analysis was performed in triplicate Data 

shown are representative of two independent experiments and are expressed as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm. 
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Figure 3.7: Immunocytochemistry (A) and complementary image intensity analyses (B) revealed almost no collagen type I and very little collagen type 

IV in samples where MMC was not used during the pre-condition and adipogenic differentiation phases (--), whilst a significant increase in both collagen 

I and collagen type IV was observed for samples where MMC was not used during the pre-condition phase and was used during the adipogenic 

differentiation phase (-+). The highest collagen type I and collagen type IV deposition was observed for cells that were grown under MMC conditions 

during the pre-condition and differentiation phases (++). Data shown are representative of two independent experiments with N= 15 and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm. 
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Figure 3.8: Cell viability (A), metabolic activity (B) and DNA content (C) 

were not affected for cells that were pre-conditioned in the absence of MMC 

prior to adipogenic differentiation (-- and -+), whilst a reduced DNA content 

was observed at day 8 and day 16 for cells that were pre-conditioned in the 

presence of MMC (+- and ++). Analysis was performed in triplicate, data 

shown are representative of two independent experiments and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm. 
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3.3.3 Chondrogenic induction 

Immunocytochemistry (Figure 3.9A) and complementary image intensity 

analyses (Figure 3.9B) revealed very little collagen type I and almost no 

collagen type II and collagen type X in samples where MMC was not used 

during the pre-condition and differentiation phases, whilst a significant 

increase (p<0.001) in collagen type I and collagen type II and almost no 

collagen type X were observed for samples where MMC was not used during 

the pre-condition phase and was used during the differentiation phase. In 

general, at day 7 and 14, cells treated with MMC, either in the pre-condition 

or in the differentiation phase, deposited significantly higher (p<0.001) 

collagen type I, collagen type II and collagen type X than cells that were 

grown in the absence of MMC in both pre-condition and differentiation 

media. 

Immunocytochemistry and complementary image intensity analyses (Figure 

3.10A) revealed that the highest (p<0.001) amount of chondroitin sulphate 

was deposited at day 14 from cells that were either pre-conditioned in the 

absence of MMC and cultured under MMC during the differentiation phase 

or pre-conditioned in the presence of MMC and cultured under MMC during 

the differentiation phase. Similar results were obtained when total GAG 

content per well or per DNA was quantified (Figure 3.10B). Western blot 

analysis revealed no differences in Sox-9 expression at day 7 and day 14 

between the groups (Figure 3.10C). 

Cell morphology (Figure 3.11A) viability (Figure 3.11B), metabolic activity 

(Figure 3.11C) and DNA content (Figure 3.11D) were not affected for cells 

that were pre-conditioned in the absence of MMC, whilst a reduced DNA 

content was observed at day 8 and day 16 for cells that were pre-conditioned 

in the presence of MMC. 
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Figure 3.9: Immunocytochemistry (A) and complementary image intensity 

analyses (B) revealed very little collagen type I and almost no collagen type 

II and collagen type X in samples that were pre-conditioned and differentiated 

into chondrogenic lineage in the absence of MMC (--). A significant increase 

in collagen type I and collagen type II and almost no collagen type X was 

observed when MMC was used only during the chondrogenic differentiation 

phase (-+). Data shown are representative of two independent experiments 

with N=15 and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm. 
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Figure 3.10: Immunocytochemistry and complementary image intensity 

analyses (A) revealed that the highest amount of chondroitin sulphate was 

deposited at day 14 from cells that were either pre-conditioned in the absence 

of MMC and cultured under MMC during the chondrogenic differentiation 

phase (-+) or pre-conditioned in the presence of MMC and cultured under 

MMC during the chondrogenic differentiation phase (++). Similar results 

were obtained when total GAG content per well or per DNA was quantified 

(B). Western blot analysis revealed no differences in Sox-9 expression at day 

7 and day 14 between the groups (C). Data shown are representative of two 

independent experiments and are expressed as mean ±SD. For Part A, N= 15, 

for Part B and C, analysis was performed in triplicate. Statistical significance 

was accepted at p <0.05. Scalebar: 100 µm. 
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Figure 3.11: Cell morphology (A), viability (B), metabolic activity (C) and 

DNA content (D) were not affected for cells that were pre-conditioned in the 

absence of MMC prior to chondrogenic differentiation (-- and -+), whilst a 

reduced DNA content was observed at day 8 and day 16 for cells that were 

pre-conditioned in the presence of MMC (+- and ++). Analysis was 

performed in triplicate. Data shown are representative of two independent 

experiments and are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. Scalebar: 100 µm. 
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3.3.4 Osteogenic induction 

Gross visual assessment (Figure 3.12A) and alizarin red staining (Figure 

3.12B) revealed that MMC increased mineralised areas and accumulated 

calcium nodules at day 6 and 12 of cells that were grown in the absence of 

MMC during the pre-condition phase and in the presence of MMC during the 

differentiation phase and day 6 of cells that were grown in the presence of 

MMC during the pre-condition and the differentiation phases (cell 

detachment prohibited analysis of cell grown in the presence of MMC during 

the pre-condition phase). Cells that were grown in the absence of MMC 

during the pre-condition phase and in the presence of MMC during the 

differentiation phase exhibited the highest (p<0.001) calcium content after 12 

days in culture (Figure 3.10C). Cells that were grown in the absence of MMC 

during the pre-condition phase and in the absence or presence of MMC during 

the differentiation phase exhibited similar ALP activity at respective time 

points. Cells that were grown in the presence of MMC during the pre-

condition phase and in the presence of MMC during the differentiation phase 

exhibited significantly higher ALP activity at day 6 than cells that were grown 

in the presence of MMC during the pre-condition phase and in the absence of 

MMC during the differentiation phase (Figure 3.12D). 

Immunocytochemistry (Figure 3.13A) and complementary image intensity 

(Figure 3.13B) analyses revealed that cells treated with MMC, either in the 

pre-condition or in the differentiation phase, deposited significantly higher 

(p<0.001) collagen type I than cells that were grown in the absence of MMC 

in both pre-condition and differentiation media. Further, 

immunocytochemistry (Figure 3.13A) and complementary image intensity 

(Figure 3.13B) analyses revealed that osteopontin expression reached its 

highest value at day 12 in cells that were grown in the absence of MMC in 

both pre-condition and differentiation phase. In some experiments, cells were 

trypsinised at the end of the pre-condition phase and seeded in new wells for 

the differentiation phase. In this case, at day 12, gross visual inspection 

(Figure 3.14A) revealed that the number of cells that were grown in the 

presence of MMC in the pre-condition phase was significantly (p<0.001) 

lower to the number of cells that were grown in the absence of MMC in the 

pre-condition phase, independently whether MMC was used during the 

differentiation phase. 
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Cells that were grown in the absence of MMC in the pre-condition phase 

exhibited significantly (p<0.001) higher DNA content than cells that were 

grown in the presence of MMC in the pre-condition phase and the presence 

or absence of MMC in the differentiation phase did not alter (p>0.05) DNA 

content of cells that were grown with or without MMC in pre-condition media 

(Figure 3.14B). The highest (p<0.001) calcium content was detected on cells 

that were grown in the presence of MMC in both pre-condition and 

differentiation media (Figure 3.14C). 

Cell viability (Figure 3.15A), metabolic activity (Figure 3.15B) and DNA 

content (Figure 3.15C) were not affected for cells that were pre-conditioned 

in the absence of MMC. MMC in the pre-condition phase but not in the 

differentiation phase did not affect cell viability up to day 6 (Figure 3.15A), 

however, cell metabolic activity (Figure 3.15B) and DNA content (Figure 

3.15C) were reduced as a function of time in culture due to cell detachment. 

MMC in pre-condition and differentiation phase did not affect cell viability 

(Figure 3.15A), metabolic activity (Figure 3.15B) and DNA content (Figure 

3.15C) up to day 6 (subsequent cell detachment prohibited analysis at day 

12). 
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Figure 3.12: Gross visual assessment (A) and alizarin red staining (B) revealed that MMC during the osteogenic differentiation phase (-+) increased 

mineralised areas and accumulated calcium nodules at day 6 and 12. Increased mineralisation was observed at day 6 for cells grown in the presence of 

MMC during the pre-condition and the differentiation phases (++), but cell detachment prohibited analysis at day 12. Cells that were grown in the absence 

of MMC during the pre-condition phase and in the presence of MMC during the differentiation phase exhibited the highest calcium content after 12 days 

in culture (-+) (C). Cells that were grown in the absence of MMC during the pre-condition phase and in the absence or presence of MMC during the 

differentiation phase (-+ and ++) exhibited similar ALP activity at respective time points (D). Analysis was performed in triplicate. Data shown are 

representative of two independent experiments and are expressed as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm.  
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Figure 3.13: Immunocytochemistry (A) and complementary image intensity (B) analyses revealed that cells treated with MMC, either in the pre-

condition or in the osteogenic differentiation phase (+-, -+ and ++), deposited significantly higher collagen type I than cells that were grown in the 

absence of MMC in both pre-condition and differentiation media (--). Immunocytochemistry (A) and complementary image intensity (B) revealed that 

osteopontin expression reached its highest value at day 12 in cells that were grown in the absence of MMC in both pre-condition and differentiation 

phase (--), whilst it reached its equal highest value at day 6 in cells that were grown in the absence of MMC in pre-condition phase and in the presence 

of MMC during the differentiation phase (-+).Data shown are representative of two independent experiments with N= 15 and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 µm. 
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Figure 3.12: BMSCs were trypsinised at the end of the pre-condition phase and seeded in new wells for the osteogenic differentiation phase. At day 12, 

gross visual inspection (A) and DNA quantification (B) revealed that the number of cells that were grown in the presence of MMC in the pre-condition 

phase (+- and ++) was significantly lower to the number of cells that were grown in the absence of MMC in the pre-condition phase (-- and -+). The 

highest calcium content was detected on cells that were grown in the presence of MMC in both pre-condition and differentiation phases (++) (C). Analysis 

was performed in triplicate and data shown are representative of two independent experiments and are expressed as mean ±SD. Statistical significance 

was accepted at p <0.05. Scalebar: 100 µm. 
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Figure 3.13: Cell viability (A), metabolic activity (B) and DNA content (C) 

were not affected for cells that were pre-conditioned in the absence of MMC, 

prior to osteogenic differentiation (-- and -+). Cell detachment prohibited 

accurate analysis of cell grown in the presence of MMC during the pre-

condition phase (+- and ++). Analysis was performed in triplicate and data 

shown are representative of two independent experiments and are expressed 

as mean ±SD. Statistical significance was accepted at p <0.05. Scalebar: 100 

µm. 
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3.4 Discussion 

Whether a stem cell remains multipotent or differentiates into a specific 

lineage is a result of different signals, whose understanding can potentially 

improve cell-based tissue engineering therapies. Purified ECM proteins [72, 

73] and decellularised matrices derived from tissues [74-76] and cells [77] 

(e.g. permanently differentiated cells [78-81], mesenchymal stem cells [82-

86], immortalised cells [87] and cell lines [88]), alone or in combination with 

a three-dimensional scaffold, have been shown to be potent regulators of cell 

fate. Considering that in traditional culture systems ECM deposition is very 

slow and MMC has been shown to significantly increase and accelerate ECM 

deposition, herein we ventured to assess the influence of MMC in human 

BMSCs that were cultured in the presence and absence of MMC and were 

subsequently differentiated towards chondrogenic, adipogenic and osteogenic 

lineage, again, in the presence or absence of MMC. CR was used as crowding 

agent, as we have shown before that due to its inherent polydispersity, it most 

effectively excludes volume, resulting in highest ECM deposition [54]. 

