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Abstract

:

Painful degeneration of soft tissues accounts for high socioeconomic costs. Tissue engineering aims to provide biomimetics recapitulating native tissues. Biocompatible thermoplastics for 3D printing can generate high-resolution structures resembling tissue extracellular matrix. Large-pore 3D-printed acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) scaffolds were compared for cell ingrowth, viability, and tissue generation. Primary articular chondrocytes and nucleus pulposus (NP) cells were cultured on ABS and PLA scaffolds for three weeks. Both cell types proliferated well, showed high viability, and produced ample amounts of proteoglycan and collagen type II on both scaffolds. NP generated more matrix than chondrocytes; however, no difference was observed between scaffold types. Mechanical testing revealed sustained scaffold stability. This study demonstrates that chondrocytes and NP cells can proliferate on both ABS and PLA scaffolds printed with a simplistic, inexpensive desktop 3D printer. Moreover, NP cells produced more proteoglycan than chondrocytes, irrespective of thermoplastic type, indicating that cells maintain individual phenotype over the three-week culture period. Future scaffold designs covering larger pore sizes and better mimicking native tissue structure combined with more flexible or resorbable materials may provide implantable constructs with the proper structure, function, and cellularity necessary for potential cartilage and disc tissue repair in vivo.
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1. Introduction


Advancements in scaffold design combined with rapidly advancing techniques in additive manufacturing and availability of high-resolution desktop 3D printers are allowing fabrication of biodegradable biomimetics with suitable form and function for tissue engineering and organ replacement applications. Additive manufacturing refers to the process of creating solid objects through the deposition of sequential layers, usually digitally designed with 3D computer-aided design software [1]. Due to the cost-effectiveness, the type of additive manufacturing commonly used today is fused filament fabrication [2] or fused deposition modeling [3,4]. These identical processes use heated extruders to melt plastic and build the layers of the designed scaffold [1]. Biocompatible materials commonly used for implantable constructs include polylactic acid (PLA), polyglycolic acid (PGLA), polycaprolactone (PCL), and blends of polyethylene glycol (PEG). However, the most widely used materials in desktop 3D printers are PLA and acrylonitrile butadiene styrene (ABS), the latter being non-biodegradable and generally non-biocompatible with the exception of ABS M30i plastics, which are suitable for biotechnology applications. PLA and PLA-polymer blends in combination with various hydrogels (composite scaffolds) have been shown to be effective scaffold agents for cartilage [5,6,7], intervertebral disc [7,8,9], and bone [6,10,11] tissue engineering. The use of 3D printing for such material scaffolds allows for highly reproducible and uniform open-pore size and potential orthogonal geometry, which can be tailored to mimic the tissue composition of choice.



Articular cartilage and intervertebral disc (IVD) degeneration directly contribute to joint and back pain, affecting multitudes of people and direct and indirect healthcare costs worldwide [12,13]. Both of these soft tissues are rich in collagen (tensile strength) and proteoglycan, the latter of which holds water and provides the tissues with the main function to absorb and distribute a mechanical load. The resident cells of hyaline cartilage are chondrocytes, while IVDs consist of two distinct regions with resident cells: the central gelatinous nucleus pulposus (NP) and outer fibrocartilaginous annulus fibrosus (AF). Both hyaline chondrocytes and IVD cells are responsible for matrix remodeling and the same cell is responsible for both synthesis and breakdown [14,15]. Physiological loading of these tissues is essential for optimal cell function in matrix maintenance [16,17]. However, disruption of matrix maintenance occurs when injurious compressions or mechanical overloads to these tissues occur (see our new paper).



Both articular cartilage and IVDs are avascular tissues with limited self-repair capacity. Trauma or injury to the tissue disrupts matrix composition and function. Slowly changing biomechanical properties post-injury are thought to be the initiating factor of increased inflammatory and catabolic processes, which result in osteoarthritis and degenerative disc disease [18,19,20,21]. To create a suitable three-dimensional scaffold and circumvent progression of degenerative disease, additive manufacturing has been proposed to mimic tissue shape and mechanical properties of acutely injured tissue [22,23]. Cell implantation strategies and artificial tissue replacements have had limited success in repairing these damaged tissues, and often end-stage invasive surgical procedures are required to alleviate inflammatory and mechanical pain. To this end, scaffold designs integrating mechanically competent biodegradable synthetic and biologically generated materials (i.e., composite polymers coated with collagen hydrogels) are showing promise within the field of cartilage and disc tissue engineering and regenerative medicine [24,25,26,27].



