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Abstract

:

The ability to regenerate damaged cartilage capable of long-term performance in an active joint remains an unmet clinical challenge in regenerative medicine. Biomimetic scaffold biomaterials have shown some potential to direct effective cartilage-like formation and repair, albeit with limited clinical translation. In this context, type II collagen (CII)-containing scaffolds have been recently developed by our research group and have demonstrated significant chondrogenic capacity using murine cells. However, the ability of these CII-containing scaffolds to support improved longer-lasting cartilage repair with reduced calcified cartilage formation still needs to be assessed in order to elucidate their potential therapeutic benefit to patients. To this end, CII-containing scaffolds in presence or absence of hyaluronic acid (HyA) within a type I collagen (CI) network were manufactured and cultured with human mesenchymal stem cells (MSCs) in vitro under chondrogenic conditions for 28 days. Consistent with our previous study in rat cells, the results revealed enhanced cartilage-like formation in the biomimetic scaffolds. In addition, while the variable chondrogenic abilities of human MSCs isolated from different donors were highlighted, protein expression analysis illustrated consistent responses in terms of the deposition of key cartilage extracellular matrix (ECM) components. Specifically, CI/II-HyA scaffolds directed the greatest cell-mediated synthesis and accumulation in the matrices of type II collagen (a principal cartilage ECM component), and reduced deposition of type X collagen (a key protein associated with hypertrophic cartilage formation). Taken together, these results provide further evidence of the capability of these CI/II-HyA scaffolds to direct enhanced and longer-lasting cartilage repair in patients with reduced hypertrophic cartilage formation.
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1. Introduction


The ability to restore damaged cartilage, providing long-term performance and functional recovery with minimal risk of revision surgery, remains an unmet clinical challenge [1,2]. Surgical intervention is often necessary to treat the majority of articular cartilage defects [3,4]. However, while a number of surgical options are currently available, no conventional approach has demonstrated a capacity to fully restore the damaged cartilage [5,6]. Thus, a clear clinical need for the development of improved treatments for articular cartilage injures, yielding higher-quality repair and longer-term performance in patients with minimal risk of revision surgery remains, and is focus of this study [1,2]. In this context, tissue engineering and regenerative medicine (TERM) offers promising alternative approaches to tackle the treatment of articular cartilage defects and has the potential to fully restore the damaged tissue [7,8]. In particular, biomimetic biomaterials such as collagen-based scaffolds have been shown to be capable of directing effective chondrogenic responses in mesenchymal stem cells (MSCs), resulting in the synthesis of cartilage-like extracellular matrix (ECM) [9,10,11,12]. However, while MSCs have been extensively used with good success in the field, their use has been limited by the tendency of MSCs towards terminal chondrocytic hypertrophic differentiation, subsequently leading to aberrant calcified cartilage and endochondral bone formation [13,14,15]. This is a major barrier in the application of these therapeutic cells, given that the resulting hypertrophic and non-functional cartilage-like matrix is incapable of providing the fundamental biomechanical properties to the engineered tissue [16,17]. Therefore, the development of alternative, more biologically active scaffold biomaterials capable of improving MSC chondrogenesis and consequently enhancing the quality of cartilage-like ECM formed is essential to establish longer-term cartilage repair with improved functional performance in patients.



Accordingly, current research in the field is focusing on the development of more bioactive materials that can provide the correct mechanical and biochemical cues to cells to improve the type and quality of engineered tissue produced [14,15,18,19,20]. Several studies to date have clearly demonstrated that biomaterials can successfully interact with cells via membrane receptors (e.g., integrins) and cell-adhesion attachment motifs activating specific intracellular signalling pathways [21,22,23,24]. Therefore, it is expected that the specific biochemical composition of future biomaterials might play a major role in increasing the quality of engineered tissues, with the ultimate goal to develop longer-term articular-cartilage repair strategies [23,25]. In this scenario, scaffolds mimicking the composition and anatomical arrangement of articular-cartilage ECM have shown some success in modulating MSC hypertrophic differentiation, resulting in the formation of higher quality cartilage-like matrix formation [14,23,26,27]. Specifically, type II collagen (CII)-based biomaterials have demonstrated some potential in reducing cellular hypertrophic events and in enhancing the quality of the newly synthesised cartilaginous matrices [23,24,28,29]. Of special note, a study by Lian C. et al. indicated some promise for CII to suppress late-stage chondrogenesis/hypertrophy and calcified cartilage formation with decreased cell expression of type X collagen (COLX) by human MSCs cultured in a pellet system [23]. Moreover, a recent study in our laboratory has revealed the potential for CII-containing scaffold biomaterials to direct a more controlled MSC differentiation to late-stage chondrogenesis in vitro [9]. This study was carried out using rat cells. Building on this knowledge, and with a view towards translation to humans, the research presented in this study has focused on further elucidating the effect of CII on human MSC late-stage chondrogenic differentiation and hypertrophy when incorporated into three-dimensional (3D) type I collagen (CI)-based scaffolds in the presence or absence of hyaluronic acid (HyA). To this end, the specific aims were (1) to investigate the ability of CII containing scaffolds to direct an effective human MSC chondrogenic response and (2) to elucidate their ability to affect human MSC hypertrophic differentiation and the formation of calcified cartilage and endochondral bone.




2. Materials and Methods


2.1. Fabrication of Collagen-Based Scaffolds


To fabricate the collagen-based scaffolds, a freeze-drying (lyophilisation) method previously described and regularly used in our research group was used [30]. Type I collagen (CI), hyaluronic acid (HyA) and type II collagen (CII) were used at various ratios to prepare a series of CI-based scaffold iterations (Table 1). CI scaffolds were composed of collagen derived from bovine Achilles tendon (Collagen Matrix, Oakland, NJ, USA). CI and HyA (CI-HyA) scaffolds were fabricated using CI and HyA sodium salt derived from Streptococcus equi (molecular weight 1500–1800 kDa) (Sigma-Aldrich, Arklow, Ireland). Finally, combination CI/II scaffolds and CI/II-HyA scaffolds were manufactured by incorporating CII isolated from porcine knee cartilage (Symatese, Chaponost, France) into CI and CI-HyA scaffolds, respectively. Briefly, slurries with a total collagen concentration of 0.5% (w/v) were prepared using both CI and CII at a ratio of 1:1, type I:type II collagen (CI/II) by suspending the collagen in 0.5 M acetic acid as previously described [9]. Similarly, CI/II-HyA slurries were prepared with the same 1:1 type I:type II collagen ratio and final concentration of 0.5% (w/v) total collagen, in the presence of HyA 0.05% (w/v). Subsequently, 0.3 mL of each slurry was pipetted into a stainless-steel tray (internal dimensions: 9.5 mm diameter and 4 mm height) before freeze-drying (Virtis Genesis 25EL, Biopharma, Winchester, UK) at a constant cooling rate of 1 °C/min to a final temperature of −20 °C and drying at a pressure of 200mTorr. Following this, the porous scaffolds were dehydrothermally (DHT) crosslinked in a vacuum oven (VacuCell, MMM, Planegg, Germany) for 24 h at a pressure of 0.05 bar and a temperature of 105 °C.