In accordance to previous observations [47-59], we found MMC prior to 

differentiation to significantly increase ECM deposition, without affecting 

cell metabolic activity and morphology. TGF-β1 and VEGF are secreted by 

BMSCs [89-91] and are involved in chondrogenic and osteogenic 

differentiation, respectively. Although ECM binds and presents growth 

factors in a non-canonical way [92-94] and ECM sheets produced under 

MMC, compared to standard culture conditions, have been shown to retain 

higher amount of VEGF, FGF-2 and HGF [58], we did not observe a 

significant increase in growth factor retention, possibly attributed to the short 

time-point (2 days). 

During adipogenic induction, although MMC increased collagen type I and 

collagen type IV, adipogenesis was not increased, as judged by oil red 

staining and complementary quantification uptake and FABP4 

immunofluorescent staining and complementary fluorescence intensity 

analysis. These data are in contradiction to previous studies that the authors 

demonstrated Ficoll (a neutral non-sulphated crowder) to increase 

adipogenesis [60-62]. However, one should consider that sulphated 

polysaccharides, such as fucoidan [95], have been shown to inhibit 
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adipogenesis through the mitogen-activated protein kinase pathway. Further, 

CR (a sulphated polysaccharide) has been shown to inhibit insulin signalling 

[96, 97], which is a potent adipogenic hormone [98]. It is therefore evidenced 

that the chemistry of crowding agent is of significant importance, as it has 

been shown before [53]. 

During chondrogenic induction, MMC significantly increased collagen type 

I, collagen type II, collagen type X and sulphated GAG deposition, whilst no 

difference in Sox-9 expression was detected. In agreement to our data, 

previous studies have shown media supplementation with sulphated 

polysaccharides to induce chondrogenic differentiation of stem cells [99] and 

to suppress mineralisation of a chondrogenic cell line, via direct inhibition of 

alkaline phosphatase [100]. Enhanced collagen type I and collagen type X are 

respectively indicative of chondrocyte trans-differentiation and hypertrophy 

[101-107]. However, one should note that the increase in collagen type II was 

higher (over 100-fold) than the one in collagen type I (over 30-fold) and in 

collagen type X (over 8-fold). Further, by day 14 the cells adopted a rounded 

morphology with a ring around the nucleus, which is a sign of chondrogenesis 

[108]. It is worth noting that our longest time point was day 14, whilst in other 

studies, formation of cartilage-like tissue from BMSCs (with or without a 

scaffold) and hypertrophic progression have been observed only at longer 

timepoints (4 weeks) [109, 110]. The SOX-9 expression is of particular 

importance, as it has been shown to inhibit BMP2-induced expression of 

osteopontin and to enhance expression of collagen type II in mesenchymal 

stem cells [111] and chondrocytes [112-114] and to play pivotal role in 

chondrogenesis and chondrocyte differentiation [115-117]. Further, forced 

ectopic SOX-9 expression in vitro in mouse hypertrophic chondrocytes and 

in vivo in mice resulted in down-regulation of collagen type X [118]. It is also 

worth noting that when dextran sulphate was used in porcine bone-marrow 

stromal cell cultures, aggregates formed that they were positive for collagen 

type II at the centre, whereas collagen type I was only present at the periphery 

[119]. Collectively, we believe that chondrogenic induction may have been 

enhanced, but longer time points are required to validate this observation. 

During osteogenic induction, it was noted that MMC increased 

mineralisation, collagen type I deposition and osteopontin (an early marker 
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of osteogenic differentiation [120, 121]) expression in cells that were grown 

in the absence of MMC during the pre-condition phase and in the presence of 

MMC during the differentiation phase. Similar to our data, fucoidan, a 

sulphated polysaccharide, has been shown to enhance osteogenic 

differentiation of human adipose-derived stem cells and human amniotic fluid 

stem cells [122]. Further, contrarily to the desulphated heparin derivatives, 

heparan sulphate and dextran sulphate have been shown to enhance BMP-2 

activity [123, 124]. In addition, the osteogenic activity of Wnt3a has been 

shown to be stimulated to higher extent with N-sulphation and to lower extent 

with O-sulphation of heparin via a phosphoinositide 3-kinase / Akt / RUNX2 

pathway [125]. MMC in pre-condition and differentiation phases led to cell 

detachment, which was more profound at day 12 and may be attributed to the 

high increase in calcium deposition.  

  



Chapter 3 

190 
 

3.5 Conclusions 

ECM is a dynamic and complex microenvironment, able to influence 

mesenchymal stem cell differentiation and renewal. While traditional culture 

systems are not able to mimic ECM-cell interaction, macromolecular 

crowding is an in vitro culture technique, based on the biophysical 

phenomenon of the excluded volume effect, that dramatically enhances and 

accelerates ECM deposition. Herein, we assessed the influence of MMC in 

pre-condition and tri-lineage differentiation phases of human bone marrow 

mesenchymal stem cells. Our data suggest that carrageenan, a sulphated 

polysaccharide, enhances chondrogenesis and osteogenesis, but not 

adipogenesis. Our data also suggest that the chemistry of the crowder is 

important and should be considered in the rational design of the culture 

system. 
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4.1 Summary and limitations 

Despite they had initially been developed to prevent the formation of 

fibrocartilage repair tissue typical of microfracture, cell therapies appear in 

fact less cost effective than the other currently available surgical treatments 

[1-3]. Their main limitations are the difficulty in inducing / maintaining 

chondrogenic phenotype and the reduced cartilage-specific extracellular 

matrix (ECM) deposition. During in vitro expansion / differentiation, 

chondrocytes tend to lose their phenotype, leading to fibroblastic-like ECM 

synthesis [2] whilst BMSCs show a tendency to progress toward terminal 

differentiation, resulting in mineralised matrix deposition [7]. Lack of hyaline 

ECM in the implanted constructs definitely lead to alterations of in vivo 

mechanical properties and correlate with morphologic abnormalities and 

symptoms leading to arthroscopy [3]. Culture protocols for in vitro expansion 

of adult chondrocytes [4, 5] or  in vitro chondrogenic differentiation of 

mesenchymal stem cells [6-9] are under intense investigation with the aim to 

improve quality of the implanted constructs.  

Macromolecular crowding (MMC) is an in vitro culture, based on the 

excluded volume effect, which  has been shown to dramatically enhance 

tissue-specific ECM deposition in permanently differentiated [10-15] and 

stem cell [10, 16-19] cultures. 

MMC has also shown to facilitate stem cell differentiation toward the 

adipogenic lineage: it increased lipid droplet accumulation during ADSC 

differentiation [20] and expression of adipogenic markers during BMSC 

differentiation [21]; it also induced ‘browning’ in BMSC-derived white 

adipocytes [22]. These effects have been attributed to the interaction between 

cells and their ex novo-built ECM and to sequestering of growth factors by 

the ECM [21]. However, the effect of MMC in chondrogenesis has not been 

well investigated and contradictory preliminary data has been reported. 

Specifically, MMC, using a neutral and non-sulphated crowder cocktail 

(Ficoll™ 70 and 400 KDa), did not increase ECM deposition in chondrocyte 

cultured on PGA unwoven fibres [23] and did not induce chondrogenic 

differentiation of adipose derived stem cell in pellet culture [20]. 

Nevertheless, Ficoll cocktail increased collagen and GAG deposition, when 

chondrocytes were cultured in monolayer [23]. Further, MMC pre-
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conditioning, using a negatively charged and highly sulphated crowder 

(carrageenan), significantly increased chondrogenesis in human bone marrow 

stem cell (BMSC) cultures [24]. 

The aim of this study was to assess the effect of MMC in chondrocyte culture 

(Chapter 2) and stem cell differentiation (Chapter 3). 

Carrageenan was used as the crowding agent as, due to its polydispersity, it 

has been previously shown to be more effective than Ficoll cocktail and 

dextran sulphate [14]. Further, sulphated polysaccharides generally exhibit 

chondro-inductive capability (e.g. chondroitin sulphate [25], chemically 

over-sulphated polysaccharide GY785 [26], heparan sulphate [27] and 

pentosan sulphate [28]). 

Human chondrocytes were cultured in monolayer or in alginate beads, in the 

presence of FBS or HS. In early passage (3) chondrocytes cultured in alginate 

beads, immunocytochemistry analysis revealed that MMC increased, albeit 

not significantly, both collagen type I and collagen type II deposition. In late 

passage (7) cells that had been re-differentiated using a commercial medium, 

independently of the serum and culture system (monolayer or alginate beads) 

used, MMC significantly increased collagen type I deposition, whilst almost 

no collagen type II was detected. Since the ratio between collagen type I and 

II is the main indicator of chondrogenic phenotype [29-31], these results 

suggested that the commercial medium was not able to maintain phenotype 

during cell expansion and that the optimal medium for expansion of adult 

chondrocytes is still elusive.  

MMC was then assessed in pre-culture and/or differentiation of BMSCs. 

During chondrogenic differentiation, MMC enhanced hyaline-like ECM 

deposition (as judged by chondroitin sulphate, GAGs and collagen type II 

deposition), without altering Sox-9 expression. During osteogenic 

differentiation, it increased calcium and collagen type I deposition, without 

affecting cell phenotype (as judged by intracellular osteopontin expression 

and ALP activity). On the contrary, during adipogenic differentiation, MMC 

did not increase ECM deposition, but even decreased lipid droplet 

accumulation, indicating the importance of the chemistry of the crowder used.  
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Collectively these data provide further knowledge on the use of MMC for 

chondrogenic phenotype maintenance and stem cell differentiation and 

encourage its use for chondrogenic and osteogenic differentiation of MSCs. 
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4.2 Limitations and future studies 

Some of the limitations of this work are outlined below: 

- Deposition of other ECM components (e.g. GAGs, collagen IX, XI, X 

and VI, which are physiologically found in the cartilage) could have been 

assessed. Optimisation of western blot protocols might have been needed 

for collagen identification. 