Generation of useful polymeric scaffolds for tissue engineering must account for several parameters including scaffold degradation rates, biocompatibility, host tissue integration, mechanical stability, and even optimal pore size. Several studies have suggested the importance of scaffold pore size in tissue engineering. For bone tissue engineering, the critical pore size of composite scaffolds is about 100 µm [28,29], while optimal pore size for bone growth is about 300–350 µm [30]. Furthermore, even a larger polymer scaffold pore size (>500 µm) is conducive towards soft tissue ingrowth [31,32]. In addition to pore size, several other parameters must be taken into account as well when generating such scaffolds. Scaffold porosity, surface area, protein coating, mechanical properties and diffusion, and fluid flow rates all may affect cell seeding, adherence, and growth. The line and layer resolution for the printer also may be a limitation of all of the abovementioned parameters since extruder nozzles typically have openings between 0.25 and 0.5 mm. We hypothesize here that both chondrocytes and NP cells will dedifferentiate and produce small quantities of proteoglycan when cultured on large-pore scaffolds. We also test whether cells will grow and deposit matrix more readily on PLA versus ABS scaffolds. 3D-printed scaffolds allow for rapid and favorable architecture design for optimizing cell growth and matrix production, and they provide valuable information towards better scaffold design for cartilage and disc repair or replacement.




2. Results


2.1. ABS and PLA Scaffold Design and Properties


In order to determine the feasibility of using large-pore 3D-printed ABS and PLA thermoplastics for both cartilage and NP tissue engineering applications, 3D scaffolds were designed and printed as described in the Methods section (Figure 1A,B). The average weights for ABS and PLA scaffolds were determined to be quite similar (0.158 ± 0.013 and 0.152 ± 0.025 g, respectively) (Figure 1C). The theoretical porosity of scaffolds was calculated to be 48% for both scaffolds, and measured porosity was found to be 58.3% ± 1.06% for ABS and 58.5% ± 3.01% for PLA (Figure 1D). The fused deposition model printed spacing of ~700 µm pore size theoretically provides ample room for cell ingrowth and neo-matrix production.
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Figure 1. ABS and PLA scaffold design. Construct design was downloaded from the freeware website http://www.thingiverse.com/thing:45228/#files. (A) Representative .stl images of scaffold structure; (B) representative images of printed ABS and PLA scaffolds. Horizontal scale bar: 0.5 cm; vertical scale bar: 0.3 cm; (C) Quantification of scaffold weight; (D) quantified porosity of the ABS and PLA scaffolds used in the studies. Error bars represent ± SD, n = 6. 
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Implantable biomaterials such as PLA are known to degrade over time. To determine the mechanical strength at time of printing or after 21 days in culture media, scaffold compressive properties were measured. Between physiological strains of 5%–10%, no significant differences were observed in stiffness between freshly printed (day 0) or 21 days-cultured ABS (~197 and ~193 kPa) or PLA (~520 and ~560 kPa) scaffolds (Figure 2A). We placed these printed scaffolds in the context of known compressive properties of solid ABS and PLA, or those of human articular cartilage (Figure 2B). The printed scaffolds are significantly less stiff than solid plastics, and surprisingly show compressive properties comparable to native tissue when strained between 5% and 10%.





[image: Ijms 16 15118 g002 1024] 





Figure 2. Mechanical testing of ABS and PLA scaffolds. (A) Young’s modulus was calculated between 5%–10% compressive strain/strain curves for freshly printed (day 0) and culture medium bathed (day 21) ABS and PLA scaffolds. For each set, n = 5. Error bars represent ± SD; (B) Cartoon representation of mechanical test data for printed scaffolds placed in context of known mechanical bulk properties of ABS and PLA plastics, as well as human NP tissue, articular cartilage, and bone. Horizontal arrows indicate a range of stiffness, while downward arrows indicate exact stiffness. 
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2.2. Chondrocytes and NP Cells Attach to and Populate the Pores of ABS and PLA Scaffolds