2.2. Cell Culture


2.2.1. Bone-Marrow-Derived Mesenchymal Stem Cells in Monolayer


To obtain a sufficient quantity of human bone-marrow MSCs, cells were first expanded in monolayer prior to seeding on the scaffolds. MSCs were either purchased from Lonza (Basel, Switzerland) or isolated from the iliac crest of adults (donor age range: 20–30 years old) using standardised protocols and including a stringent analysis of cell phenotype as previously described [31]. Cells were incubated with low-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, Arklow, Ireland) supplemented with 10% fetal bovine serum (ThermoFisher Scientific, Dublin, Ireland) and 1% penicillin/streptomycin (ThermoFisher Scientific, Dublin, Ireland). Cells from donors 1, 2 and 3 were passaged using trypsin ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, Arklow, Ireland) once confluent, and replated onto T-175 (175 cm2 growth area) flasks under normoxic cell-culture conditions (37 °C, 5% CO2, 21% O2). Cells were cultured on the scaffolds at passage number 4.




2.2.2. Bone-Marrow-Derived Mesenchymal Stem-Cell Seeding on Scaffolds


Human bone-marrow MSCs were detached from their culture flasks via trypsinisation. Cells were counted and resuspended at a density of 5 × 105 cells per scaffold in a total volume of 100 μL. Scaffolds of 9.5 mm diameter and 4 mm height were pre-hydrated in PBS (Sigma-Aldrich, Arklow, Ireland) for 15 min and placed in 24-well plates. The cell suspension was then added to the scaffolds, with 50 μL first pipetted onto one side of each scaffold, before incubating for 30 min (37 °C, 5% CO2, 21% O2) to allow initial cell attachment. Seeded scaffolds were subsequently turned over and the procedure repeated on the other side. Following this, 2 mL of expansion/growth medium was added to each well and pre-cultured for 24 h. Then, the standard growth medium was replaced with medium supplemented with chondrogenic factors. This chondrogenic media was composed of serum-free high-glucose DMEM supplemented with 50 μg/mL ascorbic acid (Sigma-Aldrich, Arklow, Ireland), 40 μg/mL proline (Sigma-Aldrich, Arklow, Ireland), 100 nM dexamethasone (Sigma-Aldrich, Arklow, Ireland), 1X ITS (BD Biosciences, Wokingham, UK), 0.11 mg/mL sodium pyruvate (Sigma-Aldrich, Arklow, Ireland), and 10 ng/mL human TGF-β3 (Prospec, Rehovot, Israel). Leftover cells attached at the bottom of each well during the scaffold cell-seeding procedure were detached and counted using a haemocytometer. Then, seeding efficiency was calculated by dividing the effective number of cells seeded on the scaffold (total amount of cells seeded per scaffold minus the leftover cells attached at the bottom of the well) to the total amount of cells. The cell-seeded scaffolds were incubated for 28 days, with media being changed twice per week (Figure 1).





2.3. Cellular Metabolic-Activity Assay


To determine the metabolic activity of the cells within the scaffolds, an alamarblue assay (ThermoFisher Scientific, Dublin, Ireland) was performed. Scaffolds (n = 3 per group) were washed in PBS twice and fresh chondrogenic media containing 10% alamarblue viability reagent were added at 37 °C for 1 h. A spectrophotometer (Victor2 D, Wallac, Boston, MA, USA) with an excitation wavelength of 550 nm and an emission wavelength of 590 nm was used to read the resulting fluorescence level. Chondrogenic media containing 10% alamarblue were used as a blank sample, subtracted from the experimental readings to eliminate background fluorescence. The cellular metabolic activity of cells grown on scaffolds at day 0, 3, 10, 14, 21 and 28 was measured.




2.4. DNA Quantification


To assess the DNA content in the scaffolds, a Quant-iT™ PicoGreen® dsDNA assay kit (Invitrogen, Loughborough, UK) was used as per the manufacturer’s instructions. Scaffolds (n = 3 per group) were washed in PBS and digested in a papain-enzyme solution prepared with 0.5 M EDTA, cysteine-HCl and 1 mg/mL papain enzyme (Carica papaya, Sigma-Aldrich, Arklow, Ireland) at 60 °C for 12 h. DNA concentration was determined using a standard curve, to give an indication of cell number. The DNA of cells grown on the scaffolds, pretested for cellular metabolic activity, was quantified.




2.5. Sulphated Glycosaminoglycan (sGAG) Quantification


To quantify the sulphated glycosaminoglycan (sGAG) content of the scaffolds, a Blyscan sulphated glycosaminoglycan assay kit (Biocolor Life Sciences, Carrickfergus, UK) was used. Scaffolds (n = 3 per group) were washed in PBS before digesting in a solution prepared from papain-enzyme solution containing 0.5 M EDTA, cysteine-HCl and 1 mg/mL papain enzyme (Carica papaya, Sigma-Aldrich, Arklow, Ireland) at 60 °C for 12 h. The Blyscan sulphated glycosaminoglycan assay was then performed on the samples as per the manufacturer’s instructions. sGAG concentration was determined using a standard curve.




2.6. Histological Analysis of Cellular Infiltration and sGAG Distribution


Histological staining was performed to evaluate cellular infiltration, sGAG distribution and calcium deposition within the scaffolds. Scaffolds were formalin-fixed, paraffin-embedded and transversally sectioned at various depths on a microtome (Leica RM 2255, Leica, Wetzlar, Germany) to give 7 μm-thick sections. These sections were subsequently mounted on PolysineTM glass slides (Fisher-Scientific, Dublin, Ireland), deparaffinised and hydrated before staining. Stains used in the histological analysis were haematoxylin (Sigma-Aldrich, Arklow, Ireland), which stains the DNA and RNA rich cell nuclei blue; eosin (Sigma-Aldrich, Arklow, Ireland), which stains the ECM pink; thionine (Sigma-Aldrich, Arklow, Ireland), which stains sGAG purple; and alizarin red (Sigma-Aldrich, Arklow, Ireland), which stains calcium red [32,33]. The sections were successively imaged at several different magnifications using a Leica DMIL microscope (Leica, Wetzlar, Germany).