- Longer time points would have probably helped in assessing 

hypertrophic differentiation of chondrogenically differentiated BMSCs, as 

14 days were not enough to observe collagen X and mineralised matrix 

deposition.   

- Coated well-plates could have reduced the cell detachment which has 

been observed during osteogenic differentiation and has been attributed to 

the ECM deposited.  

- A three-dimensional culture system could have reduced the amount of 

collagen type I deposited during chondrogenic differentiation of BMSCs. 

Alternatively, MMC could have been applied only once cells were fully 

differentiated into the chondrogenic lineage (starting from day 14 of 

differentiation, instead of day 0). 

- As MSCs may be unsuitable for cartilage regeneration, due to their 

tendency to progress toward hypertrophy [7], other cell sources could have 

been used. For example, use of pluripotent stem cells or progenitor stem 

cells may be more appropriate. 

- Optimisation of the crowder depending on the application could have 

been performed, as for example, it has already been observed that 

carrageenan inhibits the adipogenic differentiation [32, 33] 

 

Possible future applications of MMC in cartilage regeneration are described 

below: 

MMC for chondrocyte expansion 

Current culture protocols seem unable to mitigate chondrocyte 

dedifferentiation tendency and, in our study, chondrogenic phenotypic drift 

was already apparent from passage 3. MMC may help in reducing 

dedifferentiation tendency during expansion of freshly isolated chondrocytes. 

MMC has been shown to induce intracellular actin rearrangements and to 
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alter cell adhesion, consequently to MMC-induced alignment of ECM fibres 

[41].  Key mediator of chondrocyte de-differentiation is the rearrangement of 

actin fibres [34-37], microfilaments and microtubules [36, 37]. Focal 

adhesion kinases (FAKs) are mediators of integrin signalling and connect, 

through the actin fibres, the cell cytoskeleton with the ECM [38]. FAKs 

phosphorylation increased when chondrocytes bound their ECM [39] and it 

enhanced collagen type II synthesis [39, 40]. 

Considering the above, the effect of MMC in cytoskeleton rearrangement in 

freshly isolated chondrocytes should be investigated in freshly isolated 

chondrocytes. Expression and phosphorylation of FAKs, organisation of 

actin, microtubules and microfilaments, along with cell phenotype changes 

may be analysed. 

 

Assessment of the effect of ECM composition in chondrogenesis 

ECM has been shown to enhance chondrogenic phenotype maintenance and 

to facilitate chondrogenic differentiation of BMSCs [42-44]. However, how 

ECM composition influences chondrogenesis has not been well understood. 

For chondrogenic differentiation of BMSCs, early-stage chondrogenic ECM 

has been more suitable than late-stage chondrogenic ECM and BMSC-

derived ECM [45]. ECM produced by chondrocytes possessed higher 

chondro-inductive capabilities compared to ECM produced by co-culture of 

osteocytes and chondrocytes [46]. Collagen type I induced higher degree of 

chondrogenic differentiation than collagen type II [47]. Decellularized ECM 

from naïve BMSCs, as opposed to ECM derived from chondrogenic 

differentiated BMSCs, has been shown efficiency in expansion of human 

chondrocytes [48]. Decellularized ECM from fibroblasts and naïve BMSCs 

has shown higher efficiency in chondrocyte expansion than ECM derived 

from chondrocytes [49]. It has been speculated that the different chondro-

inductive properties of different ECM-derived substrates related to their 

different capabilities to bind TGF- β [45, 47, 50, 51] or to bind to cell surface 

[47]. Integrins are the central mediators of outside-in signal and have been 

involved in cell adhesion to specific ECM components [52-54] and in signal 

transduction and cell morphology [55]. Their expression levels change during 

chondrogenesis and might be modulated by ECM [56-58]. For example, 
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α1/β1 mediated collagen type II adhesion [59], α5/β1 to fibronectin adhesion 

[59] and β3 to extracellular osteopontin adhesion [54] increase in expression 

and activation of α1/β1, α2/β1, α3/β1 has been observed during 

chondrogenesis [60, 61]. Increase in expression of α1 was observed when 

chondrocytes were grown on collagen type I and fibronectin conjugated 

alginate beads and increase in expression of α2 was observed when 

chondrocytes were grown on collagen type II conjugated alginate beads [62]. 

To investigate the effect of ECM composition in chondrogenesis, different 

ECM-derived scaffolds (e.g. hyaline-like, fibrocartilaginous, hypertrophic) 

may be prepared by culturing different cell types under MMC conditions, 

followed by decellularization. ECM composition (e.g. GAGs, collagens) and 

growth factors retained (e.g. VEGF, BMPs, TGFs) would be analysed. MSCs 

can then be seeded on these scaffolds and differentiated towards 

chondrogenic lineage. Changes in integrin expressions should be correlated 

to cell differentiation degree. 
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A. List of reagents 

Table A.1 List of reagents and respective suppliers 

1,4-dithiothreitol (DTT) Sigma Aldrich, Ireland 

1-Step™ p-nitrophenyl phosphate 

(PNPP) Substrate Solution 

Thermo Scientific, Ireland 

4',6-diamidino-2-phenylindole (DAPI) Sigma Aldrich, Ireland 

Alginic acid, sodium salt Sigma Aldrich, Ireland 

Agarose Sigma Aldrich, Ireland 

AlamarBlue®  Life Technologies, Ireland 

Alizarin Red S Sigma Aldrich, Ireland 

Alpha-Minimum Essential Medium 

GlutaMAX™ (α-MEM) 

Life Technologies, Ireland 

 

Ammonium persulphate (APS) Sigma Aldrich, Ireland 

Amphotericin-B solution 250 µg/mL Sigma Aldrich, Ireland 

β-glycerophosphate Sigma Aldrich, Ireland 

Bovine serum albumin (BSA) Sigma Aldrich, Ireland 

Bromophenol blue Bio-Rad, Ireland 

Calcein AM Life Technologies, Ireland 

Calcium Chloride (CaCl2), dihydrate Sigma Aldrich, Ireland 

Carrageenan Sigma Aldrich, Ireland 

Chondrocyte differentiation basal media 

(CDM™) 

Lonza, United Kingdom 

Chondrocyte differentiation media 

(CDM™) SingleQuots™ Kit 

Lonza, United Kingdom 

Chondrocyte growth media (CGM™) 

SingleQuots™ Kit 

Lonza, United Kingdom 

Chondrocyte basal growth media 

(CGM™)  

Lonza, United Kingdom 

CL-Xposure Film Thermo Scientific, Ireland 

Collagen type I Symatese Biomateriaux, France 

Collagenase, Type II, powder Thermo Scientific, Ireland 

cOmplete™, EDTA-free Protease 

Inhibitor Cocktail 

Sigma Aldrich, Ireland 
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Dexamethasone  Sigma Aldrich, Ireland 

Dimethyl sulfoxide (DMSO) Sigma Aldrich, Ireland 

DirectLoad 1Kb DNA ladder Sigma Aldrich, Ireland 

Dulbecco’s Modified Eagle’s Medium 

high glucose (DMEM-HG) 

Sigma Aldrich, Ireland 

Dulbecco’s Modified Eagle’s Medium 

low glucose (DMEM-LG) 

Sigma Aldrich, Ireland 

Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12 

(DMEM/F12) 

Sigma Aldrich, Ireland 

 

Dulbecco’s Phosphate Buffered Saline 

(DPBS) 

Sigma Aldrich, Ireland 

Ethanol absolute Lennox, Ireland 

Ethidium homodimer I Sigma Aldrich, Ireland 

Ethylenediaminetetraacetic acid 

(EDTA) 

Sigma Aldrich, Ireland 

Filter paper (western blotting) Thermo Scientific, Ireland 

Foetal bovine serum (FBS) Sigma Aldrich, Ireland 

Formalin solution, neutral buffered, 10 

% 

Sigma Aldrich, Ireland 

Fresh unprocessed bone marrow Lonza, United Kingdom 

G-418 disulfate salt solution, sterile  Sigma Aldrich, Ireland 

Gentamicin sulphate, powder Sigma Aldrich, Ireland 

Glacial acetic acid Fisher Scientific, Ireland 

Glycerol  Sigma Aldrich, Ireland 

Hank’s balanced salt solution (HBSS), 

w/o Calcium and Magnesium 

Sigma Aldrich, Ireland 

Hydrochloric acid, 37 % Sigma Aldrich, Ireland 

Human ELISA Vascular endothelial 

growth factor (VEGF) kit  

Peprotech, United Kingdom 

Indomethacin  Sigma Aldrich, Ireland 

Insulin from bovine pancreas Sigma Aldrich, Ireland 
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Insulin-Transferrin-Selenium (ITS) Sigma Aldrich, Ireland 

3-Isobutyl-1-methylxanthine (IBMX) Sigma Aldrich, Ireland 

Kanamycin Sulfate Fisher Scientific, Ireland 

L-ascorbic acid 2-phosphate Sigma Aldrich, Ireland 

LB Agar, Miller (Pre-Buffered 

Capsules) 

Fisher Scientific, Ireland 

LB Broth, Lennox (Granulated) Fisher Scientific, Ireland 

L-Cysteine hydrochloride monohydrate 

(cysteine·HCl·H2O) 

Sigma Aldrich, Ireland 

Methanol Sigma Aldrich, Ireland 

Nitrocellulose membranes Fisher Scientific, Ireland 

N,N,N’,N’-Tetramethylethylenediamine 

(TEMED) 

Bio-Rad, Ireland 

Normal Human Articular Chondrocytes  Lonza, United Kingdom 

Oil Red O Sigma Aldrich, Ireland 

One Shot™ TOP10 Chemically 

Competent E. Coli 

Fisher Scientific, Ireland 

PageRuler™ Plus Prestained Protein 

Ladder 

Fisher Scientific, Ireland 

Papain from papaya latex, buffered 

aqueous suspension, Crystallized, 

≥16 units/mg protein 

Sigma Aldrich, Ireland 

Penicillin streptomycin Sigma Aldrich, Ireland 

Pepsin from gastric mucosa 3200 – 4500 

units / mg protein 

Sigma Aldrich, Ireland 

Plasmid Maxi kit  Qiagen, Germany 

Phenol red Sigma Aldrich, Ireland 

PBS Phosphate buffered saline tablets Sigma Aldrich, Ireland 

Pierce™ BCA Protein Assay Kit Life technologies, Ireland 

p-nitrophenol standards Sigma Aldrich, Ireland 

Ponceau S dye Fisher Scientific, Ireland 

Promase® Protease, Streptomyces 

griseus, Nuclease-Free 

Sigma Aldrich, Ireland 
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Quant-iT™ PicoGreen® dsDNA assay Life Technologies, Ireland 