Scaffolds were seeded with either primary chondrocytes or primary NP cell and cultured for 21 days. Cell adhesion and growth were monitored at 7, 14, and 21 days with phase contrast imaging. Adhesion of cells was immediately visible, and growth of both cell types was increasing at 7 and 14 days (data not shown). Figure 2 shows that by 21 days of culture, chondrocytes have grown over most of the surface of both ABS and PLA scaffolds, with some in-growth into the open pores. NP cells, however, almost completely fill the open pores via growth and neo-matrix production (Figure 3).
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Figure 3. Cell ingrowth on ABS and PLA scaffolds. Representative phase contrast images of cell-seeded scaffolds at 4× and 10× magnification after 21 days of culture (n = 4). Black arrows indicate cell growth and neo-tissue deposition. White scale bar represents 1 mm; grey scale bar represents 500 µm. 
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To account for chondrocyte and NP cell viability on seeded ABS and PLA scaffolds, LIVE/DEAD assays were performed after 21 days in culture. Both chondrocytes and NP cells showed very high viability on ABS and PLA scaffolds (Figure 4). Both chondrocytes and NP cells surrounded and filled in the scaffolds with dense layers of cells and matrix-like tissue on both ABS and PLA scaffolds. Chondrocyte growth appeared less dense than PLA, yet in-growth to the pore spaces was somewhat evident.




2.3. Chondrocytes and NP Cells Produce Proteolgylcan on ABS and PLA Scaffolds


Histological staining was performed to assess the distribution of proteoglycan and glycosaminoglycan (GAG) production on and within ABS and PLA constructs. After 21 days’ culture, chondrocytes showed moderate safranin-O staining evenly distributed on ABS and PLA scaffolds, compared to acellular controls (Figure 5A). NP cells showed more intense safranin-O staining on both ABS and PLA scaffolds compared to chondrocyte-seeded scaffolds and acellular controls, indicating high production of proteoglycans (Figure 5A). After 21 days’ culture, total sulfated-GAG from chondrocyte-seeded ABS scaffolds was 27.8 ± 8.6 µg/mL. NP-seeded ABS scaffolds contained 46.9 ± 16.2 µg/mL sulfated-GAG, which was significantly (p = 0.026) more than the chondrocytes (Figure 5B). Chondrocyte-seeded PLA scaffolds contained 32.6 ± 12.3 µg/mL sulfated-GAG, whereas NP-seeded PLA scaffolds contained 41.3 ± 10.5 µg/mL sulfated-GAG (p = 0.139) (Figure 5B).
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Figure 4. Cell viability on ABS and PLA scaffolds. Live/dead assay was performed on chondrocytes and NP cell-seeded ABS and PLA scaffolds after 21 days’ culture. Live cells are shown in green (calcein AM) while dead cells are shown in red (ethidium homodimer). Representative images (n = 4) show that the number of dead cells on either scaffold is negligible. Inset panels are enlarged 3× from indicated regions, and show individual live and dead cells. Scale bar: 1.0 mm. 
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Cell populations expanded over the 21 days of culture, and DNA content for the cell-seeded scaffolds was measured, showing similar growth of chondrocytes and NP cells on both scaffold types. Chondrocyte-seeded ABS scaffolds contained 273.67 ± 19.5 µg DNA, while NP-seeded ABS scaffolds contained 275.0 ± 6.56 µg DNA (Figure 5C). Chondrocyte-seeded PLA scaffolds contained 284.67 ± 38.84 µg DNA, and NP-seeded PLA scaffolds contained 282 ± 17.86 µg DNA (Figure 5C). No differences in population doublings for either chondrocytes or NP cells on ABS or PLA were observed (data not shown). To account for cell populations towards proteoglycan production, extracted GAG was normalized to total DNA content in extracts. Chondrocyte-seeded ABS scaffolds contained 0.11 ± 0.048 µg GAG per µg DNA while NP-seeded ABS scaffolds contained significantly more (0.183 ± 0.07 µg GAG per µg DNA; p = 0.02) (Figure 5D). No significant difference in proteoglycan content was found between chondrocyte-seeded and NP-seeded PLA scaffolds (0.152 ± 0.055 and 0.177 ± 0.023 µg GAG per µg DNA, respectively; p = 0.222) (Figure 5D).
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Figure 5. Proteoglycan analysis of scaffolds. (A) Fixed acellular, chondrocyte-, and NP-seeded ABS and PLA scaffolds were stained with safranin-O/fast green after 21 days’ culture. Representative images (n = 4) showing that both chondrocyte- and NP-seeded ABS and PLA scaffolds retained intense safranin-O staining. Ruler ticks represent millimeters; (B) DMMB assay for quantifying sulfated GAG in total extract per scaffold (in 1 mL); (C) DNA content was quantified by HOECHST 33258 assay per scaffold; (D) The sGAG/DNA ratio was determined. Error bars represent ± SD. * indicates p < 0.05. 






