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The intricate nature of native cartilage, characterized by zonal variations in oxygen levels and ECM composition, poses a challenge for existing hydrogel-based tissue models. Consequently, these 3D models often present simplified renditions of the native tissue, failing to fully capture its heterogenous nature. The combined effects of hydrogel components, network properties, and structural designs on cellular responses are often overlooked. In this work, we aim to establish more physiological cartilage models through biofabrication of photopolymerizable allylated-gelatin (GelAGE) and Thiolated Heparin (HepSH) constructs with tailorable matrix stiffness and customized architectures. This involves systematically studying how the native glycosaminoglycan Heparin together with hydrogel stiffness, and oxygen availability within 3D structures influence chondrogenic differentiation and regional heterogeneity. A comprehensive library of 3D hydrogel constructs was successfully developed, encompassing GelAGE-HepSH hydrogels with three distinct stiffness levels: 12, 55 and 121 kPa, and three unique geometries: spheres, discs, and square lattices. In soft GelAGE-HepSH hydrogels, the localization of differentiating cells was observed to be irregular, while stiff hydrogels restricted the overall secretion of ECM components. The medium-stiff hydrogels were found to be most applicable, supporting both uniform tissue formation and maintained shape fidelity. Three different 3D architectures were explored, where biofabrication of smaller GelAGE-HepSH spheres without oxygen gradients induced homogenous, hyaline cartilage tissue formation. Conversely, fabrication of larger constructs (discs and lattices) with oxygen gradients could be utilized to design heterogenous cartilage tissue models. Similarly, temporal oxygen gradients were observed to drive interconnected deposition of glycosaminoglycans (GAGs). Control samples of GelAGE without HepSH did not exhibit any notable changes in chondrogenesis as a function of stiffness, architectures, or oxygen concentrations. Overall, the incorporation of HepSH within GelAGE hydrogels was observed to serve as an amplifier for the biological effects from both stiffness and oxygen cues. In conclusion, fabrication of GelAGE-HepSH constructs designed to impose limitations on oxygen availability induce more zone-specific cartilage tissue alignment. This systematic study of matrix components, network stiffness, and oxygen levels in 3D biofabricated structures contributes to the development of more physiologically relevant cartilage models while further enhancing our overall understanding of cartilage tissue engineering.
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1 INTRODUCTION
Amongst the ever-growing library of biomaterials used for tissue engineering and regenerative medicine (TERM) based approaches, gelatin hydrogels have consistently demonstrated efficacy as highly hydrated matrices for 3D cell culture (Klotz et al., 2016; Occhetta et al., 2015; Yue et al., 2015; Schuurman et al., 2013; Zhao et al., 2015). While examples include liver (Lewis et al., 2018; Wang et al., 2020; Lv et al., 2022), cardiac (McCain et al., 2014; Tijore et al., 2018), and bone (Chiesa et al., 2020; Leucht et al., 2020), one of the most common applications of gelatin hydrogels includes the encapsulation of chondrocytes within these hydrogels to fabricate cartilage tissue models (Klotz et al., 2016; Occhetta et al., 2015; Yue et al., 2015; Schuurman et al., 2013; Meng et al., 2019; Choi et al., 2019; Hölzl et al., 2022; Tsai et al., 2020; Pan et al., 2022). Gelatin hydrogels possesses several attractive features, such as their biocompatibility, tunable mechanical properties, and ability to support cellular functions crucial for tissue development. In efforts to better mimic the native hierarchically organized structure of cartilage (Sophia Fox et al., 2009; Huey et al., 2012; Boushell et al., 2017; Francis et al., 2018), a main focus of the past decade has been to converge these gelatin hydrogels with various additive manufacturing technologies (Klotz et al., 2016; Levato et al., 2020). This allows for the fabrication of complex 3D structures with precise control over construct shape, size and porosity. As such, rapid advancements of new constructs with microfiber-reinforced hydrogels have emerged as they are able to capture distinct mechanical zones of cartilage (Castilho et al., 2019; Steele et al., 2022). Despite these exciting advances in mechanical stability, cartilage 3D models still demonstrate a limited ability to replicate the heterogenous nature of the cartilage extra cellular matrix (ECM) (Lammi et al., 2018; Stampoultzis et al., 2021; Schäfer and Grässel, 2023). More specifically, cells are often unable to initiate zonal matrix deposition as the process relies on the intricate interaction between hydrogels and encapsulated cells (Lammi et al., 2018; Stampoultzis et al., 2021; Schäfer and Grässel, 2023).
Many of the physiological design criteria remain largely undefined due to the complexity and diversity of the cell interactions that occur in a hydrogel system. Specifically, the synergistic interplay between ECM molecules within the hydrogels, the stiffness of the gelatin hydrogel, and the localized presence of oxygen across different architectures. While hydrogels with stiffness values in the range of 1–30 kPa have often shown favorable outcomes in terms of chondrogenic differentiation in vitro (Levett et al., 2014; Wang et al., 2014; Visser et al., 2015; Visser et al., 2015; Li et al., 2016), the mechanism by which stiffness and ECM molecules can interplay to guide the formation of specific tissue regions remains understudied. For example, the incorporation of biological elements (e.g., glycosaminoglycans) in gelatin hydrogels is not consistently an efficient strategy to control the formation of cartilage tissue within in vitro models. Some studies demonstrating increased chondrogenesis following the inclusion of GAGs in gelatin hydrogels (Levett et al., 2014), while others report limited biological benefits with ECM matrix components (Visser et al., 2015). This variability is due to then many confounding parameters within the gelatin hydrogel system, especially stiffness (Martyniak et al., 2022). In addition, the sample architecture is often highly variable between different studies which may further affect the biological function of the ECM molecules within the hydrogel network. How these structural designs and network properties further correlate with downstream cellular access to oxygen is often overlooked (Rouwkema et al., 2010; Figueiredo et al., 2018). Unfortunately, the characterization of oxygen availability within 3D bioprinted, photopolymerized, structures is seldom reported on, primarily due to the complexities associated with analyzing or modelling oxygen in cell-laden hydrogels (Figueiredo et al., 2020). These factors include complex structures, heterogeneous crosslinking and mesh sizes, possible interactions between charged molecules, oxygen inhibition of free radical photopolymerization reactions, dynamic cellular oxygen consumption rates, enzymatic degradation of gelatin hydrogels, as well as static and dynamic cultures (Compañ et al., 1996; Malda et al., 2004; Bertlein et al., 2017; Axpe et al., 2019; Magliaro et al., 2019; Figueiredo et al., 2020). Furthermore, cellular activities and spatial reorganization is known to contribute to varying levels of oxygen exposure for chondrocytes (Zhou et al., 2004; Fathollahipour et al., 2018; Rogers and Meng, 2023). Importantly, dynamic oxygen fluctuations are often observed during the developmental or tissue maturation phase of cartilage as part of the continuous adaptation to the changes in mechanical and metabolic demands (Zhou et al., 2004; Rogers and Meng, 2023). Taken together, this underlines that the field of biomaterials and biofabrication still requires systematic investigation of the interplay between a range of these biological, physical, and structural properties and the downstream cellular functions in order to develop more physiological relevant in vitro cartilage models using hydrogels.