RIPA buffer Sigma Aldrich, Ireland 

SilverQuest™ Silver staining kit Life Technologies, Ireland 

Skim milk powder Sigma Aldrich, Ireland 

SmaI GQ, 5000 Units Promega, Ireland 

Sodium acetate anhydrous Sigma Aldrich, Ireland 

Sodium chloride (NaCl) Sigma Aldrich, Ireland 

Sodium citrate tribasic, dihydrate Sigma Aldrich, Ireland 

Sodium Dodecyl Sulfate (SDS), White 

Powder 

Fisher Scientific, Ireland 

Sodium hydroxide (NaOH) Sigma Aldrich, Ireland 

Sodium phosphate dibasic (Na2PO4), 

heptahydrate 

Sigma Aldrich, Ireland 

Sodium phosphate monobasic 

(NaH2PO4), anhydrous 

Sigma Aldrich, Ireland 

Stanbio™ Calcium Liquicolor™ kit Fisher Scientific, Ireland 

SuperSignal™ West Pico 

chemiluminescent substrate 

Thermo Scientific, Ireland 

SYBR™ Safe DNA Gel Stain Thermo Scientific, Ireland 

Transforming growth factor beta 1 

(TGF- β1) Human ELISA Kit 

Abcam, United Kingdom 

Transforming growth factor beta 3 

(TGF- β3) 

Sigma Aldrich, Ireland 

Tris base Fisher Chemicals, Ireland 

Trypan blue Life Technologies, Ireland 

Trypsin / EDTA  Sigma Aldrich, Ireland 

Tween-20 Sigma Aldrich, Ireland 

Water, sterile-filtered, BioReagent Sigma Aldrich, Ireland 

Weigert’s Haematoxylin Sigma Aldrich, Ireland 
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Table A.2 List of primary antibodies, respective suppliers and dilutions 

β- actin 8226, Abcam, Ireland 1: 5,000 

Collagen type I 90395, Abcam, Ireland 1: 200 

Collagen type II 185430, Abcam, Ireland 1:150 

Collagen type IV 6586, Abcam Ireland 1:200 

Collagen type X 49945, Abcam Ireland 1:200 

Fatty acid binding protein 4 

(FABP4) 
92501, Abcam Ireland 1:200 

Osteopontin 69498, Abcam Ireland 1:200 

Sox-9 
sc-166505, Fannin Limited, 

Ireland 
1:100 

 

Table A.3 List of secondary antibodies, respective suppliers and dilutions 

Alexa-Fluor® 488 Donkey anti 

mouse 

A21202, Thermo 

Scientific, Ireland 
1:400 

AlexaFluor® 546 goat anti-rabbit 
A11035, Thermo 

Scientific, Ireland 
1:400 

Cy5 goat anti-mouse 
A10524, Thermo 

Scientific, Ireland 
1:400 

HRP conjugated goat – anti mouse 
31430, Fisher Scientific, 

Ireland 
1:10,000 
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B. List of protocols 

B.1 Cell Culture  

B.1.2 Preparation of culture media for human chondrocytes 

B.1.2.1 Expansion medium 

- Prepare chondrocyte expansion medium, by adding the CGM™ 

SingleQuots™ Kit (containing R3-Insulin-like Growth Factor-1, human 

recombinant Fibroblast Growth Factor-Beta, Transferrin, Insulin, FBS 5% 

and Gentamicin/Amphotericin-B) to CGM™ Medium. 

 

B.1.2.2 Differentiation medium 

- Dissolve 10 µg of lyophilized TGF-β3 in 10 µL of 2 M Hydrochloric 

Acid, 65 µL of 7.5% BSA in DPBS and 425 µL of cell culture water, to make 

20 µg/mL stock solutions (2,000X). Store at – 80 °C prior to use. 

- Prepare differentiation medium by adding CDM™ SingleQuots™ Kit 

(containing R3-Insulin-like Growth Factor-1, TGF-β1, Transferrin, Insulin, 

FBS 5% and Gentamicin/Amphotericin-B) and 100 μM L-ascorbic acid 2-

phosphate to CDM™ Medium. 

- Warm the required amount of media. 

- Add the TGF- β3 at a concentration of 10 ng/mL, immediately prior 

to use. 

 

B.1.3 Preparation of culture media for human BMSC 

B.1.3.1 Growth medium 

- Prepare complete α-MEM medium, supplemented with 10% FBS and 

1% penicillin streptomycin. 

 

B.1.3.2 Chondrogenic differentiation medium 

- Dissolve 10 µg of lyophilized TGF-β3 in 10 µL of 2 M Hydrochloric 

Acid, 65 µL of 7.5% BSA in DPBS and 425 µL of cell culture water, to make 

20 µg/mL stock solutions (2,000X) Store at – 80 °C prior to use. 

- Resuspend dexamethasone in pure ethanol at a concentration 1 mM to 

make stocks 10,000 X. Store at – 20°C prior to use. 
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- Prepare chondrogenic medium by adding 10 % ITS, 10-7 M 

dexamethasone, 100 μM L-ascorbic acid 2-phosphate, 1% penicillin 

streptomycin to DMEM-HG. 

- Warm the required amount of media.  

- Add the TGF- β3 at a concentration of 10 ng/mL, immediately prior 

to use. 

 

B.1.3.3 Osteogenic differentiation medium 

- Resuspend dexamethasone in pure ethanol at a concentration 1 mM to 

make 100,000 X stocks. Store at – 20°C prior to use. 

- Prepare DMEM-LG supplemented with 10% FBS 10-8 M 

dexamethasone, 100 μM L-ascorbic acid 2-phosphate and 10 mM β-

glycerophosphate, 1 % penicillin streptomycin 

 

B.1.3.4 Adipogenic differentiation media  

- Resuspend dexamethasone in pure ethanol at a concentration 1 mM to 

make 1,000 X stocks. Store at – 20°C prior to use. 

- Resuspend insulin in cell culture sterile water at pH 2-3 

(approximately 5 µL of 37% HCl in 3 mL water) at a concentration 10 

mg/mL, to make 1,000 X stocks.  Store at – 20°C prior to use. 

- Dissolve IBMX in DMSO at a concentration 0.5 M to prepare 1,000 

X stocks.  Store at – 20°C prior to use. 

- Dissolve indomethacin in DMSO at a concentration 0.2 M to make 

1,000 X stocks. Store at – 20°C prior to use. 

- Prepare maintenance medium by adding 10 % FBS, 10 µg/mL insulin 

and 1% penicillin streptomycin to DMEM-HG. 

- Prepare induction medium by adding 0.2 mM indomethacin, 1 µM 

dexamethasone and 0.5 mM IBMX to the maintenance medium. 

- Alternate cycles of 3 days of induction with 1 day of maintenance 

medium. 

 

B.1.4 Preparation of macromolecular crowding medium 

- Sterilise the required amount of carrageenan and L-ascorbic acid 2-

phosphate for 1 hour under the UV. 



Appendix 

229 
 

- Prepare MMC medium by adding the required amount of carrageenan 

in the culture medium. Add L-ascorbic acid 2-phosphate to a final 

concentration of 100 µM. 

 

B.1.5 Monolayer cell culture protocol 

B.1.5.1 Cell expansion/ media change 

- Seed the cells at the required cell density (10,000 cells/cm2 for human 

chondrocytes and 5,000 cells/cm2 for human BMSCs). 

- For adipogenic induction, alternate cycles of 3 days of induction with 

1 day of maintenance medium. For all other applications, change medium 

every 2-3 days 

- To change media, pre-warm the required amount of fresh culture 

media in a water bath at 37 °C for 10-15 minutes. 

- Remove the old culture media from the flasks and add approximately 

1 mL/5 cm2 of pre-warmed fresh media. 

- When cells are approximately 80 % confluent, proceed with 

trypsinisation. 

 

B.1.5.2 Cell trypsinisation 

- Remove the media and wash cells with HBSS. 

- Add trypsin / EDTA (10 mL for a T175 flask). 

- Place the flask in the incubator for five minutes. 

- Tap the flasks with the hands. 

- Examine the flasks under the microscope to determine whether cells 

have detached. If they are not detached, return back to the incubator. 

- Once cells are detached, add equal media of complete medium with 

10% serum. 

- Transfer the medium into a 50 mL tube. 

- Centrifuge for 5 minutes at 1,200 rpm. 

- Discard the supernatant and resuspend the cells in 5 mL of pre-

warmed fresh media. 

- Count the cells using a Neubauer chamber. 

- To split cells in new flasks: add pre-warmed culture media depending 

on required cell seeding density.  
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- To freeze the cells or encapsulate them in alginate beads: centrifuge 

them again for 5 minutes at 1,200 rpm and then proceed to cell freezing 

(B.1.5.3). 

 

B.1.5.3 Cell freezing 

- Prepare the cryopreservation media (80% CGM™ basal medium, 

supplemented with 10 % FBS and 10 % DMSO for human chondrocytes. 80% 

α-MEM, supplemented with 10 % FBS and 10 % DMSO for human BMSCs).  

- Filter the cryopreservation media through a 0.2 µm filter. 

- Trypsinise the cells.  

- After the centrifugation, resuspend them in cryopreservation media 

1,000,000 – 2,000,000 cells/mL). 

- Transfer the cells in cryovials (1 mL of the cell solution per vial).  

- Place vials into a Mr Frosty container, place in the -80°C for 24 hours. 

- Move them into the liquid nitrogen container. 

 

B.1.5.4 Cell thawing 

- Pre-warm the required amount of culture media. 

- Remove vials form the liquid nitrogen. 

- Place them in a water bath at 37 °C until they are thawed (1-2 

minutes). 

- Add the pre-warmed culture media. 

- Seed the cells at the required cell density. 

 

B.1.6 Alginate bead cell culture protocol 

B.1.6.1 Alginate beads preparation 

- Prepare a 0.9 % NaCl solution, by dissolving 9 g of NaCl in 1 L of 

water. 

- Prepare a 102 mM CaCl2 solution, by dissolving 14.99 g of CaCl2 in 

1 L of water.  

- Prepare a 55 mM tri-sodium citrate solution, by dissolving 16.18 g of 

sodium citrate dihydrate and 5.26 g of NaCl in 1L of water. 

- To prepare a 1.2 % alginic acid solution, transfer 100 mL of the 0.9 % 

NaCl solution into a becker and place it in a stirring plate with a heating 
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element (50 °C). Dissolve 1.2 g of alginic acid, continuing mixing with heat 

(this may take 2-3 hours). 

- Autoclave all the solutions (121 °C, 15 minutes).  