Figure 5. Proteoglycan analysis of scaffolds. (A) Fixed acellular, chondrocyte-, and NP-seeded ABS and PLA scaffolds were stained with safranin-O/fast green after 21 days’ culture. Representative images (n = 4) showing that both chondrocyte- and NP-seeded ABS and PLA scaffolds retained intense safranin-O staining. Ruler ticks represent millimeters; (B) DMMB assay for quantifying sulfated GAG in total extract per scaffold (in 1 mL); (C) DNA content was quantified by HOECHST 33258 assay per scaffold; (D) The sGAG/DNA ratio was determined. Error bars represent ± SD. * indicates p < 0.05.



[image: Ijms 16 15118 g005]






2.4. Chondrocytes and NP Cells Produce Collagen Type II on ABS and PLA Scaffolds


Western blot analysis of protein extracts from chondrocyte and NP-seeded ABS and PLA scaffolds (21 days culture) were performed (Figure 6A). Densitometry analysis showed that NP cells produced slightly, but insignificantly, more extractable (non-crosslinked) collagen type II protein (Figure 6B). The ratio of collage type II to proteoglycan production and total cell population was also taken into account for the cell-seeded scaffolds. Chondrocyte-seeded ABS scaffolds contained 108.11 ± 73.26 densitometry units per µg sGAG, while NP-seeded ABS scaffolds contained 126.14 ± 19.92 densitometry units per µg sGAG (p = 0.291) (Figure 6C). Chondrocyte-seeded PLA scaffolds contained 90.86 ± 44.6 densitometry units per µg GAG, while NP-seeded PLA scaffolds contained a higher collagen II to GAG ratio approaching statistical significance (142.15 ± 53.58 densitometry units per µg sGAG; p = 0.061) (Figure 6C). When measured against the total DNA, chondrocyte-seeded ABS scaffolds contained 16.72 ± 14.3 densitometry units per µg DNA while NP-seeded ABS scaffolds contained 21.94 ± 13.12 densitometry units per µg DNA (p = 0.269) (Figure 6D). Chondrocyte-seeded PLA scaffolds contained 16.29 ± 12.61 densitometry units per µg DNA while NP-seeded PLA scaffolds contained a slightly higher collagen II to proteoglycan ratio (24.59 ± 7.79 densitometry units per µg DNA; p = 0.109) (Figure 6D).
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Figure 6. Collagen type II analysis of cell-seeded scaffolds. (A) Representative Western blot probing extracts for newly synthesized, non-crosslinked collagen type II; (B) densitometry quantification for collagen type II deposition on scaffolds; (C) extractable collagen type II band density/sGAG was determined; (D) extractable collagen type II band density/DNA was determined. Error bars represent ± SD. # indicates p = 0.0601. 
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2.5. Chondrocytes and NP Evenly Distribute Collagen II and Aggrecan on ABS and PLA Scaffolds