In this study, we aim to apply allylated gelatin (GelAGE) and a thiolated version of the ECM molecule Heparin (HepSH) as a versatile biomaterial platform with customizable stiffness and architectures to biofabricate cartilage models with more zone-like tissue heterogeneity. We seek to firstly incorporate HepSH in GelAGE as a bioactive component to drive cellular differentiation in the bioinks. We will herein systematically investigate the synergistic effects of covalent incorporation of bioactive HepSH with network stiffness and subsequent oxygen levels within biofabricated 3D structures on chondrogenesis. This provides a promising approach to engineer cartilage tissue models that more closely resemble the native tissue architecture, facilitating future studies on cartilage development, disease modelling, and drug screening.
2 MATERIALS AND METHODS
2.1 Materials and reagents
Gelatin (porcine skin, type A, gel strength 300), Heparin sodium salt (porcine intestinal mucosa, grade I-A), allyl glycidyl ether (AGE), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 1-hydroxybenzotriazole hydrate (HOBt), cysteamine, dialysis tubing cellulose membrane (MWCO 14 and 1 kDa), proteinase K, Trizma® base, ethylenediaminetetraacetic acid disodium salt dihydrate (Di-sodium-EDTA), 1,9-dimethyl-methylene blue zinc chloride double salt (DMMB), chondroitin-4-Sulfate, 4% neutral buffered formalin, glycine, sodium chloride (NaCl), phosphate buffered saline (PBS), sodium azide, hyaluronidase, ITS+1, L-proline, L-ascorbic acid-2-phosphate sesquimagnesium salt (AsAp), dexamethasone, fast green FCF, safranin-O, hydrochloric acid (37%), sodium hydroxide (NaOH), sodium bicarbonate, ß-mercapto-ethanol and primary antibody for Connexin43 (C6219) were all purchased from Sigma-Aldrich, St Louis, MO. 0.25% Trypsin-EDTA solution (with phenol red), CyQuant® cell proliferation assay kit, Gibco DMEM hi-glucose glutamax media, bovine serum albumin (BSA), Gibco 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), Gibco non-essential amino acids (NEAA), penicillin-streptomycin (10,000 U/mL and 10,000 μg/mL), Gibco fetal bovine serum (FBS), goat-anti-mouse secondary antibody (Alexa Fluor 488), 4,6-diamidino-2-phenylindole (D1306, DAPI), molecular probes calcein-AM and propidium iodide was obtained from Thermo Fisher Scientific, Auckland, NZ. Primary antibodies collagen II (II-II6B3-C) were acquired from DSHB, Iowa City, United States. Primary antibodies for collagen I (Ab34710) and aggrecan (ab3773) was obtained from Abcam, Melbourne, Australia. Transforming growth factor β-1 (TGFβ-1) was purchased from R&D systems, Minneapolis, United States. Type II collagenase (source: Clostridium histolyticum) was purchased from Worthington biochemical corporation, Lakewood, United States. Di-sodium hydrogen phosphate (NA2HPO4), acetic acid (glacial, 100%), and Gill’s hematoxylin was purchased from Merck Millipore, North Shore City, NZ. Tissue-Tek® O.C.T Compound Sakura® Fintek was purchased from VWR International, Radnor, United States.
2.2 Macromer synthesis
HepSH and GelAGE were synthesized using protocols based on previously described methods (Bertlein et al., 2017; Brown et al., 2017). In short, Heparin was dissolved in PBS at 1 wt% and allowed to react with EDC, HOBt, and cysteamine, with 3.5-, 2.5-, and 3-fold molar excess over carboxylic groups, respectively. The pH was adjusted to 6.8 and the reaction was allowed to continue for 5 h at RT and was subsequently dialyzed (MWCO 14 kDa) against deionized water in order to remove unreacted molecules. Gelatin was dissolved in milliQ at 10 wt% and allowed to react with 12 mmol of AGE and 2 mmol NaOH per Gram of gelatin. The reaction was allowed to continue for 1 h at 65°C and the solution was dialyzed (MWCO 1 kDa) against deionized water. All macromer products were sterile filtered, lyophilized and stored at −20°C until use. The degree of modification (DoM), defined as the percentage of reactive groups that are modified, was determined using 1H-NMR and Ellman’s assay according to previously described protocols (Nilasaroya et al., 2008; Benton et al., 2009; Bertlein et al., 2017; Brown et al., 2017; Soliman et al., 2020; Yang et al., 2021; Cui et al., 2022; Soliman et al., 2023).
2.3 Hydrogel fabrication
All hydrogel precursor solutions, as detailed in Table 1, were prepared by dissolving 20 wt% of GelAGE and 30–120 mM Dithiothreitol (DTT) in PBS supplemented with final photo-initiator concentrations of 1/10 mM Ru/SPS as previously described (Bertlein et al., 2017). To initiate cross-linking, the solutions were irradiated with 400–450 nm Vis-light (Rosco IR/UV filter equipped to OmniCure® S1500, Excelitas Technologies) for 3 min at 30 mW/cm2 based on literature recommendations (Lim et al., 2016; Yang et al., 2021). All samples were photo-polymerized in an open environment (atmospheric oxygen). Fabrication of hydrogel discs were achieved by crosslinking the precursory solution in custom made silicone molds (ø5.5 mm and 2 mm deep).
TABLE 1 | Hydrogel fabrication parameters.
[image: Table 1]2.4 Sacrificial bioprinting of fabrication of lattice structures
Extrusion printing was achieved with a Bioplotter (Sys + Eng, Germany) in a laminar-flow hood by extrusion of 30 wt% Pluronic®-F127 through a 23G (0.3 mm ID) needle. Pluronic®-F127 and the printing plate were set at 25°C and 30°C, respectively, by two separate Thermocube heating/cooling control loops (SSC Systems, NY, United States). Sterile Pluronic®-F127 stock solution was prepared through stirring vigorously overnight at 4°C followed by filtration (0.22 µm). Pluronic®-F127 was deposited in a layer-by-layer 0°–90° fashion into a 6-layered sacrificial template (12 × 12 mm) using 700 mm min-1 feed rate and 8 rpm auger speed; yielding ink filament size of 0.5 mm. Cell-laden GelAGE or GelAGE-HepSH precursor solutions were pipetted over the pluronic construct, filling the void in the template and generating positive filament imprints, followed by photo-initiated radical crosslinking as previously described. The constructs were washed with cold PBS (4°C, 10 min) to elute the sacrificial Pluronic structure. The residual polymerized hydrogel construct was transferred to fresh expansion media (DMEM hi-glucose glutamax media, 1% PenStrep, 10% FBS, and 0.1 mM AsAp), incubated at 37°C overnight and subsequently refreshed with chondrogenic differentiation media (DMEM hi-glucose glutamax media, 1% PenStrep, 1% ITS+, 0.2 mM AsAp, 0.1 µM Dexamethasone, 1.25 mg/mL BSA, and 10 ng/mL TGFβ).