- Filter them through a 0.2 µm filter into new containers. 

- Store them at 4°C prior to use. 

- Trypsinize the cells and wash with 0.9% NaCl sterilised solution. 

- Resuspend cells in 1.2 % alginic acid solution to a density of 350,000 

cells /mL. 

- Transfer the cell solution into a syringe and attach a 21-gauche 

syringe. 

- Hold the syringe at 45-degree angle to a 50 mL falcon tube (or a sterile 

becker) containing 102 mM CaCl2 solution. 

- With the other hand, gently mix the calcium chloride solution tube 

using a 5 mL serological pipette. 

- Add the cell solution into the calcium chloride drop by drop 

continuously mixing the solution. 

- Wait ten minutes to let the beads polymerise, shaking the solution 

every 2-3 minutes. 

- Let the beads deposit into the bottom of the tube and then remove most 

of the CaCl2 solution using a 5 mL serological pipette, paying attention not to 

touch/remove the beads. 

- Wash twice with 0.9 % NaCl solution (add the NaCl solution, shake 

the solution, let the beads deposit and then remove most of the NaCl solution). 

- Wash with fresh culture medium. 

- Add the required volume of culture medium (approximately 1 mL of 

culture media/mL of original alginate cell suspension). 

- Move the beads by simply pouring the bead solution into the flask. 

Alternatively, take the required number of beads using a sterilised spatula. 

Use non-treated flasks/multiwell plates.  

 

B.1.6.2 Cell expansion/media change  

- Media need to be changed every day. To change it, let the beads 

deposit into the bottom of the flask or well.  
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- Carefully aspirate most of the medium, using either a 5 mL serological 

pipette or a 200 µL tip, paying attention not to touch the beads. 

- Wash beads with fresh culture medium. 

- Add fresh culture medium. 

- If during culture cells spread from the beads and start attaching to the 

tissue plastic surface, remove the beads and transfer to new flasks/multiwell. 

 

B.1.6.3 Bead depolymerisation 

- Take 5 beads using a spatula. 

- Wash at least twice (10 minutes each) with DPBS.  

- Add 600 µL of tri-sodium citrate solution. 

- Incubate 30 minutes at room temperature. 

- Check whether the beads have depolymerised. 

- When beads are depolymerised, centrifuge at 500 g for 10 min, to 

obtain a pellet, which contain the cells with their associated matrix, and a 

supernatant, which contain the alginic acid solution with the further-removed 

matrix. 

- To analyse collagen content: proceed with collagen isolation (B.6) 

from the pellet (cell-associated matrix) and from the supernatant (further-

removed matrix).  

- To immunostaining analysis, resuspend the pellet in culture medium 

and seeded overnight. Proceed with immunofluorescence (B.10). 

 

B.2 PicoGreen® assay 

- Remove the media and wash cells with HBSS. 

- Lyse cells either by incubation with cell culture sterile water (200 

µL/well in 24 multiwell plate) followed by two cycles of freezing (-80 °C) 

and thawing, or by digestion with papain (see GAG/DNA quantification) 

- Dilute samples 1:10 in TE buffer provided by the kit 

- Prepare lambda DNA standards 1000, 500, 100, 50, 25, 10, 0 ng/mL 

in TE buffer provided by the kit. 

- Transfer 100 µL of the samples/standard in black 96 multiwell plate. 
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- Add the working Picogreen® solution by mixing 5.376 mL of TE 

buffer with 27 μL concentrated PicoGreen® (enough for 24 samples and 

standard curve) 

- Incubate 5 minutes in the dark 

- Read the fluorescence (excitation 480 nm and emission 520nm) 

 

B.3 Cell proliferation through direct nuclei counting 

- Remove media and wash cells with HBSS. 

- Fix with 10% formalin solution for 15 minutes. 150μL/well for 24 

multiwell plate.  

- Wash samples with PBS and store them at 4°C prior to use. 

- Incubate with DAPI, diluted 1:30,000 in PBS for 5 minutes at room 

temperature. 

- Wash samples three times with PBS (5 minutes). 

- Take the images on Olympus IX-81 inverted fluorescence 

microscope. 

- Count the number of nuclei in each microscope field using the Image-

Pro® Plus image analysis software. 

 

B.4 alamarBlue® assay 

- Remove the culture medium and wash cells with HBSS 

- Dilute alamarBlue® solution 1/10 in DPBS  

- Add the alamarBlue® solution (250 μL/well in 24 multiwell plate, 200 

μL per three alginate beads) 

- Add in some wells 250 μL of the alamarBlue® solution and HBSS. 

- Incubate samples at 37°C until colour turn into pink (approximately 

2-4 hours) 

- Transfer 100 μL of incubated samples and blanks in empty wells of 

96 multiwell plate. 

- Read the absorbance at 550 nm and at 595 nm.  

- Normalise the absorbance of alamarBlue® solution at both 

wavelength, by subtracting the values of HBSS  

- Divide the normalised absorbance of alamarBlue® at 550 nm to the 

one at 595 nm to obtain the correlation factor 
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- To calculate the percentage of alamarBlue® reduced use the formula: 

alamarBlue® reduced = Absorbance 550- (Absorbance 595 x Correlation 

factor) x 100 

 

B.5 Live/Dead® Assay 

- Remove culture media and wash with HBSS. 

- To prepare the negative controls, incubate cells in a well (or an 

alginate bead) with DMSO for at least 15 minutes. 

- Dissolve calcein AM in DMSO at a concentration 4 μM. 

- Prepare the staining solution, by diluting calcein AM and ethidium 

homodimer I in HBSS (4 μM and 2 μM respectively). 

- Add the staining solution to each well (150 μL/ well for 24 multiwell 

plate, 500 μL for 5 beads). 

- Incubate 15 minutes at 37°C. 

- Wash with HBSS. 

- Take pictures using Olympus IX81 inverted fluorescence microscope 

using the filters FITC and Texas Red, using the negative controls to set the 

gain/exposure time. 

 

B.6 Collagen isolation 

- Remove the culture media and wash with HBSS. 

- Prepare a solution of pepsin from gastric mucosa 1 mg/mL in 0.5 M 

acetic acid. 

- Prepare a second solution of pepsin 0.1 mg/mL, by diluting the 1 

mg/mL pepsin solution in PBS. 

- For cell layer: add 150 μL/well of 24 well plates of the pepsin solution 

0.1 mg/mL. 

- For pellet of alginate beads: resuspend the pellet from three beads in 

75 μL of the pepsin solution 0.1 mg/mL. 

- For culture media or supernatant of alginate beads: add 100 μL of 

pepsin solution 1 mg/mL per 1 mL of solution. 

- Incubate at 37 °C under shaking for two hours. 

- For cell layer: scrape off with 1 mL tip the cell layer. 
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- For cell layer, pellet and supernatants from alginate beads: add 5μL of 

phenol red solution in 100 μL (culture media already contain phenol red). 

- Neutralise the solution, by adding 1 M NaOH until the solution turn 

pink. 

- Store the samples at – 20°C prior to use. 

- Proceed with SDS-PAGE. 

 

B.7 Protein extraction for western blot and ELISA 

- Dissolve one tablet of cOmplete™, EDTA-free Protease Inhibitor 

Cocktail (Sigma Aldrich, Ireland) in 2 mL water. Aliquots can be stored at – 

20°C. 

- Dilute the protease inhibitor cocktail 1:25 in RIPA buffer (Sigma 

Aldrich, R027). 

- Remove the media for the cells. 

- Put the cells in ice and wash with ice-cold PBS. 

- Add the RIPA buffer supplemented with the protease inhibitor for well 

(150 µL/ well in 6 multiwell plate). 

- Scrape the cell layer and leave them for 10 minutes in ice. 

- Meanwhile, put some empty eppendorf tubes in ice, to cool them 

down. 

- Scrape again and transfer the lysate in the cold eppendorf tubes. 

- Vortex and then leave in ice for other 20 minutes. 

- Centrifuge at 14,000 g for 20 minutes at 4°C. 

- Store the samples at – 80 °C prior to use. 

- Proceed with the Pierce™ BCA Protein Assay Kit, using the 

microplate procedure, according to manufacturers’ instructions. 10 µL of 

samples are sufficient. 

- Proceed with Western Blot or ELISA. 

 

B.8 ELISA 

- Prior to use, samples isolated with RIPA buffer need to be diluted at 

least 8 times in water or PBS, to reduce background. 
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-  For acid activation of latent TGF-β, incubate 216 µL of the diluted 

buffer with 12 µL of 4 M HCl at 4°C under shaking for one hour. Neutralise 

samples prior to analyse them, by adding 12 µL of 4 M NaOH. 

- Proceed to sandwich ELISA for VEGF and TGF-β, according to 

manufacturers’ instructions. 

 

B.9 Protein electrophoresis (SDS-PAGE and Western Blot) 

B.9.1 Materials 

1.875 M Tris Base  

-   Dissolve 22.70g Tris-base in 80 mL of water 

-   Add 2 mL of 37% HCl 

-   Bring to pH 8.8  

-   Bring to 100 mL with water 

-   Store at 4°C 

 

1.25M Tris-HCl,  

-   Dissolve 15.14 g Tris-base in 70 mL of water 

-   Add 7 mL of 37 % HCl 

-   Bring to pH 6.8  

-   Bring to 100 mL with water. 

-   Store at 4°C. 

 

Non-reducing sample buffer (5X) 

- Add 0.25 g SDS and 0.625 mL 1.25M Tris-HCl to 2 mL of water.  

- Bring to 5 mL with glycerol (approximately 2.3 mL).  

- Add 1.25 mg bromophenol blue. 

 

Running buffer (5X) 

- Dissolve 15.1 g Tris-base, 72 g of glycine and 5 g of SDS in 1 L of 

water  

- Store at 4°C. 

- Prepare 1X running buffer by diluting in water. 

 

Reducing sample buffer (4X) (for western blot) 
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- Prepare 1 M DTT stock solution in water. Store aliquots at – 20 °C 

- Prepare the 4X reducing sample buffer prior to use, by diluting 1:5 the 

DTT solution in the non-reducing sample buffer (e.g. 200 μL of DTT solution 

in 1 mL of non-reducing sample buffer). 

 

Ponceau S solution (for western blot) 

- Dissolve 0.033g Ponceau S in 10 mL water 

- Add 0.3 mL glacial acetic acid 

- Bring to 30 mL with water 

- Store at room temperature 

 

TBS-T (for western blot)  

- Prepare the TBS 10X by dissolving 121 g Tris Base and 40 g NaCl 

in1 L water, pH 7.6 

- TBS-T is prepared by diluting in water and adding 0.1% (vol/vol) 

Tween-20 (e.g. 100 mL TBS 10X, 900 mL water and 1 mL tween-20) 

 

Transfer buffer 10 X (for western blot) 

- Dissolve 30.35 g of Tris Base and 144 g of glycine in 1 L of water 

- Store at 4°C prior to use 

- Prepare the transfer buffer only prior to use by mixing 10 mL of 

transfer buffer 10X, 20 mL of methanol and 70 mL of water. 