Distribution of collagen type II and aggrecan core protein on cell-seeded ABS and PLA scaffolds was also assessed by immunofluorescence. Both scaffold types displayed some background auto-fluorescence under the two wavelengths used. After 21 days’ culture, chondrocytes cultured on ABS and PLA scaffolds showed specific fluorescent signals well above acellular background levels for both collagen type II (red signal) and aggrecan core protein (green signal) (Figure 7). Likewise, NP cells cultured on both ABS and PLA scaffolds showed signals well above acellular controls for both collagen type II and aggrecan (Figure 7). Taken together, these immunofluorescence data show even distribution of matrix deposition on the scaffolds and further support western blot and DMMB analysis of protein extracts.
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Figure 7. Immunofluorescence analysis of cell-seeded scaffolds. Acellular, chondrocyte-, and NP-seeded ABS and PLA scaffolds were probed by immunofluorescence for collagen type II (red) and aggrecan core protein (green) after 21 days’ culture. Acellular scaffolds show some autofluorescent background. Cell-seeded scaffolds produce fluorescent signals well above background, specifically in regions within the pores, where only cells are growing. Scale bar: 1.0 mm. 
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3. Discussion


The quickly advancing development of next-generation desktop 3D printers with high-resolution and multiple print materials is increasing the speed at which novel ideas for tissue engineering, regenerative medicine, and whole organ replacement can be prototyped and assessed. To explore the hypothesis that chondrocytes and NP cells will dedifferentiate when cultured on large-pore 3D-printed scaffolds and whether cells will grow better on PLA versus ABS, ~700 µm pore-sized orthogonal ABS and PLA scaffolds were seeded with the primary, unpassaged cells and cultured for 21 days. Primary bovine chondrocyte and NP cells display high viability, adhere well, and proliferate readily on either construct type. Chondrocytes and NP cells proliferated and filled in the empty pore spaces, by generating neo-matrix consisting of both aggrecan proteoglycan and collagen type II protein after three weeks in culture. NP cells generated more proteoglycan than chondrocytes, but no difference was observed between the ABS and PLA scaffolds. Mechanical testing of the ABS and PLA scaffolds suggested that after 21 days in a culture medium, their properties remain unchanged. Together, these data lay an important foundation for designing and generating 3D-printed constructs that contain mechanical and structural properties more closely resembling native tissues. These 3D-printed scaffolds also provide a suitable environment for cell growth and matrix regeneration for cartilage and disc repair applications.



Additive manufacturing and rapid prototyping are increasingly changing the landscape of tissue engineering for cartilage and disc repair and regeneration. Three-dimensionally printed PLA scaffolds have already been used with some success in studies on cartilage and IVD repair [8,9,33]. Similar 3D-printed thermoplastics, such as polycaprolactone, have also showed some success in tissue engineering of cartilage and discs [34,35,36,37], even producing constructs mimicking the human ear for plastic surgery applications [38] and a whole trachea to resolve breathing problems [39,40]. At the very least, 3D printing with these materials combined with primary cell seeding is a gateway to more appropriate tissue engineering strategies.



A major goal in cartilage and IVD tissue engineering is to produce neo-tissues that resemble native tissue both structurally and functionally. It is desirable for the engineered tissue to contain ample proteoglycan (aggrecan and sulfated GAGs) as well as ample collagen type II (for cartilage and NP tissue), all while maintaining mechanical stability. This will directly influence the function of the neo-tissue generated. Studies on the chondrogenesis of PLA or PLA hybrid scaffolds have shown increased proteoglycan and collagen type II production [5,41]. These same biochemical markers have been shown to be present in PLA scaffolds for IVD tissue engineering [8,9]. In both cases, simplistic scaffold architecture was not tested as a variable influencing matrix production. The present study shows that simple uniform ~700 µm pore size PLA and ABS scaffolds are suitable for chondrocyte and NP cell growth and collagen type II and proteoglycan production. Our qualitative data analysis, however, indicated a lower GAG/collagen ratio for both chondrocytes and NP cells compared to values in native tissues [42]. This may be the result of the static culture of these cell-seeded scaffolds, since mechanical loading in the physiological range is known to significantly enhance proteoglycan production in cartilage and NP tissue [19,43]. It is important to note that in the present study, NP cells produced more proteoglycan on both scaffolds compared to chondrocytes. This indicates that the cells do not dedifferentiate and instead maintain their phenotype since NP cells are known to produce more proteoglycan than chondrocytes in vivo [42]. We also demonstrate here that culturing cells on ABS scaffolds is comparable to culturing cells on the more widely used biocompatible PLA scaffolds. Newer and more biocompatible ABS polymers are emerging, such as ABS M30i, indicating the potential for future use in tissue engineering constructs.