2.5 Generation of spheres using microfluidics
A T-junction chamber served as a base for the microfluidic device, fabricated with clear resin on a Form2 SLA printer (Formlabs, Somerville, MA, United States) using 50 μm layers. All SLA-printed components were post-processed by washing twice in >95% isopropyl alcohol (IPA) for 10 min to ensure residual un-crosslinked resin was removed. The construct was subsequently removed from the support material and post-cured with 320–500 nm light at 150 mW/cm2 for 10–30 min (OmniCure® S1500). Sterile oil (canola oil) for the continuous phase was prepared by dry heat sterilization (3–4 h at 160°C) and was loaded in a 30 mL syringe (Terumo Luer Lock), injected perpendicular to the main axis of the T-junction using a Nylon male Luer integral lock ring to 1/4–28 UNF Thread (Value Plastics, CO, United States) and silicone washer to prevent leakage. A capillary of 660 µm outer diameter/530 µm inner diameter (Postnova Analytics, Germany) was fitted inside the channel of the T-Junction chamber and connected to a chemical resistant tubing (Tygon, Saint-Gobain, France) at the outlet side. The assembled fittings and tubes were all soaked in 96% EtOH overnight while the T-junction chamber was soaked in 70% EtOH for 10min, followed by rinsing and washing in sterile PBS prior to use. Cell-laden GelAGE or GelAGE-HepSH precursor solutions, prepared as previously described, was transferred into a 1 mL syringe (Terumo Luer Lock) and connected to the capillary on the microfluidic. Two syringe pumps (NE-300, New Era Instruments, United States) were applied to deliver 1,000 μL/mL and 50 μL/mL flow rates of the continuous and dispersed phase, respectively. The outlet tubing coil was placed under 400–450 nm light, and the spheres travelled through the tubing for 3 min, irradiated at 100 mW/cm2 (Rosco IR/UV filter equipped to OmniCure® S1500). The effective time the spheres were exposed to the light was however 1 min as the area of light projection from the light guide was smaller than the tube coil. The fabricated spheres were collected and washed in PBS three times using centrifugation (500 x g, 3min) to remove residual oil.
2.6 Characterization of mass loss and swelling
After polymerization, casted disc hydrogels were weighed (miw) and three samples per hydrogel composition were directly lyophilized to record their initial dry weights (mid) and determine the actual macromer weight fraction (m%), which is reported as the ratio of the initial dry weight to the initial weight.
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To determine the initial dry weight of the remaining samples, the factor of the actual macromer fraction and individual initial weight was used.
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The remaining samples were allowed to swell in PBS solution, containing 0.1 wt% sodium azide, as an anti-microbial, at 37°C for 1 day. Swollen hydrogel samples were collected to record wet weight (ms), then lyophilized to obtain the freeze-dried weight (md) and the mass loss and mass swelling ratio (q) was calculated according to the following calculations:
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The sol fraction of the hydrogels is defined as macromer not crosslinked into the hydrogel network and determined as the mass loss after equilibrium swelling (t = 1 day).
2.7 Quantification of Heparin retention in cell-free hydrogels
Following polymerization and incubation in PBS, containing 0.1 wt% sodium azide, at 37°C for 24 h, hydrogel samples were removed and digested at 56°C in 1 mg/mL proteinase K, dissolved in 10 mM Tris-HCl and 1 mM disodium EDTA solution. The PBS incubation liquid and its matching digested hydrogel sample were both allowed to react with DMMB to quantify the Heparin content. In brief, 50 µL of each sample and standard curve dilutions were transferred in triplicates to a 96-well microplate, to which 200 µL of DMMB solution was added and the absorbance was read at 520 nm (Thermo Scientific Varioskan Flash). Heparin content in both hydrogels (mg) and surrounding PBS liquid (mL) could be calculated from a matching standard curve generated by reacting known amounts of Heparin and HepSH with the DMMB agent. The retention, defined as the percentage of macromer not released to the surrounding liquid, could then be calculated for each time point using the following equation:
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Where mg is the mass of Heparin macromers found in the digested hydrogels and ml is the mass of Heparin macromers found leached out to the surrounding PBS that the corresponding hydrogel was submerged in.
2.8 Cell isolation, expansion, and encapsulation
Chondrocytes were harvested from macroscopically normal regions of articular cartilage with consent from human patients undergoing ACL reconstruction (Health and Disability Ethics Committee New Zealand, URB/07/04/014/AM02). The tissue was collected from four donors (Sex: 3 female and 1 male, Age: 18–25 years, Ethnicity: 3 New Zealand European descent and 1 Māori descent) and digested in chondrogenic expansion media (DMEM hi-glucose glutamax media, 1% PenStrep, 10% FBS, and 0.1 mM AsAp) with 0.15% type II collagenase at 37°C in a humidified air incubator (set points: 5% CO2, 21% O2; actual: 5% CO2, 18%–20% O2) for 16–20 h. The solution was filtered through a cell strainer and isolated chondrocytes were expanded (525,000 cells per 175 cm2 flask) into high-density monolayers for three passages cultured in chondrogenic expansion media and used for downstream cell culture experiments. Each experiment utilized cells from a single donor, and for each subsequent experimental repeat, a new donor was introduced to capture donor diversity across the collated results. The expanded chondrocytes were trypsinized (0.25% Trypsin in EDTA) and subsequently encapsulated in GelAGE and GelAGE-HepSH hydrogels as a single cell suspension at a concentration of 15 × 106 cells/mL. The cell-laden hydrogel constructs were cultured in chondrogenic differentiation media (DMEM hi-glucose glutamax media, 1% PenStrep, 1% ITS+, 0.2 mM AsAp, 0.1 µM Dexamethasone, 1.25 mg/mL BSA, and 10 ng/mL TGFβ) for up to 5 weeks to assess potential synergistic biological effects of hydrogel matrix components, stiffness, and architecture. Constructs were cultured at either hyperoxic (set points: 5% CO2, 21% O2, 37°C; actual: 5% CO2, 18%–20% O2, 37 °C) or physiological oxygen (physoxic/physioxic) conditions (5%–1% O2, 5% CO2, 37 °C), as outlined in Figure 1. Experiments with temporal oxygen settings included 15 ng/mL TGFβ in the chondrogenic differentiation media. Cell lockers™ with HEPA filters were used to enable culture without well plate lids to ensure rapid oxygen equilibration of the media following placement inside the incubators after media changes. Media was changed three times a week in atmospheric oxygen, with a maintained 0.37 cm media depth across all samples. Cell free hydrogels served as a negative control group across all experiments.