2.7. Gene Expression Analysis


To determine the expression of specific genetic markers associated with chondrogenic lineage, quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was conducted (Table 2). The total RNA was isolated from the scaffolds using a RNeasy kit (Qiagen, Manchester, UK) as previously described [34]. RNA was reverse-transcribed to cDNA at a final concentration of 2.5 ng/µL using a QuantiTect reverse-transcription kit (Qiagen, Manchester, UK) on a thermal cycler (Mastercycler Personal, Eppendorf, UK). qRT-PCR reactions were run on a 7500 real-time PCR System (Applied Biosystems, Loughborough, UK) using a QuantiTect SYBR Green PCR Kit (Qiagen, Manchester, UK). The relative expression of mRNA was calculated by delta Ct (∆Ct) method, where delta Ct (∆Ct) is the value obtained by subtracting the cycle threshold value (Ct) of a house-keeping gene, from the Ct value of the target mRNA type II collagen alpha 1 chain (COL2A1), type I collagen alpha 1 chain (COL1A1), aggrecan (ACAN), SRY-Box Transcription Factor 9 (SOX9), runt-related transcription factor 2 (RUNX2) and type X collagen alpha 1 chain (COL10A1). 18S ribosomal RNA (18S) was used as the housekeeping gene.




2.8. Protein Expression Analysis


To determine the level of expression of specific protein markers of chondrogenic lineage differentiation, Western blotting analysis was conducted. Cell-seeded scaffolds were manually homogenised, before measuring total protein content using a PierceTM BCA Protein Assay Kit (ThermoFisher Scientific, Dublin, Ireland). 10 μg total protein was incubated at 95 °C for 5 min with loading buffer, before loading into a gradient gel (Bolt 4–12% Bis-Tris Plus, ThermoFisher Scientific, Dublin, Ireland). Proteins were separated by electrophoresis and subsequently transferred to a polyvinylidene fluoride or polyvinylidene difluoride (PVDF) membrane, blocking with 5% w/v fat-free milk in 0.1% v/v Tris-buffered saline (TBS)-Tween 20 (TBST) (Sigma-Aldrich, Arklow, Ireland). The membrane was incubated at 4 °C overnight with a 1:1000 solution of diluted rabbit monoclonal [EPR12268] anti-type II collagen (COLII) antibody (Abcam, ab188570), 1:1000 diluted rabbit polyclonal anti-type X collagen (COLX) antibody (Abcam, ab58632) and 1:5000 rabbit polyclonal anti-GAPDH (GAPDH) antibody (Abcam, ab9485). Membranes were washed three times in TBST and then incubated with the respective secondary antibody for 1 h at room temperature (1:5000). Protein bands were visualised using a Super Signal West detection kit (Thermo Fisher Scientific, Dublin, Ireland). Protein bands were quantified using ImageJ2 software version 2.3.0.




2.9. Statistical Analysis


Data shown represent the grand mean from three individual human MSC donors (n = 3). Statistics were carried out using GraphPad Prism software version 9.2.0 using a general linear-model analysis of uncorrected Fisher’s LSD with individual variances computed for each comparison. p-values less than or equal to 0.05 (p ≤ 0.05) were considered statistically significant. * denotes p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001.





3. Results


3.1. All Scaffolds Sustained Human MSC Viability up to 28 Days in Culture


To assess biocompatibility, the capacity of the scaffolds to support cellular viability and sustain growth in culture was investigated. Biochemical assays to assess cellular metabolic activity and DNA content revealed that all scaffold variants performed well, demonstrating an equal ability to sustain cellular viability in vitro up to day 28 (Figure 2). Specifically, all scaffold variants resulted in significantly increased cellular metabolic activity at day 3 compared to day 0 (p ≤ 0.01), 21 (p ≤ 0.01) and 28 (p ≤ 0.001) (Figure 2A). The composite CI/II scaffolds possessed significantly lower levels of DNA compared to CI (p ≤ 0.01) and CI/II-HyA (p ≤ 0.01) scaffolds, although there were no statistical differences in DNA content between the other groups (Figure 2B). Scaffolds seeded with cells from donor 1 displayed the highest levels of DNA overall (0.3–0.6 μg/mL) compared to scaffolds seeded with donor 2 (0.2–0.3 μg/mL) and donor 3 (0.05–0.15 μg/mL).




3.2. All Scaffolds Supported Effective Deposition of sGAG, with Improved Cartilage-Like Matrix Formation for the Composite CI-HyA and CI/II-HyA Scaffolds


The ability of the scaffolds to direct MSC chondrogenesis and cartilage-like matrix formation in vitro was then evaluated. All scaffold variants sustained sGAG deposition by the cells in the matrices at day 28 (Figure 3). The composite CI/II-HyA scaffolds displayed the highest level of sGAG per scaffold (10.09 μg/mL) (Figure 3A). This was significantly greater than CI (p ≤ 0.0001), CI/II (p ≤ 0.0001) and CI-HyA (p ≤ 0.05) scaffolds. When normalised to DNA, sGAG were higher in CI-HyA (51.46 μg/μg) scaffolds compared to the other groups, with significance to CI (11.13 μg/μg) and CI/II (15.59 μg/μg) scaffolds (p ≤ 0.001) (Figure 3B). Although CI/II-HyA (28.15 μg/μg) scaffolds revealed lower sGAG/DNA levels compared to CI-HyA, they displayed significantly higher sGAG/DNA levels than CI (p ≤ 0.001) group.




3.3. Type II Collagen Incorporation in CI-HyA Scaffolds Enhanced sGAG Distribution without Promoting Further Calcium Deposition


To qualitatively assess the ability of the scaffolds to support human MSC migration and cartilage-like matrix distribution (represented by sGAG deposition) in the absence of bone-like matrix in the scaffolds, histological staining of the scaffolds was performed and analysed. Histological analysis revealed that all scaffold variants performed well, with an equal capacity to direct efficacious cellular infiltration and migration throughout the matrices (Figure 4). However, the incorporation of CII in combination with HyA, allowed CI/II-HyA scaffolds to achieve more homogeneous sGAG distribution throughout the matrix compared to the other scaffold variants as shown by thionine staining (Figure 5). Specifically, in the composite CI/II-HyA scaffolds, the majority of sGAG was found in the centre of the scaffold, in contrast to CI/II and CI-HyA scaffolds which primarily demonstrated peripheral distributions of sGAG. Moreover, although CI scaffolds were populated by cells, they generally showed minimal levels of sGAG in the scaffolds. In this context, alizarin red staining revealed that the presence of CII biomaterial allowed the scaffolds to maintain comparably low levels of calcium deposition than scaffolds in the absence of CII (Figure 6). However, although the incorporation of CII did not show reduced levels of calcium deposition with donor 1 and 2, scaffolds in the presence of CII revealed decreased bone-like tissue deposition than CI and CI-HyA scaffolds with donor 3. Overall, the composite CI/II-HyA scaffold induced efficacious cellular migration in parallel to an improved early cartilaginous matrix distribution throughout the scaffolds without promoting further bone-like tissue formation.