Another goal in cartilage and IVD tissue engineering is to produce neo-tissues that function in a biomechanically similar way to native tissues. Collagen, hyaluronic acid, or chitosan hydrogels provide a suitable environment for chondrocyte and IVD cell growth and matrix deposition; however, the mechanical properties of the engineered tissues are often not strong enough to endure physiological loading upon clinical implantation. Ideally, cartilage constructs should display compressive stiffness in the 0.5–6.0 MPa range (depending on physical activity) [44,45,46], while nucleus pulposus (central gelatinous portion of IVD) constructs should withstand loads ranging from 0.01–1.5 MPa [47,48]. Several studies on engineered cartilage constructs report mechanical properties in the kilopascal range, not nearly strong enough for physiological loading. Indeed, we have demonstrated promising biochemical properties for cartilage/collagen constructs, yet the mechanical properties were not ideal to withstand high compressive loads [49].



One advantage to using 3D-printed scaffolds is that they inherently contain mechanical properties comparable to or stronger than the native tissues. In fact, the compressive properties of the scaffolds used in this study are still too stiff for use in tissue repair. Since the seeded cells are able to produce ample biological matrix, future scaffold designs should contain more optimized geometry with perhaps thinner support struts, thereby rendering mechanical properties closer to that of native tissues. The present study shows the extent to which cells seeded on large-pore constructs can produce the biochemical components while maintaining strong mechanical properties. Even after the scaffolds biodegrade at some later time point, this theoretically will allow such engineered tissues to withstand high loads immediately after implantation.




4. Experimental Section


4.1. 3D-Printed Constructs


ABS and PLA filament (1.75 mm) were purchased from MakerBot (New York City, NY, USA). A 3D, uniform, open-pore orthogonal “matrix” construct .stl file was downloaded from the freeware website (http://www.thingiverse.com/thing:45228/#files) and modified for use with an Afinia H-series H479 desktop 3D printer. All ABS and PLA “matrix” constructs were printed with perpendicular 10 mm lines with 0.7 mm thickness. On the Afinia printer, ABS plastic extrudes at a fixed temperature of 260 °C, while PLA plastic extrudes at a fixed temperature of 210 °C. For all prints, speed control was set to “fine,” and the bed temperature was set to 105 °C. Total final dimensions were 1 × 1 × 0.3 cm. (Figure 1). To promote cell adhesion, all printed grid constructs were first soaked in 70% ethanol overnight, washed with sterile PBS, and coated with 50 µg/mL collagen type I (Carlsbad, CA, USA) and 0.1% Poly-l-Lysine (Sigma, Burlington, ON, Canada) for 2 h at 37 °C. After scaffold surface treatment, constructs were washed three times with sterile PBS.




4.2. Porosity of 3D-Printed Scaffolds


Theoretical calculation of scaffold porosity was performed by dividing the theoretical void-space (volume of open pores) divided by the total volume of the scaffolds. This was based on the 3D orthogonal model, which set pore size to 0.7 × 0.7 × 10 mm dimensions in both the x and y plane, while there was 0.7 × 0.7 × 3.5 mm in the z plane. Actual porosity was calculated by Archimedes’ principle. Dry-weights and void volumes were determined for sealed ABS and PLA (n = 5 for each). Void-weight, divided by total weight and multiplied by 100, gave the actual measured porosity.