[image: Figure 1]FIGURE 1 | Schematic overview of the ambient culture conditions for cell-laden hydrogels investigated in the study. Concentration of HepSH, architecture and ambient oxygen settings was modulated to induce controlled cellular responses.
2.9 Mechanical testing and rheological evaluation
Compression testing was performed using a mechanical testing machine (MTS criterion 42, Australia) equipped with a 5N load cell. For compression tests, cylindrical samples (h = 2 mm, Ø = 5.5 mm) were loaded parallel to their long axis and tested at a constant cross head displacement rate of 0.01 mm s–1. The compressive modulus was given by the slope of the stress-strain curve in the linear elastic range (strain: 10%–15%). The stress was calculated by normalizing the force to the original cross-sectional area of the sample (engineering stress). Rheological properties of the precursory solutions were furthermore characterized using a Physica MCR301 rheometer (Anton Paar, Germany), outfitted with a solvent trap and Peltier plate setup with a plate–plate geometry (25 mm diameter). All measurements were performed using rotational rheology (gap 0.2 mm).
2.10 Biochemical analysis
Cell-laden hydrogel constructs were collected after 1 day and 5 weeks of culture in chondrogenic differentiation media. Samples were washed in PBS, weighed, lyophilized, weighed again prior to digestion at 56°C in 1 mg/mL proteinase K, dissolved in 10 mM Tris-HCl and 1 mM disodium EDTA solution. The GAG content was quantified by allowing samples to react with the DMMB solution, as previously described (Lindberg et al., 2021). The absorbance was measured at 520 nm (Thermo Scientific Varioskan Flash). GAG content was calculated from a matching standard curve generated by reacting known amounts of chondroitin sulfate and subtracting the values obtained from cell-free controls. Both cell-free and cell-laden samples were diluted between 5–50 times to ensure detectability within the quantifiable linear range of the standard curve. Absorbance was measured immediately after addition of the DMMB solution to the diluted samples and standards. Total DNA was quantified using CyQUANT® Cell Proliferation Assay Kit according to manufacturer’s instructions and as described previously (Lindberg et al., 2021), following a pre-treatment of each sample with DNase-free RNase A (Thermo Fisher) to eliminate the RNA components of the fluorescent signal.
2.11 Histology and immunofluorescence examination
Cell-laden hydrogel constructs were collected after 5 weeks, washed with PBS, followed by fixation in 4% formaldehyde for 1 h at RT and washed in 0.3 M glycine in PBS to quench free aldehyde groups. The samples were then embedded in optimal cutting temperature compound (O.C.T) and cryo-sectioned into 30 µm thick sections. Haematoxylin, fast green, and Safranin-O was applied to visualize cell nuclei and extracellular GAGs to assess cartilaginous tissue formation. For immunohistological examination, sectioned samples were first incubated in 0.2% hyaluronidase for 30 min at RT and washed with PBS to reveal antigen epitopes. Constructs were subsequently blocked with 2% bovine serum albumin (BSA) in PBS for 30 min at RT. Primary antibodies for collagen I (1:200), collagen II (1:200), aggrecan (1:300), or connexin43 (1:200) were diluted in blocking buffer and applied for 3 h at RT. Samples were washed three times in blocking buffer for 10 min each followed by incubation with a goat-anti-mouse (Alexa Fluor® 488) and donkey-anti-rabbit (Alexa Fluor® 594) secondary antibodies, diluted in blocking buffer (1:400), in the dark for 1 h at RT. Constructs were washed a further three times with blocking buffer before incubation with blocking buffer containing 4′,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, 1:1,000 dilution) in the dark for 10 min at RT. Lastly, constructs were washed three times in PBS and left hydrated. All images were captured using the Zeiss Axioimager Z1 microscope.
2.12 Oxygen measurements
An optical oxygen probe (Microx 4, NTH-PSt7 and Pt100, PresSensTM, Germany) was applied in accordance with manufactures instructions. The oxygen probe was connected to the in-house 3D printer (BioScaffolder, SysENG, Germany), fixated inside a commercially available luer-lock syringe, to gain precise control over z-height position during measurements. For physoxic samples (1%–5% O2), manual measurements of the bottom and top of the constructs (no z-height control) were performed inside a hypoxia chamber (Whitley H35 hypoxiastation, Don Whitley Scientific, United Kingdom).
2.13 Statistical analyses
The data are presented as box plots, where whiskers represent the minimum and maximum value, the center-line represents the median, and the edges of the box represent the first and third quartiles. Each experiment was repeated with multiple sample replicates to study variability between samples, with detailed information about total n-values provided in each figure caption to clarify the size of each dataset. All samples have been collected using a simple random sampling and data was checked for outliers (ROUT method, Q = 1%). Additional assumptions of parametric analysis were validated using Shapiro-Wilk (alpha = 0.05) and Brown–Forsythe (alpha = 0.05) tests for normal distribution and equal variance, respectively. As an overview, differences between two groups or two time-points within the same group were assessed with unpaired t-tests (GraphPad Prism 10). t-test with Welsh correction was used for datasets that did not have equal variance while Mann Whitney U Tests were used for non-gaussian data sets. Differences between three or more groups were assessed by one-way ANOVA with Tukey post hoc analysis (GraphPad Prism 10). Kruskal–Wallis One-Way ANOVA were adopted for samples populations with non-gaussian distributions, while Brown-Forsythe and Welch ANOVA tests with Dunnett’s Method were used for datasets with unequal variation. Ordinary two-way ANOVA with Tukey post hoc analysis (GraphPad Prism 10) was used for gaussian datasets with two or more variables investigated to determine synergistic effects. All two-way ANOVA tests were performed using a Geisser-Greenhouse correction, assuming non-equal variance (sphericity) between groups. Two-way ANOVA tests were only performed for two-variable data sets that were normally distributed. Differences between data points were considered significant when the probability of obtaining the difference by chance is less than 5%, this is defined as p < 0.05. The specific test used for individual data sets is detailed in each figure caption.