3.4. All Scaffolds Supported Effective Human MSC Chondrogenic Differentiation, with Reduced Expression of COL10A1 Gene in Composite CI/II-HyA Scaffolds


The capability of the scaffolds to sustain human MSC chondrogenic differentiation was then investigated by measuring the expression of specific genetic markers typically associated with effective chondrogenesis and late-stage MSC differentiation [35,36]. All scaffold variants sustained COL2A1, COL1A1, ACAN, SOX9, RUNX2 and COL10A1 gene expression by the MSCs at day 28 (Figure 7). COL10A1 gene expression levels were significantly downregulated in the composite CI/II-HyA scaffolds compared to CI (p ≤ 0.05), thus indicating the ability of the composite CI/II-HyA scaffolds to reduce hypertrophy, by preventing MSC hypertrophic differentiation and calcified cartilage formation (Figure 7D). There was no statistical difference in COL2A1/COL1A1, ACAN and SOX9/RUNX2 gene expression between the groups (Figure 7A–C).




3.5. Type II Collagen Incorporation in CI-HyA Scaffolds Decreased the Synthesis of COLX and Increased the Accumulation of COLII in the Matrices


Having confirmed that the scaffolds were a suitable platform to support MSC chondrogenesis, the expression of key cartilage ECM proteins typically associated with high-quality cartilage-like matrix formation and MSC hypertrophic differentiation was investigated [36,37]. Protein expression analysis revealed that the incorporation of CII in combination with HyA allowed CI/II-HyA scaffolds to accumulate the highest quantities of type II collagen (COLII) protein in the matrices compared to the other groups at day 28 with donor 1 and 2 (Figure 8A,E). Additionally, the synthesis of type X collagen (COLX) protein per scaffold was considerably downregulated by day 28 in the presence of CII biomaterial with donor 1 and 2 (Figure 8B,E). With donor 3, although the incorporation of CII in combination with HyA did not show the highest levels of COLII deposition, CI/II-HyA scaffolds accumulated increased COLII protein than CI and CI-HyA scaffolds. Moreover, low levels of COLX protein were detected in all groups seeded with donor 3 (Figure 8B).





4. Discussion


The overall aim of this study was to investigate the ability of type II collagen (CII)-containing scaffolds designed for enhanced cartilage repair to direct an effective human MSC chondrogenic response with reduced formation of calcified cartilage and endochondral bone. To this end, previously designed CII containing scaffolds in presence or absence of hyaluronic acid (HyA) within a type I collagen (CI) network were manufactured and cultured with MSCs from three individual human donors in vitro under chondrogenic conditions for 28 days [9]. The results reflected our previous study, which revealed the capacity of the composite CI/II-HyA scaffolds to enhance rat MSC chondrogenesis and early cartilaginous matrix deposition [9], albeit in this study using human primary cells. In addition, the results highlighted the ability of the CI/II-HyA scaffolds to direct reduced formation of hypertrophic cartilage. Specifically, the composite CI/II-HyA scaffolds led to improved human MSC chondrogenesis with the greatest cell-mediated synthesis and accumulation in the matrices of type II collagen (a principal cartilage ECM component), and reduced deposition of type X collagen (a key protein associated with MSC hypertrophic differentiation and calcified cartilage formation) [33,37]. Taken together, this study demonstrates the ability of CI/II-HyA scaffolds to enhance human MSC chondrogenesis while repressing further differentiation toward endochondral bone formation, thus providing promise for enhanced cartilage repair, with the potential of longer-lasting treatments in patients with articular joint injuries.



Complete analysis revealed that biologically, all collagen-based scaffolds performed well, supporting effective human MSC viability, migration and early cartilaginous-matrix deposition throughout the scaffolds. These results are not unexpected and reflect what was observed previously in our laboratory and in other studies evaluating the capacity of highly porous interconnected collagen-based scaffolds to facilitate efficacious cellular viability and matrix formation [11,12,38,39]. Moreover, the incorporation of CII in combination with HyA in CI/II-HyA scaffolds has been shown to improve early cartilaginous-matrix deposition and distribution (represented by sGAG) in the matrices as previously shown in our laboratory [9]. Therefore, the results demonstrate and confirm the importance of these cartilage ECM components to play a synergistic role in directing enhanced human MSC chondrogenesis and cartilage-like ECM formation in vitro. In addition, building on this earlier work, the results successfully translated to a human MSC-based study that represents the ideal choice of model to assess a scaffold biomaterial prior to further investigation in vivo and translation for human applications [40,41].



Another significant beneficial effect observed when combining CII with HyA was a more robust and higher-quality MSC-mediated chondrogenic response, which translated to increased deposition of COLII in the scaffolds at day 28. COLII is a major cartilage ECM protein composing the fibrillar collagen network in articular cartilage, which in combination with HyA and other minor components provides a supramolecular structural organisation that is essential to maintain relevant mechanical properties and provide integrity to the whole tissue [22,37]. With this in mind, the accumulation of COLII in the newly synthesised cartilage-like matrices in cartilage TERM remains one of the essential achievements that indicates increased quality of the engineered matrices [36,37]. In this study, protein expression analysis revealed that the composite CI/II-HyA scaffolds accumulated the highest levels of COLII at day 28 compared to the other scaffold variants. This specific beneficial effect of improved COLII deposition observed when combining CII with HyA in 3D porous scaffolds has not previously been described in the literature. However, the results were supported by a similar study showing that the combination of CII with chondroitin sulphate (another articular cartilage ECM component) in 3D scaffolds is critical to achieve increased COLII deposition by adipose-derived MSCs at day 28 [42]. Therefore, as discussed earlier, these findings suggest that the combination of CII with HyA is essential to enhance MSC chondrogenesis and early cartilaginous matrix deposition.