- Place the transfer buffer 1X in ice to cool down the temperature.  

 

Stripping buffer (for western blot) 

- 15 g glycine 

- 1 g SDS 

- 10 mL Tween20 

- Adjust pH to 2.2 

- Bring volume up to 1 L with water 
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B.9.2 Method 

B.9.2.1 Samples preparation 

- For western blot:  dilute 5 µg of protein in 15 µL of water, then add 5 

µL of reducing sample buffer 4X.  

- For SDS-PAGE of extracted collagen, add 16 µL of sample with 4 µL 

of non-reducing buffer 5X. Prepare a control collagen type I, by mixing 4 µL 

of collagen type I standard 0.5 mg/mL, with 2 µL NaOH 1 M, 12 µL of sample 

buffer and 42 µL of water. 

- Heat the samples for 5 minutes at 95°C. 

- Spin down them. 

- Load 15 μL per well (15 well comb). 

 

B.9.2.2 Gel preparation 

Depending on molecular weight of target protein, select the required 

percentage of acrylamide in the separating gel. For SDS-PAGE of extracted 

collagen, 5% acrylamide separating gel has been used. For Sox-9 Western 

blot, 12 % acrylamide has been used 

- Clean glass plates with 100 % ethanol and dry with tissue papers. 

- Set the gel making apparatus and check for any leaks by pouring water 

and then remove distilled water with filter paper. 

- Select the required percentage of acrylamide of the resolving gel, 

according to the Table B.1. 

- Prepare the separating gel according to Table B.2 below. Add the APS 

and the TEMED last, immediately prior to pour the gels. 

- Vortex the gel mixture and pour it to reach about 1 cm from the top of 

the glass.  

- Overlay the gel with 10 % (vol/vol) ethanol. 

- When the separating gel mixture is polymerised (it takes 

approximately 30 minute), remove the ethanol. 

- Prepare the stacking gel mixture according to Table B.3 below. Add 

the APS and the TEMED last, immediately prior to pour the gels. 

- Vortex the gel mixture and pour it on of the polymerised separating 

gel. 

- Insert the comb, avoiding trapping air bubbles. 



Appendix 

239 
 

- After approximately 30 minutes, remove the comb and store the gel in 

1X running solution at 4 °C prior to use. 

 

Table B.1: Recommended percentage of acrylamide, for resolving protein. 

Percentage of acrylamide 

of separating gel  

Protein MW Range (KDa) 

18 % From 5 to 50        

16 % From 5 to 60 

14 % From 10 to 80 

12 % From 20 to 150 

10 % From 30 to 200 

8 % From 40 to 250 

6 % From 60 to 300 

4 % From 100 to 400 

 

Table B.2: 5% and 12 % separating gel for two 1 mm thickness mini gels 

(Protean II Bio-Rad). 

 Percentage acrylamide 

5 % 12% 

Water (μL) 6140 3800 

30% bis acrylamide / Bis 

(μL) 

1660 4000 

1.875M Tris-HCl pH 8.8 (μL) 2000 2000 

10% SDS (μL) 100  100 

10% APS (μL) 84 84 

TEMED (μL) 10 4 

 

Table B.3: 3 % stacking gel for two 1 mm thickness mini gels (Protean II 

Bio-Rad). 

 Percentage acrylamide 

3 % 

Water (μL) 3100 

30% Acrylamide / Bis (μL)  400  
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1.25M Tris-HCl pH 6.8 (μL) 400  

10% SDS (μL) 66  

APS (μL) 33  

TEMED (μL) 6  

Total (μL) 4000 

 

B.9.2.3 Electrophoretic run 

- Assemble the electrophoresis apparatus. 

- Fill the electrophoretic chamber and the inner compartment with 1X 

running buffer. 

- Load the samples. 

- For SDS-PAGE: load 5 µL of collagen type I standard as a control. 

- For Western Blot: load 5 µL of protein ladder. 

- Run at constant voltage 50 V until the samples reach the separating 

gel, then increase the voltage to 120 V. 

- When the front die reaches the end of the gel, stop the electrophoretic 

run and disassemble the apparatus. 

- Remove the gels from the glasses. 

- Proceed with SilverQuest™ Silver staining, according to 

manufacturers’ instructions (for SDS-PAGE) or with membrane transfer (for 

western blot). 

 

B.9.2.4 Transfer and staining (western blot) 

- Incubate two filter papers with transfer buffer for 5 minutes on 

rotating shaker. 

- Remove a cassette from the Trans®-Blot Turbo™ System. 

- Assemble the blotting sandwich in the cassette, by placing in order 

(from the bottom to the top) a filter paper, the blotting nitrocellulose 

membrane, the polyacrylamide gel and the second filter paper. 

- Expel any trapped air bubbles using the blot roller. 

- Close the chamber and place back in the Trans®-Blot Turbo™ 

System. 

- Run at 25 V, 1 A for 30 minutes. 
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- Stain the membrane with Ponceau S solution for 5 minutes, to confirm 

protein migration. 

- Wash then the membrane twice (10 minutes each) in TBS-T at room 

temperature in a rotating shaker. 

- Block membranes by incubating with 5 % low fat milk in TBS-T for 

one hour at room temperature. 

- Remove the blocking solution and incubate with primary antibody 

diluted in blocking buffer overnight at 4°C under shaking. 

- Wash the membranes at least 3 times (10 minutes each) in TBS-T at 

room temperature under shaking. 

- Incubated with secondary antibody diluted in blocking buffer for one 

hour at room temperature under shaking. 

- For detection of peroxidase, use the ECL kit (SuperSignal West Pico 

Chemiluminescent SubstrateThermo Scientific) according to manufacturers’ 

instructions. 

- Visualize the results by exposing a CL-Xposure Film in a dark room. 

Develop for a few minutes until bands appear. Wash then with water, place 

film in fixative and let dry air.  

- Repeat the exposure, varying the time as needed for optimal detection.   

- To remove the bound antibodies, incubate with stripping buffer 2 

times (7 minutes) at room temperature under shaking. 

- Wash then membrane twice (10 minutes each) in TBS-T at room 

temperature under shaking 

- Repeat the staining using another antibody. 

 

B.10 Immunofluorescence 

- Remove media and wash cells with HBSS. 

- Fix with 10% formalin solution for 15 minutes. 150μL/well for 24 

multiwell plate. For intracellular stainings (osteopontin and FABP4) fix with 

ice-cold methanol 100 % for 15 minutes. 

- Wash samples with PBS. 

- Samples fixed with methanol can be stored (dry) at -20°C, samples 

fixed with formalin can be stored in PBS at 4°C. 

- Block with 3% BSA for 30 minutes at room temperature. 
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- Incubate the primary antibody diluted in BSA 3% overnight at 4°C. 

- Wash three times (5 minutes) with PBS. 

- Incubate the secondary antibody diluted in BSA 3% one hour at room 

temperature. 

- Wash samples three times (5 minutes with PBS). 

- To counterstain the nuclei incubate with DAPI, diluted 1:30,000 in 

PBS for 5 minutes at room temperature. 

- Wash samples three times with PBS (5 minutes). 

- Take the images on Olympus IX-81 inverted fluorescence 

microscope. 

- Analyse fluorescence intensity using the Image-Pro® Plus image 

analysis software. 

 

B.11 Oil red staining 

- Prepare 0.3 % (w/vol) Oil Red O in 100% isopropanol and store at 

room temperature prior to use. 

- Prepare the Oil Red working solution by mixing 6 parts of Oil Red 

stock with 4 parts of distilled water.  

- Allow to stand for ten minutes and then filter the solution. 

- Remove culture media and wash cells with HBSS. 

- Fix with 10% formalin solution for 15 minutes. 300 μL/well for 12 

multiwell plate.  

- Wash with PBS. 

- Add Oil Red working solution (300 μL/well for 12 multiwell plate) 

and incubate for 5 minutes. 

- Clear excess stain by adding 60% isopropanol. 

- Remove the 60% isopropanol and rinse with water.  

- Counterstain the nuclei, incubating with Weigert’s Haematoxylin for 

2 minutes at room temperature. 

- Wash twice with water (5 minutes). 

- Take images a Leica Microsystem inverted microscope. 

- To quantify the Oil red uptake, add 100% isopropanol 200μL/well for 

12 multiwell plate and pipette several times.  

- Transfer to empty tubes. 
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- Centrifuge for 2 minutes at 500 g. 

- Measure the absorbance at 520 nm, using 100% isopropanol as blank. 

 

B.12 Alizarin red staining  

- Dissolve Alizarin Red S in water at a final concentration 0.2 % (w/vol) 

and store at room temperature prior to use. 

- Filter prior to use.  

- Remove culture media and wash cells with HBSS. 

- Fix cells in ice-cold methanol for 10 minutes 150μL/well for 24 

multiwell plate. 

- Remove the methanol and store the cells at -20 °C until use. 

- Defrost the cells and stain them with Alizarin Red S for 5 minutes at 

room temperature. 

- Wash twice with water (5 minutes). 

- Take pictures using a Leica Microsystem inverted microscope. 

 

B.13 Calcium quantification 

- Remove the medium and wash cells with HBSS. 

- Add 100 μL/well of 0.5M HCl for 24 multiwell plate.  

- Scrape off the cell layer using a 1 mL tip or a scraper and transfer into 

an eppendorf tube. 

- Leave the tube overnight under agitation at 4°C. 

- Prepare standards 0, 0.5, 1, 2, 3, 4 and 5 μg, by diluting the standard 

provided by the kit in 0.5M HCl.  

- Transfer 10 μL of each sample/ standards in a 96 multiwell plate. 

- Proceed with calcium quantification according to manufacturers’ 

instructions.  

 

B.14 Alkaline phosphatase activity assay 

- Remove the medium and wash cells with HBSS. 

- Lyse the cells by adding cell culture sterile water (200μL/well for 24 

multiwell plate) and through two cycles of freezing (-80 °C). 

- Add 20 μL of cell lysate to 80 μL of PNPP substrate and incubate at 

37 °C under agitation for 30 minutes. 
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- Meanwhile, prepare the standards 5, 4, 3, 2, 1 and 0.5 mM, by diluting 

the p-nitrophenol in 0.05 M NaOH. 

- Stop the reactions by adding 100 μL of 0.05 M NaOH. 

- Read the absorbance at 405 nm.  

- Obtain the concentration (mM) of p-nitrophenol produced in each 

reaction form the standard curve. 