3 RESULTS
3.1 Hydrogel and precursory properties
Photo-polymerization of GelAGE hydrogels was achieved using DTT as a thiolated crosslinker together with visible light photoinitiator system. Basic network characterization demonstrated a clear dose dependent response in solfraction, mass swelling ratios, HepSH retention, and mechanical properties, as a function of crosslinker concentration (Figures 2A–C). Covalent incorporation of HepSH was observed to reach near full conversion rates (Figure 2B). While reduced HepSH retention was detected in hydrogels crosslinked with the lowest crosslinker concentration, it should be noted that all conditions exhibited retention rates exceeding 88%. The polymerized hydrogels were categorized into three distinct stiffness categories: soft (12.0 ± 3.1 kPa), medium (54.9 ± 12.0 kPa), and stiff (121.0 ± 29.0 kPa). Additional investigation validated that neither the incorporation of HepSH or cells in GelAGE hydrogels influenced the mechanical properties (Figure 2C). The physiological characteristics of the precursory solutions prior to crosslinking is furthermore an important factor to consider for both tissue engineering and biofabrication applications. As seen in Figures 2D–E, the basic pH used during the GelAGE synthesis conditions results in gelatin fragmentation which enables a low-viscous bioink, even at a 20 wt% concentration. The physical characterization of the precursory solutions further reveals that the rheological properties of GelAGE were maintained across all investigated formulations. This decouples the need to optimize the printer settings between conditions. Long-term evaluation of mass loss, mass swelling ration and HepSH retention is detailed in Supplementary Figure S1.
[image: Figure 2]FIGURE 2 | Overview of the physico-chemical properties [(A); n = 9], covalent incorporation efficiency of HepSH [(B); n = 14], and resultant mechanical properties [(C); n = 12] of GeIAGE hydrogels fabricated using different concentrations of thiolated crosslinker (DTT) after equilibrium swelling (24 h). Differences between groups were assessed by Kruskal-Wallice one-way ANOVA with Dunn’s post hoc (sol fraction data), ordinary one-way ANOVA with post hoc Tukey analysis (mass swelling ratio data), or Brown-Forsythe and Welch corrected ANOVA tests with Tukey’s post hoc test (Heparin retention data and compressive modulus data). (A) unpaired t-test with Welsh correction was performed to determine difference between HepSH and Heparin (controls) retention. * indicate significant differences (p < 0.05). Rheological assessment of various GeIAGE formulations through temperature sweeps from 22°C–1°C (D) at 8s-i and strain sweeps from 0.1% to 1,000% at 4°C (E), with n = 3 (one experimental repeat).
3.2 The effect of stiffness and HepSH on cellular function
Biochemical and histological techniques were applied to study the ECM secretion by chondrocytes encapsulated in hydrogel constructs with varying stiffness properties. GelAGE control hydrogels displayed an overall limited chondrogenic induction capacity. Results herein demonstrated that the conjugation of HepSH upregulated chondrogenesis (GAG/DNA) across all three stiffness conditions investigated as compared to GelAGE alone (Figure 3A). Both the soft (12 kPa) and medium (55 kPa) hydrogels displayed histologically detectable regions of pericellular GAG accumulation, as seen in the safranin-O and aggrecan stained sections (Figures 3B, C). All hydrogel conditions displayed positive connexin 43 staining, which is an indirect marker for cell-cell communication between neighboring cells. This suggested the possibility for coordinated responses to signaling cues within all evaluated hydrogel networks (Figure 3C). Moreover, a synergistic effect between softer network properties and HepSH containing hydrogels was quantified, displaying significantly higher GAG/DNA as compared to the stiffest hydrogel formulation (Figure 3A). It was however noted that the soft hydrogels displayed highly regional and heterogenous tissue formation, as evident by large standard deviations and irregular Safranin-O staining patterns. Encapsulated cells also proliferated significantly more in the softer hydrogels as compared to medium and stiff hydrogels (Supplementary Figure S2). The soft hydrogels furthermore lost their shape over time due to cell-driven material contraction (Supplementary Figure S3). Additional visualization of cell viability, collagen type I and II secretion, DNA quantification and mechanical properties is detailed in Supplementary Figures S2, S3.
[image: Figure 3]FIGURE 3 | Quantification of GAG/DNA in cell-laden GelAGE and GelAGE-HepSH samples crosslinked with different DTT concentrations after 5 weeks of culture [(A); n = 10]. Synergistic effects of crosslinker concentration (30–120 mM DTT) and addition of HepSH on GAG/DNA was evaluated using ordinary two-way ANOVA with post hoc Tukey analysis. * indicate significant differences (p < 0.05). Safranin-O (B) and Aggrecan/Connexin43 (C) stained sections of cells encapsulated in GeIAGE and GeIAGE-HepSH hydrogels after 5 weeks of culture. The cell experiments were carried out at atmospheric oxygen settings (18%–20% O2). Scale bar = 100 μm.
3.3 The effect of architecture on oxygen availability
Our initial investigation focused on the fabrication of GelAGE-HepSH disc constructs with distinct stiffness properties and heights. Oxygen measurements verified that the oxygen availability within GelAGE constructs depended on both the hydrogel network stiffness and factors such as sample depth and cellular oxygen consumption (Figures 4A–C). Medium stiff (55 kPa) hydrogel structures with material thickness larger than 0.7 ± 0.3 mm were herein identified to display oxygen levels outside standardized atmospheric cell culture conditions (18%–21%) at the bottom (center) of the constructs. A distinct radial oxygen concentration gradient was also observed at the bottom of medium-stiff hydrogels (4 mm thick), in a x-y direction (Figure 4B). It was furthermore observed that seeding 15 million chondrocytes per ml of precursor solution yielded a significant reduction in localized oxygen concentrations only in constructs larger than 1.3 mm (Figure 4C). These results highlight that oxygen gradients through cell-laden hydrogels is a key factor to consider, and that each hydrogel formulation requires optimization of crosslinking conditions and architectures to control the local oxygen environment experienced by encapsulated cells.
[image: Figure 4]FIGURE 4 | Characterization of oxygen concentration after equilibrium swelling (t = 24 h) in cell free GelAGE as a function of sample depth, grey line indicates when the 60 mM condition drops below 18% O2 (A). Oxygen concentration was also quantified as a function of sample width (B) and cells (C), grey line indicates from which point the cell-laden constructs have significantly lower oxygen levels as compared to cell-free controls. For all oxygen experiments, n = 8 (three experimental repeats). The experiments were carried out at atmospheric oxygen settings (18%–20% O2). Illustration of fabrication processes applied and bright-field images of GelAGE and GelAGE-HepSH constructs with distinct architectures (D–F).