Protein expression analyses also revealed the promising ability for the composite CI/II-HyA scaffold to reduce hypertrophy by preventing MSC hypertrophic differentiation and calcified cartilage formation. In particular, the incorporation of CII into the scaffold led to improved MSC chondrogenesis with reduced cell-mediated deposition of COLX (a key protein associated with MSC hypertrophic differentiation) by day 28 [15,37]. Interestingly, the results suggested a potential independent role played by CII in controlling cellular hypertrophic events with human MSCs, consequently promoting higher quality engineered cartilage-like matrices. Previous studies have shown some potential for CII to direct effective MSC chondrogenic differentiation while reducing MSC’s hypertrophic tendency towards endochondral bone formation [23,24,28,29]. The results in this study were similar to those of a recent study showing a significant influence of CII on human MSCs that were firstly induced to chondrogenesis, and then to hypertrophy, downregulating COLX protein expression by the cells at day 28 [23]. In this study by Lian C. et al., CII’s ability to direct decreased expression of COLX through activation of the ERK1/2−SMAD1 pathway was proven, with consequent bone morphogenetic protein (BMP) inhibition [23]. Therefore, it is possible to speculate that the presence of CII in collagen-based scaffolds plays a major role as a signalling molecule that upon interaction with integrin β1 receptors activates the ERK1/2 complex, which in turn phosphorylates SMAD1, causing its inhibition. This provides some promise for CII to repress MSC hypertrophic differentiation toward endochondral bone formation. Further research could be undertaken to gain a deeper understanding of the cellular and molecular mechanisms governing this possible effect of CII when incorporated into 3D collagen-based biomaterials.



A full donor-by-donor analysis highlighted variable abilities of the human MSCs isolated from different individuals (donors 1, 2 and 3) to proliferate and respond to the chondrogenic stimuli provided in the scaffolds. This MSC heterogenicity is not a new phenomenon and is well-established in the literature, with several other studies revealing recurrent MSC donor-to-donor variability in various cell responses [43,44,45,46]. Consequent to our findings, the level of complexity in understanding specific donor-to-donor MSC responses has increased, and we believe this is an important factor which needs further evaluation and deeper comprehension in the field. In this study, scaffolds seeded with donor 3 presented the lowest overall levels of DNA, with peak cellular metabolic activity delayed by approximately 10 days compared to scaffolds seeded with donors 1 or 2 (data not shown). It is known that differentiation is a metabolically expensive cellular process that implicates a metabolic shift and higher levels of metabolism compared to cells during proliferation and expansion [47,48]. It can thus be assumed that the MSCs from donor 3 were initially less responsive to chondrogenesis and the chondrogenic cues, thus resulting in reduced differentiation and proliferation compared to donors 1 and 2. This may explain why low levels of DNA and overall sGAG were observed in the scaffolds seeded with donor 3. Moreover, low levels of COLX in parallel with increased calcium-like matrix deposition in scaffolds in the absence of CII were observed with donor 3. These findings support our initial hypothesis on CII effect in controlling cellular hypertrophic events and possibly suggest a more osteogenic-like behaviour of the MSCs isolated from donor 3, resulting in the formation of endochondral bone-like tissue. In terms of cartilage-like matrix deposition, donor 1 promoted the highest levels of sGAG compared to donors 2 and 3, which might highlight a better response to chondrogenesis in this group. Nevertheless, in the same context, donor 2 was associated with the lowest levels of gene expression and sGAG deposition. Unlike donor 3, which demonstrated a stronger osteogenic response (as previously discussed), the data suggest that donor 2 possessed intrinsically low chondrogenic/osteogenic ability with minimal capacity to respond to chondrogens. Therefore, while these findings highlight the donor-to-donor variability of these human MSCs, particularly in relation to sGAG levels between donors, protein expression analysis illustrated consistent responses in terms of the deposition of key cartilage ECM qualitative components such as COLII and COLX by the cells. We suggest that this increases the significance and impact of these findings and demonstrates the ability of CI/II-HyA scaffolds in directing enhanced, higher quality, cartilage-like matrix formation with reduced calcified cartilage formation. Taken together, the composite CI/II-HyA scaffolds have provided in vitro evidence of their promise in acting as a prospective “off-the-shelf” therapeutic biomaterial for enhanced and longer-lasting cartilage repair; further investigation in vivo is merited.




5. Conclusions


The results from this study demonstrate the ability of a highly porous type II collagen-containing scaffold, in combination with hyaluronic acid and type I collagen, to direct more effective human MSC chondrogenesis with reduced hypertrophy and calcified cartilage-like formation after 28 days of culture. This study provides evidence that the CI/II-HyA scaffold is a promising biomaterial warranting further investigation in vivo, with strong potential for future use as a simple and prospective “off the shelf” therapeutic approach to support longer-lasting cartilage-repair strategies in the clinic.







Author Contributions


Conceptualization, C.I., T.H., J.P.G. and F.J.O.; investigation, C.I. and T.H.; writing—review and editing, C.I., T.H., S.M.C., J.P.G. and F.J.O.; funding acquisition, J.P.G. and F.J.O. All authors have read and agreed to the published version of the manuscript.




Funding


This work was financially supported by the European Union’s Horizon 2020 research and innovation programme under Marie Sklodowska-Curie grant agreement n° 721432, and by the European Research Council (ERC) Advanced Grant n° 788753 (ReCaP).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Inacio, M.C.S.; Paxton, E.W.; Graves, S.E.; Namba, R.S.; Nemes, S. Projected increase in total knee arthroplasty in the United States—An alternative projection model. Osteoarthr. Cartil. 2017, 25, 1797–1803. [Google Scholar] [CrossRef]

	



Pabinger, C.; Lothaller, H.; Geissler, A. Utilization rates of knee-arthroplasty in OECD countries. Osteoarthr. Cartil. 2015, 23, 1664–1673. [Google Scholar] [CrossRef] [PubMed]

	



Combe, B.; Landewe, R.; Daien, C.I.; Hua, C.; Aletaha, D.; Álvaro-Gracia, J.M.; Bakkers, M.; Brodin, N.; Burmester, G.R.; Codreanu, C.; et al. 2016 update of the EULAR recommendations for the management of early arthritis. Ann. Rheum. Dis. 2017, 76, 948–959. [Google Scholar] [CrossRef] [PubMed]

	



Bannuru, R.R.; Osani, M.C.; Vaysbrot, E.E.; Arden, N.K.; Bennell, K.; Bierma-Zeinstra, S.M.A.; Kraus, V.B.; Lohmander, L.S.; Abbott, J.H.; Bhandari, M.; et al. OARSI guidelines for the non-surgical management of knee, hip, and polyarticular osteoarthritis. Osteoarthr. Cartil. 2019, 27, 1578–1589. [Google Scholar] [CrossRef] [PubMed]

	



Martel-Pelletier, J.; Barr, A.J.; Cicuttini, F.M.; Conaghan, P.G.; Cooper, C.; Goldring, M.B.; Goldring, S.R.; Jones, G.; Teichtahl, A.J.; Pelletier, J.P. Osteoarthritis. Nat. Rev. Dis. Prim. 2016, 2, 16072. [Google Scholar] [CrossRef]