- One unit is defined as the amount of enzyme which liberates 1 μmole 

of p–nitrophenol per minute at 37℃. To obtain the units of ALP per well, 

divide the μmole produced by the time (30 minutes) and multiply by ten 

(dilution factor). 

- Calculate the amount of DNA in each well, by using the PicoGreen® 

assay. Then divide the units of ALP by the DNA content of each well. 

 

B.15 Glycosaminoglycans quantification 

B.15.1 Materials 

Phosphate buffer 

- Prepare Na2PO4 0.2 M solution, by dissolving 5.3614 g of Na2PO4 in 

100 mL water. 

- Prepare NaH2PO4 0.2 M solution, by dissolving 4.8 g of NaH2PO4 in 

100 mL water. 

- Prepare phosphate buffer pH 6.4, by mixing 38.5 mL Na2PO4 solution 

with 11.5 mL and NaH2PO4 solution. 

- Bring to pH 6.4 with NaH2PO4 solution  

- Store it at room temperature for up to 6 months 

 

Papain digestion buffer 

- Add 200 mg sodium acetate, 110.7178 mg disodium salt-EDTA and 

22.28 mg of cysteine·HCl in 50 mL of phosphate buffer pH 6.4. Store at 4°C 

for up to one week 

 

B.15.2 Method 

- Add 250 μL per 50 mL of papain digestion buffer immediately prior 

to use. 

- Remove the medium and wash cells with HBSS. 
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- Add papain solution to samples (200 μL well/ 24 multiwell plate or 

pellet). 

- Incubate 3 hours at 60 °C. Some samples (e.g. pellets) may require 

overnight incubation. 

- Store the samples at 4° prior to analysis. 

- Measure the GAGs in 50 μL of lysate, using the Blyscan™ 

Glycosaminoglycan Assay (Biocolor, Ireland) according to manufacturers’ 

instructions. 

- Calculate the DNA amount per well by using the Picogreen assay 

(samples need to be diluted at least ten times in TE buffer prior to analysis, to 

reduce background). 

- Normalise the amount of GAG by the DNA content per well measured 

through the PicoGreen® assay. 

 

B.16 Isolation and culture of primary chondrocytes form articular 

cartilage 

B.16.1 Materials 

- Prepare stocks 1,000 X of gentamicin sulphate 50 mg/mL in cell 

culture sterile water. Store at -20 °C. 

- Prepare pronase 20 U/mL in DMEM/F12, supplemented with 5% 

FBS, gentamicin 50 mg/L and amphotericin-B 5 mg/L. Store at 4°C in the 

dark (amphotericin-B is light sensitive). 

- Prepare collagenase II 200 U/mL in DMEM/F12, supplemented with 

5% FBS, gentamicin 50 mg/L and amphotericin B-5 mg/L. Store at 4°C in 

the dark (amphotericin-B is light sensitive).  

- Sterile HBSS. 

- Prepare cell culture media, DMEM/F12 supplemented with 10 % 

FBS, gentamicin 50 mg/L, amphotericin-B 5 mg/L. Store at 4 °C in the dark 

(amphotericin-B is light sensitive). 

 

B.16.2 Method 

- Cut slices of cartilage (approximately 4 mm x 4 mm x 1 mm) from the 

outer 2/3 of the articular cartilage, to avoid contamination with bone. 

- Mince the slices in 1 mm3 pieces. 
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- Place the slices in Petri dishes containing the pronase solution. 

- Place in the incubator for 90 minutes. 

- Remove the solution, wash with HBSS. 

- Incubate for 16 hours in the incubator with collagenase II under 

shaking. 

- Centrifuge at 900 rpm for 10 minutes. 

- Remove the solution and wash with HBSS and filter using a 70 µm 

cell strainer. 

- Culture the cells, either in monolayer or alginate beads, changing 

medium every 2-3 days 

 

B.16.3 Results 

Figure B.1: Primary bovine articular chondrocytes isolated from knee 

articular cartilage one day after seeding (A) and at passage 2 (B). Scalebar: 

100 µm. 
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Figure B.2: SDS-PAGE of collagen extracted from rabbit chondrocytes 

grown in monolayer or alginate beads, 2, 5 and 10 days after the addition of 

carrageenan (CR) 50, 100 or 500 µg/mL. In monolayer, collagen was not 

detectable, at any timepoint. In alginate beads, collagen was detectable only 

at day 10 and MMC increased collagen associated with cells (pellet). Figure 

is comprised of different gels; white space is used to separate different gels. 
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Figure B.3: SDS-PAGE of collagen extracted from bovine chondrocytes 

grown in monolayer or alginate beads, 2, 5 and 10 days after the addition of 

carrageenan (CR) 50, 100 or 500 µg/mL. Collagen was not detectable in 

monolayer, at any timepoint. In alginate beads, collagen associated with cells 

(pellet) was detected at day 10 in MMC samples (50 and 100 µg/mL CR). 

Both α1 and α2 chains were present. Figure is comprised of different gels; 

white space is used to separate different gels. 
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B.17 Equilibrium swelling ratio of alginate beads 

B.17.1 Method 

- Prepare 1.2% alginate beads.  

- Incubate them 24 hours at 37 °C in culture medium, to let them reach 

their swelling equilibrium. 

- Weight a microscope slide (tare). 

- Take the beads out of the culture medium with a spatula.  

- Drain with filter paper to remove excess water.  

- Quickly transfer approximately 0.5 g of beads on the microscope slide. 

- Weight the samples (wet weight). 

- Transfer the samples in the oven and dry at 90 °C for 2 hours. 

- Weight again the samples (dry weight). 

- Subtract the tare to wet and dry weights. 

- Calculate the equilibrium swelling ratio using the formula:  

Swelling ratio = (Wwet-Wdry)/Wdry 

 

B.17.2 Results 

Figure B.4: To determine whether MMC, by altering oncotic pressure, 

affected equilibrium swelling ratio, alginate beads were incubated in culture 

medium (DMEM/F12 + 10% FBS) supplemented with carrageenan 0, 50, 

100, 500 µg/mL. No significant difference in the swelling ratios was observed 

among the groups. Analysis was performed in triplicate Data shown are 

representative of two independent experiments and are expressed as mean 

±SD. Statistical significance was accepted at p <0.05. 
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B.18 BMSC Nucleofection™ 

B.18.1 Method 

B.18.1.1 Preparation of LB broth and LB agar 

- Prepare LB broth medium or LB agar medium by adding 20 g LB 

Lennox Broth in 1 L of water and 10 capsules in 500 mL of water 

respectively. 

- Loosen the cap and warm them using a microwave. After 

approximately one minute, remove the solution and shake manually. 

- Repeat until the powders are completely dissolved. 

- Autoclave the solutions (121 °C for 15 minutes). 

- For the LB broth: let the temperature cool down and then add 

kanamycin 100 µg/mL (kanamycin is used for positive selection of 

transformed bacteria) under a laminar flow hood. Store the solution at 4°C 

prior to use.  

- For LB agar: proceed to agar plate preparation (B.18.1.2) 

 

B.18.1.2 Preparation of agar plates 

- If the LB-agar solution has polymerised, melt it in a microwave.  

- Let the temperature cool down. 

- Working under a laminar flow hood, add the kanamycin 100 µg/mL. 

- To prepare LB agar plates, pour approximately 15 mL of LB- agar 

solution into each empty petri dish.  

- Remove any air bubbles present using a tip. 

- Wait for the agar to polymerise (approximately 20 minutes). 

- Sterilise the petri dishes under the UV of the laminar flow hood for 30 

minutes. 

- Store the dishes at 4°C. 
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B.18.1.3 One Shot™ TOP10 E. Coli transformation and growth 

- Transform the One Shot™ TOP10 Chemically Competent E. Coli, 

through thermal shock, following cell manufacturers’ protocol. 

- Plate the cells into the petri dishes using a sterile inoculating loop, 

avoiding scratching the agar. Different dilutions of the initial bacteria volume 

may be used to be sure to obtain at least one dish with individual colonies (not 

too concentrated, nor too diluted). 

- Put the dishes upside down and let the bacteria grow overnight at 

37°C. 

- The day after, different colonies of transformed E. Coli colonies 

should be visible. Select one colony which appears well separated from the 

others. 

- Take the colony using a sterile 200 µL tip, avoiding touching the other 

colonies. 

- Put it in a 15 mL falcon tube, containing 3 mL of LB broth with 

kanamycin 100 µg/mL. 

- Incubate the colony for approximately 8 hours at 37 °C under shaking 

(300 rpm), leaving the cup loosen. Petri dishes containing the unused bacterial 

colonies, can be stored at 4°C for few weeks. 

- Increased turbidity of the LB broth confirms that bacteria have grown.  

- Dilute the culture in LB medium and transfer in an appropriate 

container, whose dimension are at least 4 times bigger than the total culture 

volume. Dilution depends on plasmid used: for high-copy plasmids (e.g. 

pEGFP-C1 which contains approximately 500 copies/cell), dilute the culture 

1/1,000 (approximately 100 µL of the culture in 100 mL of fresh medium). 

For low-copy plasmid (less than 300 copies/cell), dilute the culture 1/500. 

- Let the bacteria grow at 37 °C under shaking for 12-16 hours. 

- Increased turbidity of the LB broth confirms that bacteria have grown. 

- Isolate the plasmid using the QIAGEN® Plasmid Maxi kit, according 

to manufacturers’ instructions. 

- Quantify the DNA and assess its purity by measuring the ratio 260/280 

and 260/230 absorbances using the NanoDrop 2000 spectrophotometer 

(Thermo Scientific, UK). Expected values are higher than 1.8 and 2-2.2 

respectively. 
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- Store the DNA at -20 °C prior to use.  

 

B.18.1.4 DNA digestion  

Plasmids can assume three main conformations: the supercoiled form 

(circular, with a three-dimensional structure, which migrates faster than 

predicted by its size), the linear form (linearised, which migrate accordingly 

to its size) and the nicked form (with a single nick in one of the two strands, 

which is rarely detected). The majority of plasmids isolated through plasmid 

purification kits are in their supercoiled form, thus linearization is necessary 

to determine their length. 

- Using SnapGene software, check for unique restriction site in the 

plasmid. 

- Incubate 1 µg of DNA with 1 unit of the selected restriction enzyme, 

resuspended in the buffer recommended by the manufacturers at 37 °C for 

one hour. 

- Store at -20 °C prior to analyse. 

 

B.18.1.5 DNA electrophoresis 

B.18.1.5.1 Materials 

Tris-EDTA (TE) buffer 10 X 

- Dissolve 2.9224 g of EDTA and 48.456 g of Tris-Base in water. 

- Bring to pH 8.  