3.4 The effect of oxygen availability (architecture) and HepSH on cellular function
As outlined in Figures 4D–F, GelAGE-HepSH spheres, discs, and porous lattice structures with medium stiffness (55 kPa) were successfully generated using three different fabrication techniques. Confirmation of cell viability can be found in Supporting Material (Supplementary Figure S4). The fabricated constructs were observed to increase in size post chondrogenic media incubation media and were characterized to have the following dimensions after equilibrium swelling (24 h): ø1.1 mm spheres, ø6 mm x 2.2 mm discs (diameter x height), and 15.2 × 15.2 × 2.6 mm lattice scaffolds (width x depth x height). It should herein be noted that although the lattice structures contain macro-pores, the continuous stacking in the junctions generates a series of identical square-shaped microenvironments in the x-y plane of 0.9 × 0.9 × 2.6 mm each (width x depth x height, Figure 4F). For GelAGE control hydrogels, results revealed no significant difference in matrix production between structural designs as the overall tissue formation remained limited (Figures 5A–B). A substantial increase in tissue formation was observed with the addition of HepSH across all three architectures. A strong synergistic effect between HepSH and constructs with oxygen gradients was further observed, promoting significant chondrogenesis in both the larger discs and lattice matrices as compared to the smaller spheres (ø1.1 mm, r = 0.55 mm). These findings are consistent with the oxygen gradients observed in the discs (Figure 4A), indicating that GelAGE-HepSH spheres with a radius below the identified 0.7 mm material thickness threshold does not generate oxygen gradients of biological significance. Both the gene expression of aggrecan and collagen type II in GelAGE-HepSH lattice constructs was confirmed to be upregulated within larger construct, supporting the formation of hyaline-like neo-cartilage (Figures 5C–F). Taken together, a noteworthy increase in both positive Safranin-O staining, quantitative GAG/DNA and Aggrecan gene expression confirmed that chondrogenesis was maximized in the largest constructs fabricated: GelAGE-HepSH lattices. These samples displayed a 50.1% increase in GAG/DNA and a 70.8% increase in Aggrecan gene expression as compared to semi-large constructs: GelAGE-HepSH discs. When GelAGE-HepSH lattices were compared directly to the smaller spheres (GelAGE-HepSH), the increase in GAG/DNA was more than double, while aggrecan gene expression was over 16-times higher. Additional biochemical quantification and immunohistological image analysis can be found in Supplementary Figure S4.
[image: Figure 5]FIGURE 5 | Safranin-O stained and Collagen type II/I stained sections of cells encapsulated in medium-stiff GeIAGE (A) and GelAGE-HepSH (B) hydrogels with different architectures after 5 weeks of culture (three experimental repeats). Scale bar = 200 μm. Quantification of GAG/DNA (C), with nspheres = 9 (10 spheres pooled per analytical sample, nspheres, total = 90), nDiscs = 9, and nLattices = 11. Aggrecan (D), Collagen type II (E), and Collagen type I (F) gene expression in cell-laden GeIAGE and GeIAGE-HepSH constructs), with: nspheres = 8 (10 spheres pooled per analytical sample, nrispheres, total = 80), n Discs = 9, and nLattices = 10. Differences between groups were assessed by an ordinary two-way ANOVA with post hoc Tukey analysis to study the synergistic effects of crosslinker concentration (30–120 mM DTT) and addition of HepSH on biological outcomes. Groups without the same roman number indicate significant differences (p < 0.05). The experiments were carried out at atmospheric oxygen settings (18%–20% O2).
3.5 Fabricating 3D constructs that replicate natural oxygen gradients to guide tissue organization
To delve deeper into the combined effects of HepSH and 3D architectures on cellular development, we first utilized spheres as 3D models to study chondrogenesis under physiologically relevant oxygen conditions (5% O2). Oxygen measurements verified that ø1.1 mm spheres maintained a consistent oxygen level throughout the 5-week culture period (Figure 6A). The construct’s oxygen level matched the ambient conditions (5% O2), confirming the absence of intricate oxygen gradients within the system. GelAGE-HepSH spheres thus yielded exceedingly homogenous cartilage tissue with a vast increase in GAG/DNA (66.5 ± 21.1 g/g) and chondrogenic markers as compared to pure GelAGE controls (Figures 6B–E). A significant upregulation of chondrogenesis in physoxic, 5% O2, GelAGE-HepSH spheres was also observed in comparison to hyperoxic, 18%–20% O2, spheres (controls), confirming the synergistic effect between HepSH and physiological oxygen levels (physoxia/physioxia) that is amplifying the cellular responses (Supplementary Figure S6).
[image: Figure 6]FIGURE 6 | Quantification of oxygen concentration [(A); n = 15], GAG/DNA [(B); n = 9] and DNA [(C); n = 9) in cell-laden GelAGE and GelAGE-HepSH constructs (three experimental repeats). Error bars represent the mean ± SD. Differences between two time-points within the same groups were assessed with multiple unpaired t-tests, where *indicates significant difference at that time-point as compared to the previous time-point (p < 0.05). The color of the asterisk denotes the condition with a statistical significance. Safranin-O stained sections of cells encapsulated in GelAGE and GeIAGE-HepSH hydrogels with different architectures after 5 weeks of physoxic culture (D). Immunofluorescent analysis of GelAGE samples following culture in chondrogenic differentiation media to visualize the cell nuclei, Collagen type I and type II (E). Scale bar = 100 μm. The experiments were carried out at physoxic oxygen settings (5% O2).
To further investigate the effect of 3D architecture on long-term oxygen gradients and subsequent cellular developments, GelAGE-HepSH discs (ø6 mm, 2.2 mm height) was fabricated as a facile model system. Results confirm the successful formation of a natural spatial oxygen gradient that range between 5%–1% O2 from top to bottom of the construct (Figure 6A). The spatial oxygen gradients in the disc constructs diminished over time (1day = 0.9–5.0% O2, 5w = 3.9–5.0% O2). The cells closer to the surface thus experience a constant level of 5% O2, while cells closer to the bottom experienced fluctuating oxygen levels. Results herein revealed that these dynamic oxygen gradients induce a more zone-like GAG accumulation and orientation (Figure 6D). Specifically, safranin-O-stained sections confirmed more GAGs accumulating in the O2-deprived regions at the bottom of the constructs as compared to the surface regions. Histological observations also showed variations in cellular localization, where cells in the lower regions tended to accumulate and stack along the lateral z-axis with highly organized GAG secretion. Conversely, cells in the middle and upper regions displayed a more random distribution, accumulating GAGs in a more rounded configuration (Figure 6D). Taken together, the design of GelAGE-HepSH constructs with larger architectures promotes dynamic oxygen gradients and subsequently zone-like cartilage tissue deposition under physiologically relevant oxygen settings.