	



Brittberg, M.; Recker, D.; Ilgenfritz, J.; Saris, D.B.F. Matrix-Applied Characterized Autologous Cultured Chondrocytes Versus Microfracture: Five-Year Follow-up of a Prospective Randomized Trial. Am. J. Sports Med. 2018, 46, 1343–1351. [Google Scholar] [CrossRef]

	



O’Brien, F.J. Biomaterials & scaffolds for tissue engineering. Mater. Today 2011, 14, 88–95. [Google Scholar]

	



Gomes, M.E.; Rodrigues, M.T.; Domingues, R.M.A.; Reis, R.L. Tissue Engineering and Regenerative Medicine: New Trends and Directions—A Year in Review. Tissue Eng. Part B Rev. 2017, 23, 211–224. [Google Scholar] [CrossRef]

	



Intini, C.; Lemoine, M.; Hodgkinson, T.; Casey, S.; Gleeson, J.; O’Brien, F.J. A highly porous type II collagen containing scaffold for the treatment of cartilage defects enhances MSC chondrogenesis and early cartilaginous matrix deposition. Biomater. Sci. 2022, 10, 970–983. [Google Scholar] [CrossRef]

	



Levingstone, T.J.; Ramesh, A.; Brady, R.T.; Brama, P.A.; Kearney, C.; Gleeson, J.P.; O’Brien, F.J. Cell-free multi-layered collagen-based scaffolds demonstrate layer specific regeneration of functional osteochondral tissue in caprine joints. Biomaterials 2016, 87, 69–81. [Google Scholar] [CrossRef]

	



Matsiko, A.; Levingstone, T.J.; O’Brien, F.J.; Gleeson, J.P. Addition of hyaluronic acid improves cellular infiltration and promotes early-stage chondrogenesis in a collagen-based scaffold for cartilage tissue engineering. J. Mech. Behav. Biomed. Mater. 2012, 11, 41–52. [Google Scholar] [CrossRef] [PubMed]

	



Raftery, R.M.; Gonzalez Vazquez, A.G.; Chen, G.; O’Brien, F.J. Activation of the SOX-5, SOX-6, and SOX-9 Trio of Transcription Factors Using a Gene-Activated Scaffold Stimulates Mesenchymal Stromal Cell Chondrogenesis and Inhibits Endochondral Ossification. Adv. Healthc. Mater. 2020, 9, 1901827. [Google Scholar] [CrossRef] [PubMed]

	



Dikina, A.D.; Almeida, H.V.; Cao, M.; Kelly, D.J.; Alsberg, E. Scaffolds Derived from ECM Produced by Chondrogenically Induced Human MSC Condensates Support Human MSC Chondrogenesis. ACS Biomater. Sci. Eng. 2017, 3, 1426–1436. [Google Scholar] [CrossRef]

	



Chen, S.; Fu, P.; Cong, R.; Wu, H.; Pei, M. Strategies to minimize hypertrophy in cartilage engineering and regeneration. Genes Dis. 2015, 2, 76–95. [Google Scholar] [CrossRef]

	



Occhetta, P.; Pigeot, S.; Rasponi, M.; Dasen, B.; Mehrkens, A.; Ullrich, T.; Kramer, I.; Guth-Gundel, S.; Barbero, A.; Martin, I. Developmentally inspired programming of adult human mesenchymal stromal cells toward stable chondrogenesis. Proc. Natl. Acad. Sci. USA 2018, 115, 4625–4630. [Google Scholar] [CrossRef] [PubMed]

	



Carballo, C.B.; Nakagawa, Y.; Sekiya, I.; Rodeo, S.A. Basic Science of Articular Cartilage. Clin. Sports Med. 2017, 36, 413–425. [Google Scholar] [CrossRef]

	



Lee, W.Y.; Wang, B. Cartilage repair by mesenchymal stem cells: Clinical trial update and perspectives. J. Orthop. Transl. 2017, 9, 76–88. [Google Scholar] [CrossRef]

	



O’Brien, F.J. Biomaterials & scaffolds every day thousands of surgical procedures are performed to replace. Mater. Today 2011, 14, 88–95. [Google Scholar]

	



Lin, W.; Klein, J. Recent Progress in Cartilage Lubrication. Adv. Mater. 2021, 33, 2005513. [Google Scholar] [CrossRef]

	



Fu, L.; Yang, Z.; Gao, C.; Li, H.; Yuan, Z.; Wang, F.; Sui, X.; Liu, S.; Guo, Q. Advances and prospects in biomimetic multilayered scaffolds for articular cartilage regeneration. Regen. Biomater. 2020, 7, 527–542. [Google Scholar] [CrossRef]

	



Shakibaei, M.; John, T.; De Souza, P.; Rahmanzadeh, R.; Merker, H.J. Signal transduction by beta1 integrin receptors in human chondrocytes in vitro: Collaboration with the insulin-like growth factor-I receptor. Biochem. J. 1999, 342 Pt 3, 615–623. [Google Scholar] [CrossRef] [PubMed]

	



Xin, W.; Heilig, J.; Paulsson, M.; Zaucke, F. Collagen II regulates chondrocyte integrin expression profile and differentiation. Connect. Tissue Res. 2015, 56, 307–314. [Google Scholar] [CrossRef] [PubMed]

	



Lian, C.; Wang, X.; Qiu, X.; Wu, Z.; Gao, B.; Liu, L.; Liang, G.; Zhou, H.; Yang, X.; Peng, Y.; et al. Collagen type II suppresses articular chondrocyte hypertrophy and osteoarthritis progression by promoting integrin β1−SMAD1 interaction. Bone Res. 2019, 7, 8. [Google Scholar] [CrossRef]

	



Garamszegi, N.; Garamszegi, S.P.; Samavarchi-Tehrani, P.; Walford, E.; Schneiderbauer, M.M.; Wrana, J.L.; Scully, S.P. Extracellular matrix-induced transforming growth factor-β receptor signaling dynamics. Oncogene 2010, 29, 2368–2380. [Google Scholar] [CrossRef]

	



Muttigi, M.S.; Kim, B.J.; Choi, B.; Han, I.; Park, H.; Lee, S.H. Matrilin-3-Primed Adipose-Derived Mesenchymal Stromal Cell Spheroids Prevent Mesenchymal Stromal-Cell-Derived Chondrocyte Hypertrophy. Int. J. Mol. Sci. 2020, 21, 8911. [Google Scholar] [CrossRef] [PubMed]

	



Aisenbrey, E.A.; Bryant, S.J. The role of chondroitin sulfate in regulating hypertrophy during MSC chondrogenesis in a cartilage mimetic hydrogel under dynamic loading. Biomaterials 2019, 190–191, 51–62. [Google Scholar] [CrossRef]