4.3. Chondrocyte and NP Cell Isolation


Primary bovine NP cells were isolated from dissected nucleus pulposus from caudal discs, and primary bovine chondrocytes were isolated as described previously [50,51] and obtained from a local slaughterhouse. Approximately 5 g of NP and cartilage tissue were washed in sterile phosphate buffered saline (PBS) supplemented with antibiotics and cut into 1–2 mm pieces. The tissue was digested separately overnight in a T-75 flask containing 30 mL of growth medium (high-glucose DMEM; 0.1 mM Nonessential Amino Acids; 10 mM HEPES; 1 mM sodium pyruvate; 50 µg/mL ascorbic acid, 10% fetal bovine serum; and 1% penicillin-streptomycin-glycine solution [10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin]) supplemented with 1.5 mg/mL collagenase type II (Invitrogen/Gibco, Burlington, ON, Canada). The digest was passed through a 100 µm filter (BD Biosciences, Mississauga, ON, Canada) and centrifuged at 300× g for 5 min. Pelleted chondrocytes and NP cells were washed with sterile PBS and centrifuged again at 300× g for 5 min. Cells were resuspended in 10 mL of growth medium and counted. For initial assessment of effects of ABS and PLA on cell viability, 100,000 chondrocytes or NP cells were plated in six-well plates in the presence of 3, 5, and 7 mm 3D-printed circular wafers. Five ABS and PLA constructs per donor animal (n = 4) were placed in 24-well plates and 500,000 of each cell type was seeded. Five of each construct were seeded so as to have enough constructs to analyze viability, total protein and proteoglycan content, histological analysis, and collagen type II and aggrecan immunofluorescence detection. The medium was changed every two days throughout experiments.




4.4. Cell Attachment, Growth, and Viability


Monolayer cell culture in the presence of ABS and PLA circular wafers was monitored over seven days, while cell adhesion and overgrowth on constructs was monitored every three days. Phase contrast images for both monolayer and construct cultures were acquired on a Zeiss Axiovert 40C microscope equipped with a Canon Powershot A640 digital camera attached to a Zeiss MC80DX 1.0× tube adapter. Cell viability in the presence of ABS and PLA circular wafers (seven days’ monolayer culture) or on the ABS and PLA constructs (21 days’ 3D culture) was determined by LIVE/DEAD assay prepared in serum-free Dulbecco’s Modified Eagle Medium according to the manufacturer’s instructions. Images were captured and viability was quantified from three random positions from four independent experiments using an Olympus IX81 inverted fluorescence microscope. All images were captured using both 10× (monolayer cultures) and 4× (constructs) objectives with MAG Biosystems Software 7.5 (Photometrics, Tucson, AZ, USA).




4.5. Histological and Immunofluorescence Analysis


After 21 days in culture, ABS and PLA constructs (acellular, chondrocyte-seeded, and NP-seeded) were fixed in 4% paraformaldehyde. Once complete set (n = 4) was stained with Fast-Green for 5 min, and then washed with water for 10 min. After a brief rinse with 1% acetic acid, all samples were stained with Safranin-O for 5 min, followed by extensive washing with water. Images were captured with a Canon Powershot A640 digital camera. An additional two sets of fixed ABS and PLA constructs (acellular, chondrocyte-seeded, and NP-seeded) were treated with permeabilization buffer (PBS, 1% BSA, 0.1% Triton-X100) for 45 min. Permeabilized samples were then incubated with antibodies against collagen type II (1:100, Abcam, Cambridge, MA, USA) and aggrecan (1:200, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA) overnight at 4 °C. Samples were washed three times in PBS and then incubated with either Alexa Fluor 488 Goat anti-Mouse IgG (1:250, Invitrogen) or Alexa Fluor 568 Goat anti-Rabbit IgG (1:250, Invitrogen) for 1.5 h at room temperature. Samples were washed and mounted with Fluoroshield with DAPI (Sigma) and visualized on an Olympus IX81 inverted fluorescence microscope.




4.6. Western Blot


Proteins were extracted from scaffolds (with very similar weights) for 48 h at 4 °C on a rocker in 1 mL of 4 M guanidine hydrochloride (GuHCl), 50 mM sodium acetate, pH 5.8, 10 mM EDTA, and protease inhibitors [52]. Twenty microliter aliquots of protein extract (described above) were precipitated using nine volumes of 100% ethanol. Precipitates were recovered by centrifugation (30 min at 4 °C). Pellets were washed once each with 75% ethanol and 95% ethanol before being dried and redissolved in 20 µL of sample loading buffer, and placed at 65 °C for 5 min. Ten microliters of each sample were subjected to 4%–12% gradient SDS-PAGE gel electrophoresis and then transferred to nitrocellulose membranes. Membranes were blocked in 5% BSA for 45 min and probed with rabbit polyclonal antibodies against collagen type II (1:1000; Abcam 1 mg/mL, ab34712). Membranes were washed three times in TBST followed by incubation with anti-rabbit HRP-conjugated secondary antibody (1:5000, Santa Cruz Biotechnology, Dallas, TX, USA) for 45 min. Membranes were then washed three times in TBST for 10 min, and developed using Western Lightning Plus-ECL (Perkin Elmer, Waltham, MA, USA) and an Image Quant LAS 4000 (GE Healthcare Bio-Sciences, Baie d’Urfe, QC, Canada).