3.6 The synergistic effects of temporal physoxia and HepSH
To explore the possibility of tailoring and customizing the synergistic biological effects of GelAGE-HepSH hydrogels and dynamic oxygen gradients, we conducted experiments to investigate whether altering the concentrations of HepSH and/or varying ambient oxygen settings over time could be used to initiate zonal matrix deposition in smaller constructs. Investigating temporal oxygen gradients is also of importance in order to better reflect the inherent variations in cartilage oxygen levels that can occur as a result of daily activity and rest cycles (Zhou et al., 2004; Rogers and Meng, 2023). We utilized spheres as 3D models to remove spatially confounding factors and study chondrogenesis under physiologically relevant and temporally varied oxygen conditions (1%–5% O2). Results confirmed that increasing HepSH content from 0.5 wt% to 1.5 wt% significantly improved chondrogenic differentiation within cell-laden spheres cultured at 5% O2 (Figures 7A, B). A similar dose-dependent HepSH response was observed for spheres with a temporally dynamic oxygen gradient, either moving from 1%–5% O2 or from 5%–1% O2 over the 5-week culture period (Figure 7A). Histological evaluation further reveals that constructs exposed to temporal oxygen gradients, either high-low or low-high, have large pericellular regions stained positive with safranin-O (Figure 7B). These results corroborate the synergistic effect between HepSH and temporal oxygen gradients to induce interconnected secretion of sGAGs within gelatin-based hydrogels.
[image: Figure 7]FIGURE 7 | Quantification of GAG/DNA in cell-laden GelAGE-HepSH constructs (A); n = 6–9, three experimental repeats). Error bars represent the mean ± SD of 5-9 samples (three experimental repeats). Differences between groups were assessed by a Mann Whitney U Tests analysis to study differences between HepSH concentration within each group. A Kruskal-Wallice one-way ANOVA with Dunn’s post hoc was used to evaluate the effect of oxygen levels for each material formulation. *indicates significant difference (p < 0.05). Safranin-O stained sections of cells encapsulated in GeIAGE-HepSH hydrogels with different concentrations of HepSH (0.5wt% and 1.5wt%) after 5 weeks of culture under variable oxygen concentrations (B). Scale bar = 200 μm. The experiments were carried out at dynamic physoxic oxygen settings (1%, 5%, 1%–5% and 5%–1% O2).
4 DISCUSSION
This study explores the intricate interplay between bioactive HepSH, network stiffness, and oxygen levels within 3D gelatin hydrogel structures. Our initial investigation focused on the feasibility of designing thiol-ene clickable GelAGE-HepSH hydrogels with controllable network properties. Our findings of high HepSH incorporation efficiency align with previous reports around the application of thiol-ene click chemistry, known to allow for high conversion rates (Hoyle et al., 2010; Lowe, 2014; Fairbanks et al., 2017). Our results report limited dimensional and physico-chemical changes between cell-laden and cell-free hydrogels, similar to other thiol-ene based crosslinking systems (Fairbanks et al., 2009; Roberts and Bryant, 2013; Greene and Lin, 2015). This is a major advantage over commonly applied hydrogel platforms which often observe a significant reduction (30%–50%) in mechanical properties following the addition of cells (Bryant and Anseth, 2002; Peter et al., 2014; Mouser et al., 2016). Principally, it comes down to the ability of thiol-ene systems to still propagate even when radicals are scavenged, otherwise causing a decay and ultimately limiting the formation of crosslinks (Cramer et al., 2003; Hoyle et al., 2004; Hoyle and Bowman, 2010; Lobo et al., 2010; Roberts and Bryant, 2013; Zavada et al., 2014; Mouser et al., 2016).
Further examination of the precursor solution emphasizes that the synthesized GelAGE bioink exhibits low viscosity, even at a concentration of 20 wt%. This characteristic renders it highly suitable for applications using microfluidics as well as sacrificial bioprinting, as explored in the context of this study. The bioink’s low viscosity also at a higher concentration enhances its versatility, making it applicable to various techniques and settings in the field of biofabrication. As tailoring GelAGE stiffness and bioactivity does not herein significantly affect the rheological properties, it thus removes the need to anew identify the fabrication window for each individual formulation through an otherwise long and iterative process (Bertlein et al., 2017).
Through systematic investigation of chondrogenesis in soft, medium-stiff and stiff GelAGE-HepSH hydrogels, it was confirmed that hydrogels in a range between 15–50 kPa are particularly effective in facilitating chondrogenic development. Our observations that HepSH enhances cellular responses to stiffness as a microenvironmental cue has not been previously reported. However, the observation of limited ECM secretion in our 120 kPa stiff hydrogels corresponds well with literature reports suggesting that matrix production in stiffer hydrogels is restricted to the pericellular region simply due to space limitations (Bian et al., 2013; Levett et al., 2014; Wang et al., 2014; Visser et al., 2015; Li et al., 2016; Mouser et al., 2016). It should be noted that we observed that the soft GelAGE-HepSH constructs were not able to maintain their shape over time (Supporting Material). This structural deformation over time ultimately limits the application of softer GelAGE-HepSH hydrogels for the fabrication of 3D structures with controllable architectures. In this study, it was thus argued that medium-stiff GelAGE-HepSH hydrogels were the most attractive hydrogel formulation to further model various structure-function relationships. Taken together, this formulation allows efficient crosslinking and shape stability while supporting paracrine signaling, limiting fibroblastic like proliferation while preserving both homogenous proteoglycan and collagen type II accumulation.
To map the intricate correlations between HepSH, stiffness and 3D architectures, we first characterized the effect of architecture on localized oxygen availability. Oxygen measurements confirmed that oxygen availability within photo-polymerizable GelAGE constructs depended on network stiffness, sample depth, and cellular oxygen consumption. While some studies have explored adaptation systems such as perfusion culture systems and microchannel constructs to mitigate oxygen diffusion limitations in large hydrogel constructs, a notable gap in the literature revolves around quantitatively assessing the actual oxygen levels within these systems (Mavris and Hansen, 2021). Some tissue engineering and biofabrication strategies operate under the general assumption that the same principle for oxygen diffusion limits within human tissues (approximately 100–200 µm) hold true also in engineered tissue constructs (Starling, 1923; Carmeliet and Jain, 2000; Rouwkema et al., 2010). However, our findings challenge this widespread assumption and are reinforced by recent research utilizing gelatin methacryloyl, which emphasized substantial oxygen diffusion limitations also in very soft hydrogels (<0.25 kPa) (Schmitz et al., 2022). Others have reported findings around how hydrogel thickness influence the oxygen availability in hydrogels (Rouwkema et al., 2010; Figueiredo et al., 2018; Figueiredo et al., 2020; Mavris and Hansen, 2021). Interestingly, our additional findings indicate that cellular oxygen consumption becomes less relevant in smaller constructs. This observation is also supported by the work of others. For example, Schmitz and colleagues conducted a study affirming that the presence of 5 million stromal cells per milliliter does not induce significant changes in oxygen levels within soft gelatin hydrogels (Schmitz et al., 2022).