	



Liu, Q.; Wang, J.; Chen, Y.; Zhang, Z.; Saunders, L.; Schipani, E.; Chen, Q.; Ma, P.X. Suppressing mesenchymal stem cell hypertrophy and endochondral ossification in 3D cartilage regeneration with nanofibrous poly(l-lactic acid) scaffold and matrilin-3. Acta Biomater. 2018, 76, 29–38. [Google Scholar] [CrossRef]

	



Lu, Z.; Doulabi, B.Z.; Huang, C.; Bank, R.A.; Helder, M.N. Collagen Type II Enhances Chondrogenesis in Adipose Tissue–Derived Stem Cells by Affecting Cell Shape. Tissue Eng. Part A 2010, 16, 81–90. [Google Scholar] [CrossRef]

	



Choi, B.; Kim, S.; Lin, B.; Wu, B.M.; Lee, M. Cartilaginous Extracellular Matrix-Modified Chitosan Hydrogels for Cartilage Tissue Engineering. ACS Appl. Mater. Interfaces 2014, 6, 20110–20121. [Google Scholar] [CrossRef]

	



Haugh, M.G.; Murphy, C.M.; O’Brien, F.J. Novel Freeze-Drying Methods to Produce a Range of Collagen–Glycosaminoglycan Scaffolds with Tailored Mean Pore Sizes. Tissue Eng. Part C Methods 2010, 16, 887–894. [Google Scholar] [CrossRef]

	



González-Vázquez, A.; Raftery, R.M.; Günbay, S.; Chen, G.; Murray, D.J.; O’Brien, F.J. Accelerating bone healing in vivo by harnessing the age-altered activation of c-Jun N-terminal kinase 3. Biomaterials 2021, 268, 120540. [Google Scholar] [CrossRef]

	



Bulstra, S.K.; Drukker, J.; Kuijer, R.; Buurman, W.A.; van der Linden, A.J. Thionin Staining of Paraffin and Plastic Embedded Sections of Cartilage. Biotech. Histochem. 1993, 68, 20–28. [Google Scholar] [CrossRef] [PubMed]

	



Knuth, C.; Sastre, E.A.; Fahy, N.; Witte-Bouma, J.; Ridwan, Y.; Strabbing, E.; Koudstaal, M.; van de Peppel, J.; Wolvius, E.; Narcisi, R.; et al. Collagen type X is essential for successful mesenchymal stem cell-mediated cartilage formation and subsequent endochondral ossification. Eur. Cells Mater. 2019, 38, 106–122. [Google Scholar] [CrossRef]

	



Duffy, G.; McFadden, T.; Byrne, E.; Gill, S.-L.; Farrell, E.; O’Brien, F. Towards in vitro vascularisation of collagen-GAG scaffolds. Eur. Cells Mater. 2011, 21, 15–30. [Google Scholar] [CrossRef]

	



Goldring, M.B. Chondrogenesis, chondrocyte differentiation, and articular cartilage metabolism in health and osteoarthritis. Ther. Adv. Musculoskelet. Dis. 2012, 4, 269–285. [Google Scholar] [CrossRef] [PubMed]

	



Singh, P.; Marcu, K.B.; Goldring, M.B.; Otero, M. Phenotypic instability of chondrocytes in osteoarthritis: On a path to hypertrophy. Ann. N. Y. Acad. Sci. 2019, 1442, 17–34. [Google Scholar] [CrossRef] [PubMed]

	



Firner, S.; Zaucke, F.; Michael, J.; Dargel, J.; Schiwy-Bochat, K.-H.; Heilig, J.; Rothschild, M.A.; Eysel, P.; Brüggemann, G.-P.; Niehoff, A. Extracellular Distribution of Collagen II and Perifibrillar Adapter Proteins in Healthy and Osteoarthritic Human Knee Joint Cartilage. J. Histochem. Cytochem. 2017, 65, 593–606. [Google Scholar] [CrossRef] [PubMed]

	



Szychlinska, M.A.; Calabrese, G.; Ravalli, S.; Dolcimascolo, A.; Castrogiovanni, P.; Fabbi, C.; Puglisi, C.; Lauretta, G.; Di Rosa, M.; Castorina, A.; et al. Evaluation of a Cell-Free Collagen Type I-Based Scaffold for Articular Cartilage Regeneration in an Orthotopic Rat Model. Materials 2020, 13, 2369. [Google Scholar] [CrossRef]

	



Murphy, C.M.; Duffy, G.P.; Schindeler, A.; O’Brien, F.J. Effect of collagen-glycosaminoglycan scaffold pore size on matrix mineralization and cellular behavior in different cell types. J. Biomed. Mater. Res. Part A 2016, 104, 291–304. [Google Scholar] [CrossRef]

	



O’Connor, K.C. Molecular Profiles of Cell-to-Cell Variation in the Regenerative Potential of Mesenchymal Stromal Cells. Stem Cells Int. 2019, 2019, 5724874. [Google Scholar] [CrossRef]

	



Wilson, A.; Hodgson-Garms, M.; Frith, J.E.; Genever, P. Multiplicity of Mesenchymal Stromal Cells: Finding the Right Route to Therapy. Front. Immunol. 2019, 10, 1112. [Google Scholar] [CrossRef] [PubMed]

	



Tamaddon, M.; Burrows, M.; Ferreira, S.A.; Dazzi, F.; Apperley, J.F.; Bradshaw, A.; Brand, D.D.; Czernuszka, J.; Gentleman, E. Monomeric, porous type II collagen scaffolds promote chondrogenic differentiation of human bone marrow mesenchymal stem cells in vitro. Sci. Rep. 2017, 7, 43519. [Google Scholar] [CrossRef] [PubMed]

	



Kanawa, M.; Igarashi, A.; Fujimoto, K.; Higashi, Y.; Kurihara, H.; Sugiyama, M.; Saskianti, T.; Kato, Y.; Kawamoto, T. Genetic Markers Can Predict Chondrogenic Differentiation Potential in Bone Marrow-Derived Mesenchymal Stromal Cells. Stem Cells Int. 2018, 2018, 9530932. [Google Scholar] [CrossRef] [PubMed]

	



Yusop, N.; Battersby, P.; Alraies, A.; Sloan, A.J.; Moseley, R.; Waddington, R.J. Isolation and Characterisation of Mesenchymal Stem Cells from Rat Bone Marrow and the Endosteal Niche: A Comparative Study. Stem Cells Int. 2018, 2018, 6869128. [Google Scholar] [CrossRef] [PubMed]

	