- Bring to 1 L with water 

- Store at 4 °C 

- Prepare 1 X TE buffer by diluting in water. 

 

TAE buffer 

- Add 56.8 µL of glacial acetic acid in 1 L of 1X TE buffer. 

- Store at 4 °C 

 

DNA loading buffer 

- Weight 0.005 g SDS and 0.025 g Bromophenol Blue, add 1.5 mL 

glycerol and bring to 5 mL with 1X TE buffer. 

- Store at – 20 °C  
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B.18.1.5.2 Method 

- Select the required percentage of agarose according to Table B.4 

below. 

- Weight the agarose and add it in TAE buffer in an Erlenmeyer flask 

(e.g. for a 0.8 % agarose mini-gel, add 0.4 g of agarose in 50 mL of TAE 

buffer).  

- Volume of agarose gel changes depending on size of the casting tray. 

Amount of volume needed may be calculated simply by pouring water into 

the tray. 

- Weight the Erlenmeyer flask containing the agarose/TAE solution. 

- To dissolve the agarose, warm the solution in a microwave. After 

approximately one minute, remove the solution from the microwave and 

shake it manually. 

- Repeat until the agarose is completely dissolved. 

- Weight again the Erlenmeyer flask with the solution and add the 

amount of water needed to restore the initial weight (this is done to avoid that 

final percentage of agarose is higher than calculated, due to water 

evaporation). 

- Pour the solution into the designated casting tray and then add the 

combs. If air bubbles are present, remove them or move them to the side of 

the casting tray, using a tip. 

- Wait until the gel polymerises (it may take approximately half hour).  

- Put the gel into the electrophoresis apparatus. 

- Dilute the plasmids in water (dilution may need to be optimised, 

approximately 0.3-1 ng in 8 µL of water can be used).  

- Add 2 µL of loading buffer and 8 µL of DNA and load 10 µL per well. 

- Load 3 µL of the 1Kb DNA ladder. 

- Run for approximately 60 minutes at 400 milliAmp (which 

corresponds to approximately 90 V). 

- To visualise the DNA bands in the gel, dilute the SYBR 1: 10,000 in 

TAE buffer (4 µL of SYBR in 40 mL of TAE buffer). 

- Remove the gel from the apparatus and incubate it for 20 minutes with 

the SYBR solution, at room temperature under shaking. 

- Observe the gels under a UV transilluminator. 
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- If the DNA did not migrate sufficiently (bands are not well separated 

yet), put back the gel into the electrophoresis apparatus and continue the run. 

- If bands are well separated, take pictures of the gel using a 

FluorChem® FC2 gel imaging system. 

 

Table B.4: Recommended percentage of agarose for resolving linear DNA  

Percentage of agarose (w/vol) Linearised DNA size  

0.5 % 1 Kb to 30 Kb 

0.7% 800 bp to 12 Kb 

1 % 500 bp to10 Kb 

1.2 % 400 bp to 7 Kb 

1.5 % 200 bp to 3 Kb 

2% 50 bp to 2 Kb 

 

B.18.1.6 BMSC Nucleofection™ 

- Dilute the undigested (circular) DNA in water to a final concentration 

of 1-5 µg/µL (use 2 µg for reaction). 

- Use BMSC 

- s at passage lower than 9 and let them grow until they are at least 85 

% confluent. 

- Trypsinise the cells and transfect them according to manufacturers’ 

protocol. 

- Seed the cells in culture medium without penicillin streptomycin. 

- Add the medium containing penicillin streptomycin one day after 

transfection. 

- Percentage of transfected cells can be evaluated by calculating the 

percentage of fluorescent cells (if a fluorescent reporter gene is used). 

- Percentage of viable cells can be evaluated by calculating percentage 

of adherent cells one day after transfection. 

- For positive selection of transfected cells, three days after transfection 

add G-418 at a concentration of 200 µg/mL. Non-transfected cells will die 

after approximately ten days. 
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B.18.2 Results 

Figure B.5: EGFP-C1 empty plasmid (mock) and EGP-C1-Sox-9 plasmid 

were kindly provided by Prof. Gun-Il Im from Department of Orthopaedics, 

Dongguk University. Maps of the plasmids were created using SnapGene™ 

software. Mock plasmid contains EGFP report gene under the control of the 

cytomegalovirus (CMV) promoter. Sox-9 gene has been inserted through 

restriction sites BglII and SmaI of the multicloning site (MCS) and is 

expressed as fusion to the C-terminus of EGFP. Neomycin resistance gene 

(NeoR) (for eukaryotic cells) and kanamycin resistance gene (KanR) (for E. 

Coli) are under the control of SV40 promoter and ampR, respectively. pUC 

origin of replication (ori) is provided for propagation in E. Coli. SmaI 

restriction site in the multicloning site (MCS) (1388 bp of the mock plasmid), 

is lost after insertion of Sox9 cDNA, as SmaI produces blunt-ended 

fragments. A SmaI restriction site is present in the Sox-9 cDNA (2255 bp of 

the pEGFP-C1-Sox9). 
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Figure B.6: pEGFP-C1 (mock) and pEGFP-C1-Sox9 were expanded in One 

Shot™ TOP10 E. Coli cells and isolated using the QIAGEN® Plasmid Maxi 

kit. Their identity was confirmed through DNA electrophoresis, prior and 

after digestion with SmaI restriction enzyme. Prior to digestion with SmaI, 

majority of the plasmids were in their supercoiled form, thus their migration 

did not correlate with their molecular weight. After digestion with SmaI, only 

the linearised form was detectable. DNA ladder 1 Kb has been loaded to 

determine plasmid length. 

 

Table B.5: Purity of pEGFP-C1 and pEGFP-C1-Sox9, isolated from One 

Shot™ TOP10 E. Coli cells using the using the QIAGEN® Plasmid Maxi kit, 

was confirmed by measuring their 260/280 and 260/230 absorbance ratios. 

 
A 260/280 A 260/230 

pEGFP-C1 1.89 2,2 

pEGFP-C1-Sox9 1,92 2,2 
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Figure B.7: Two Nucleofector™ programs U23 and C17, which differ for 

length and strength of the electric field, were tested for BMSCs transfection 

with pEGFP-C1 plasmid. Higher transfection efficiency was observed with 

program C17, which was therefore used in the following experiments. N=10. 

Data are expressed as mean ±SD. Statistical significance was accepted at p 

<0.05.  
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Figure B.8: For determining a possible effect of MMC in BMSC Nucleofection™, immediately after electroporation (program C17, pEGFP-C1 

plasmid), BMSCs resuspended in culture media containing carrageenan at concentration of 0, 125, 250, 500 or 1000 µg/mL No significant difference 

was observed in transfection efficiency and cell viability among the groups. N=10. Data are expressed as mean ±SD. Statistical significance was 

accepted at p <0.05. 
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Figure B.9:  Brightfield and fluorescent (FITC filter) images of BMSCs 1, 2 and 3 days after transfection with pEGFP-C1 plasmid. Immediately after 

Nucleofection™ cells were resuspended in culture medium containing carrageenan 0, 125, 250 and 500 µg/mL. Scalebar: 100 µm. 
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Figure B.10: To evaluate the effect of Sox-9 overexpression in ECM synthesis, BMSCs were transfected with pEGFP-C1-Sox9 using the Nucleofector™ 

program C17. Transfection was confirmed through western blot three days after the transfection (A). Immunostaining for collagen type I and II did not 

show a substantial increase in collagen type II synthesis in transfected cells, compared to naïve ones (B). Data shown are representative of two 

independent experiments. Scalebar: 100 µm. 

 



Appendix 

261 
 

C. Research outputs 

C.1 Publications and book chapters 

1. V. Graceffa, D. I. Zeugolis. Macromolecular crowding as a means to 

assess the effectiveness of chondrogenic media. Journal of Tissue 

Engineering and Regenerative Medicine (Impact Factor: 4.089). 2018. doi: 

10.1002/term.2783 

2. V. Graceffa, D. I. Zeugolis. Carrageenan enhances chondrogenesis 

and osteogenesis, but not adipogenesis, in human bone marrow stem cell 

cultures. Submitted 

3. V. Graceffa, C. Vinatier, J. Guicheux, M. Stoddart, M. Alini, D.I. 

Zeugolis Chasing chimeras – The elusive stable chondrogenic phenotype. 

Biomaterials (Impact Factor: 8.806) 2018;192:199-225. 

4. V. Graceffa, C. Vinatier, J. Guicheux, C.H. Evans, M. Stoddart, M. 

Alini, D.I. Zeugolis. State of art and limitations in genetic engineering to 

induce stable chondrogenic phenotype. Biotechnology Advances (Impact 

Factor: 11.452) 2018;36(7): 1855-1869 

5. H. Capella-Monsonís, J. Q. Coentro, V. Graceffa, Z. Wu, D. I. 

Zeugolis. An experimental toolbox for characterization of mammalian 

collagen type I in biological specimens. Nature Protocols (Impact Factor: 

10.032) 2018;13(3):507-529. 

6. J.Q. Coentro, H. Capella-Monsonís, V. Graceffa, Z. Wu, A. M. 

Mullen, M. Raghunath, D. I. Zeugolis. Collagen quantification in tissue 

specimens. Methods in Molecular Biology. (Impact Factor: 1.29) 2017; 

1627:341-350. 

7. V. Graceffa, Z. Wu, D. Gaspar, K. Spanoudes, I. L. M. Isa, M. Biggs, 

A. M. Mullen, A. Pandit, D. Zeugolis, Xenogenic tissues and biomaterials for 

the skeletal system, Edited by: Paul Ducheyne, Kevin E. Healy, Dietmar E. 

Hutmacher, David W. Grainger, C. James Kirkpatrick, Comprehensive 

Biomaterials, 2016. 

 

  



Appendix 

262 
 

C.2 Conference presentations 

1. V. Graceffa, D. Zeugolis, Macromolecular crowding as a method to 

increase matrix deposition and assess phenotype in chondrocyte culture, 

Podium Presentation, 25th Annual Meeting of the European Orthopaedic 

Research Society, 12th-15th September 2017, Munich, Germany. 

2. V. Graceffa, D. Zeugolis, Macromolecular crowding and re-

differentiation media in chondrocyte culture, Podium Presentation, Matrix 

Biology Ireland 2016 Meeting, 16th-18th November 2016, Galway, Ireland. 

3. V. Graceffa, A. Pandit, D. Zeugolis, A multifactorial approach for 

enhancing extracellular matrix deposited by human chondrocytes, Podium 

Presentation, 10th World Biomaterials Congress, 17th-22nd May 2016, 

Montréal, Canada 

 

C.3 Completed courses 

1. Completed LAST course, June-July 2016, National University of 

Ireland, Galway, NUIG. 

 