Our results further confirmed unique cellular responses to various architectural configurations and the synergistic effects of covalently incorporated thiolated Heparin in gelatin hydrogels–which has previously never been reported on. Specifically, the results provide compelling evidence for the increased chondrogenesis in GelAGE-HepSH lattice structures. This included a 50% and 116% increase in GAG/DNA for the larger lattices as compared to discs and spheres, respectively. The aggrecan gene expression in GelAGE-HepSH lattices was particularly striking, with a 16-fold higher expression level than seen for the smaller spheres. This size dependent increase in chondrogenesis in synergy with HepSH suggest that the structural characteristics of GelAGE-HepSH contribute significantly to the promotion of chondrogenic outcomes.
These collective findings highlight the critical importance of considering the role both architectural parameters and hydrogel composition have on the local oxygen tension within thiol-ene clickable cell-laden constructs. In the realm of cellular biology and the effects of hypoxia, a significant focus has been on the activation of transcription factors like HIF-1 and HIF-2. These transcription factors play a crucial role in regulating changes in gene expression driven by oxygen availability. Notably, prior research has demonstrated that HIF has the capability to suppress the activity of endosulfatase-1 (HSulf-1) (Khurana et al., 2011), which function is to otherwise remove sulfate moieties on native sGAG, such as Heparin. Future studies should thus consider investigating HIF-1α dependent downregulation of the HSulf-1 enzyme within Heparin-rich gelatin hydrogels.
As oxygen is known to be a powerful regulatory molecule that dictates cellular responses, it was furthermore explored if customizing the scaffold architecture of GelAGE-HepSH could be used as a strategy to mimic the native oxygen gradients present in cartilage to help induce zonal cartilage structures. Physoxia for cartilage ranges from approximately 1%–10%, depending on, e.g., spatial location, thickness of the tissue, cellular oxygen consumption, cell density and mechanical stimulation (Zhou et al., 2004). It is worth noting that the average thickness of articular cartilage in the human joint is approximately 1.5 mm. This dimension exhibits slight regional variations, reportedly measuring between 1.0–1.62 mm in ankle joints while it ranges from 1.69–2.55 mm in knee joints (Shepherd and Seedhom, 1999).
Results confirm the successful formation of a natural oxygen gradient between 5%–1% from top to bottom of the GelAGE-HepSH hydrogels when using larger 2.2 mm constructs. In addition to the spatial variability, the constructs also displayed a temporal change in the local oxygen concentrations over the 5-week culture period. These dynamic, spatio-temporal, oxygen gradients were herein successfully shown to induce zonal-like GAG secretion and orientation while ø1.1 mm spheres without spatial or temporal oxygen levels instead enabled homogenous tissue formation. Previous reports have similarly shown that both cell distribution and tissue growth can be heterogeneous across large hydrogel structures cultured under static conditions (Brown et al., 2017; Lalitha Sridhar et al., 2017), often suggesting a correlation with material thickness and passive diffusion of, e.g., oxygen, nutrients and waste products (Colom et al., 2014; Figueiredo et al., 2018). In engineered hydrogel systems relying on passive diffusion, it has been shown that cells deplete oxygen prior to glucose (Colom et al., 2014; Figueiredo et al., 2018), which suggest that oxygen availability is the main factor altering the cellular responses in z-direction rather than nutrient availability. To confirm these findings, we utilized ø1 mm spheres, without spatial differences in oxygen availability, to precisely control the temporal oxygen levels by simply altering the ambient conditions. Interestingly, cells cultured under temporal oxygen settings displayed large regions of GAG deposition with high interconnectivity and density. This was particularly evident in the high HepSH concentration (1.5 wt%) with dynamic 5%–1% O2 levels. Additionally, the inclusion of higher HepSH significantly improved chondrogenesis across most oxygen settings investigated, except for the 1% static oxygen tension. It thus appears that biological benefits can be achieved either through increased HepSH concentration or through exposure to physoxic oxygen settings. As such, it should be noted that all conditions represented in Figure 7 are in the physoxic range and capable of stimulating cells to produce noteworthy GAG deposition. Within these physoxic environments, whether dynamic or static, there was no significant differences observed in GAG/DNA between distinct oxygen levels. This may be due to the binary switch between two oxygen levels within this model, as opposed to the gradual and natural shift observed within larger disc constructs over the 5-week culture period (Figure 6). Previous literature has shown that the use of micromass pellets (biomaterial free) to generate cartilage in vitro relies heavily on a natural spatial-temporal oxygen gradient that forms during culture, progressively transitioning over time (Li et al., 2014). This is in line with previous literature findings highlighting the beneficial biological effects of conducting cartilage cultures in lower oxygen settings, often correlated with the oxygen-sensitive HIF-1 and HIF-2 (Gultice et al., 2009; Lekvijittada et al., 2021). As such, further studies into the role of HIF1α′s interplay with dynamic oxygen levels and Heparin are warranted. Taken together, our findings underscore that there is an intricate relationship between oxygen availability, HepSH concentration, and the resulting matrix deposition characteristics.
5 CONCLUSION
This study introduces GelAGE-HepSH as a versatile hydrogel platform that enables simultaneous manipulation of the physical environment and structural characteristics. The efficient incorporation of bioactive Heparin, with nearly complete retention, promotes chondrogenesis in hydrogels with a wide range of stiffnesses and diverse architectural designs. Medium-stiff GelAGE-HepSH hydrogels herein provided the most attractive microenvironment for both proteoglycan and type II collagen matrix accumulation while maintaining construct shape throughout the culture period. Additionally, the study uncovers a synergy between HepSH and the oxygen gradients present in different hydrogel architectures, facilitating the fabrication of cartilage with either homogeneous or zone-specific tissue organization. Specifically, fabrication of photo-polymerized GelAGE-HepSH constructs that impose limitations on oxygen availability, using a stiffness range of 50 kPa and material thickness exceeding 0.7 mm, induce more zone-specific cartilage tissue alignment. Conversely, by designing GelAGE-HepSH hydrogels with spatial and/or temporal oxygen gradients offers unique opportunities to manipulate the secretion of GAGs. Conversely, when designed with dynamic oxygen conditions, spanning between 1%–5% O2, GelAGE-HepSH hydrogels promote the formation of GAG regions that exhibit great interconnectivity and density, mirroring some of the matrix characteristics typically found in the middle and deep cartilage zones.
Overall, our study provides comprehensive insights into the interplay of bioactive ECM components, hydrogel network properties, and architectural features that modulate oxygen levels, and thereby collectively guide cellular behaviour and tissue organization. As the field of cartilage TERM moves forward, the need for hydrogels that can combine the synergistic benefits of biochemical and structural cues to fabricate more mimetic tissue analogues is apparent. This requires continued identification of essential relationships between cellular functionality and intricate design parameters.
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