Narcisi, R.; Cleary, M.A.; Brama, P.A.; Hoogduijn, M.J.; Tüysüz, N.; Berge, D.T.; van Osch, G.J. Long-Term Expansion, Enhanced Chondrogenic Potential, and Suppression of Endochondral Ossification of Adult Human MSCs via WNT Signaling Modulation. Stem Cell Rep. 2015, 4, 459–472. [Google Scholar] [CrossRef]

	



Scharstuhl, A.; Schewe, B.; Benz, K.; Gaissmaier, C.; Bühring, H.-J.; Stoop, R. Chondrogenic Potential of Human Adult Mesenchymal Stem Cells Is Independent of Age or Osteoarthritis Etiology. Stem Cells 2007, 25, 3244–3251. [Google Scholar] [CrossRef]

	



Li, Q.; Gao, Z.; Chen, Y.; Guan, M.-X. The role of mitochondria in osteogenic, adipogenic and chondrogenic differentiation of mesenchymal stem cells. Protein Cell 2017, 8, 439–445. [Google Scholar] [CrossRef]

	



Pattappa, G.; Heywood, H.K.; de Bruijn, J.D.; Lee, D.A. The metabolism of human mesenchymal stem cells during proliferation and differentiation. J. Cell. Physiol. 2011, 226, 2562–2570. [Google Scholar] [CrossRef]








[image: Bioengineering 09 00232 g001 550] 





Figure 1. Illustrative scheme describing the experimental design. Collagen-based scaffolds were seeded with human MSCs and processed for histological, sGAG/DNA and gene/protein expression analysis after 28 days in culture. 






Figure 1. Illustrative scheme describing the experimental design. Collagen-based scaffolds were seeded with human MSCs and processed for histological, sGAG/DNA and gene/protein expression analysis after 28 days in culture.



[image: Bioengineering 09 00232 g001]







[image: Bioengineering 09 00232 g002 550] 





Figure 2. All collagen scaffolds supported human MSC viability up to 28 days in culture. Cellular metabolic activity per scaffold was determined and normalised to CI scaffolds at time 0 after 0, 3, 10, 14, 21 and 28 days in culture (A). The DNA content per scaffold was determined after 28 days in culture (B). Data shown represent the grand mean from three individual human MSC donors n = 3 (unless indicated differently). ** denotes p ≤ 0.01 and *** = p ≤ 0.001. 
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Figure 3. All scaffolds supported effective sGAG deposition by the human MSCs, with improved cartilage-like matrix deposition for the composite CI-HyA and CI/II-HyA scaffolds. Overall sGAG per scaffold (A) and sGAG normalised to DNA content (B), respectively, were determined after 28 days in culture. Data shown represent the grand mean from three individual human MSC donors n = 3 (unless indicated differently). * denotes p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 and **** = p ≤ 0.0001. 
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Figure 4. All collagen scaffolds demonstrated an equal capacity to sustain cellular infiltration and migration. Representative histological images of cell-seeded scaffolds stained with haematoxylin and eosin after 28 days in culture. Scale bar represents 100 µm length (top images) and 50 µm length (bottom images). Histological images were collected for scaffolds seeded with human MSCs from donor 1, 2 and 3, respectively. 
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Figure 5. The incorporation of CII in combination with HyA improved sGAG distribution. Representative histological images of cell-seeded scaffolds stained with thionine after 28 days in culture. Scale bar represents 200 µm length (top images) and 100 µm length (bottom images). The histological images were collected for scaffolds seeded with human MSCs from donors 1, 2 and 3. 
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Figure 6. The incorporation of CII did not promote further bone-like tissue formation. Representative histological images of cell-seeded scaffolds stained with alizarin red after 28 days in culture. Scale bar represents 200 µm length (top images) and 100 µm length (bottom images). The histological images were collected for scaffolds seeded with human MSCs from donors 1, 2 and 3. 
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Figure 7. All collagen scaffolds supported the expression of genes associated with effective human MSC chondrogenic differentiation, with reduced expression of COL10A1 gene in composite CI/II-HyA scaffolds. The expression of ACAN (B) and COL10A1 (D) genes was determined after 28 days in culture, normalised to 18S and then converted to relative gene expression using the formula: Fold increase = 2^(−∆Ct). The ratios between COL2A1/COL1A1 and SOX9/RUNX2 genes are shown in (A,C). Data shown represent the grand mean from three individual human MSC donors n = 3. * denotes p ≤ 0.05. 
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Figure 8. The incorporation of CII was associated with a reduction of COLX synthesis, and in combination with HyA, was found to increase the accumulation of COLII in the matrices by day 28. The expression of COLII (A), COLX (B) and GAPDH (housekeeper) (C) proteins was determined for scaffolds seeded with human MSCs from donors 1, donor 2 and donor 3 after 28 days in culture. COLII and COLX protein expression was also determined on cell-free scaffolds (D). The relative protein-band intensity of COLII and COLX was quantified and normalised to GAPDH (E). 
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Table 1. Experimental collagen-based scaffolds manufactured and investigated for cartilage-like tissue regeneration. Scaffold biomaterials composed of type I collagen (CI) and type II collagen (CII) at various ratios were prepared to a final collagen concentration of 0.5% (w/v), in the presence or absence of hyaluronic acid (HyA) at concentration of 0.05% (w/v).
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	Scaffold type
	CI% (w/v)
	HyA% (w/v)
	CII% (w/v)





	CI
	0.50%
	/
	/



	CI/II
	0.25%
	/
	0.25%



	CI-HyA
	0.50%
	0.05%
	/



	CI/II-HyA
	0.25%
	0.05%
	0.25%
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Table 2. List of gene transcripts analysed by qRT-PCR. Qiagen QuantiTect validated primers used to analyse the expression levels of target genes.






Table 2. List of gene transcripts analysed by qRT-PCR. Qiagen QuantiTect validated primers used to analyse the expression levels of target genes.





	Target Gene
	Target Gene Referencce
	Catalogue Code





	Collagen type II alpha 1 chain

(COL2A1)
	Hs_COL2A1_1_SG
	QT00049518



	Collagen type I alpha 1 chain

(COL1A1)
	Hs_COL1A1_1_SG
	QT00037793



	Aggrecan (ACAN)
	Hs_ACAN_1_SG
	QT00001365



	SRY-Box Transcription Factor 9

(SOX9)
	Hs_SOX9_1_SG
	QT00001498



	Runt-related transcription factor 2

(RUNX2)
	Hs_RUNX2_1_SG
	QT00020517



	Collagen type X alpha 1 chain

(COL10A1)
	Hs_COL10A1_1_SG
	QT00096348



	18s ribosomal RNA (18S)
	Hs_RRN18S_1_SG
	QT00199367
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