4.7. Proteoglycan Quantification


Sulfated glycosaminoglycans (GAGs) were quantified from guanidine HCl extracts by a modified dimethyl methylene blue (DMMB) assay [53]. Samples were diluted to fall in the middle of the linear range of the standard curve. In order to adjust for any interference by GuHCl, an equivalent amount of 4 M GuHCl was added to standards. Samples were loaded in Costar Easy-wash 96-well plates and absorbance was determined using a Tecan Infinite M200 PRO (Tecan, Männedorf, Switzerland) and analyzed with i-control 1.9 software (Tecan).




4.8. Mechanical Testing


Exact ABS and PLA scaffold heights were measured using Mitutoyo® calipers. A load-to-failure protocol applied axial compression scaffold surfaces at a rate of 0.1 mm/s until heights were reduced by 40% (approximately 1.2 mm) using a Mini Bionix 858 MTS machine. Displacement (mm), load (N), and time to failure (s) data were collected at a sampling rate of 100 Hz using the built-in data acquisition boards and MTS software Teststar II (MTS Systems, Eden Prairie, MN, USA). Young’s modulus was determined from the slope of stress-strain curves between 5%–10%. As a control, freshly printed scaffolds or scaffolds bathed in growth medium (with media changes every three days) for 21 days were tested.




4.9. Statistical Analysis


All statistical analyses were performed comparing NP cells to chondrocytes either on ABS or PLA scaffolds using paired t-tests from at least four independent experiments using four individual animal donors. All p values less than 0.05 were considered to be statistically significant differences. Analyses were performed using Graphpad Prism 6.0 (Graphpad Software, La Jolla, CA, USA).





5. Conclusions


The rapid rise of additive manufacturing by way of desk-top 3D printers and the availability of multiple functional materials to use in such systems are paving the way for faster and improved construct design for tissue engineering applications. ABS and PLA scaffolds provide mechanical stability for tissue engineering. We show that cells grow well and produce ample matrix within large-pore (~700 µm) scaffolds, presenting key components to cartilage and IVD tissue engineering. Moreover, NP cells produce more proteoglycan than chondrocytes, while both cell types produce similar amounts of collagen type II (regardless of scaffold type) indicating proper cell phenotype. Design of new scaffold architectures novel materials with more elastic properties should therefore be considered for improved mechanical function and enhanced matrix production in applications of cartilage and IVD tissue regeneration.







Acknowledgments


This work was supported by a Canadian Institutes of Health Research grant CIHR MOP-119564 to Lisbet Haglund.




Author Contributions


Derek H. Rosenzweig and Eric Carelli performed the experiments. Derek H. Rosenzweig, Peter Jarzem, Thomas Steffen, and Lisbet Haglund designed the research study. Derek H. Rosenzweig and Eric Carelli analyzed the data. Derek H. Rosenzweig and Eric Carelli prepared all figures. Derek H. Rosenzweig and Lisbet Haglund wrote the first draft of the manuscript. All authors participated in the interpretation of the study results. All authors were involved in revising the final manuscript. All authors approved the final version of the manuscript for submission.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hoque, M.E.; Chuan, Y.L.; Pashby, I. Extrusion based rapid prototyping technique: An advanced platform for tissue engineering scaffold fabrication. Biopolymers 2012, 97, 83–93. [Google Scholar] [CrossRef] [PubMed]

	



Leong, K.F.; Cheah, C.M.; Chua, C.K. Solid freeform fabrication of three-dimensional scaffolds for engineering replacement tissues and organs. Biomaterials 2003, 24, 2363–2378. [Google Scholar] [CrossRef] [PubMed]

	



Korpela, J.; Kokkari, A.; Korhonen, H.; Malin, M.; Narhi, T.; Seppala, J. Biodegradable and bioactive porous scaffold structures prepared using fused deposition modeling. J. Biomed. Mater. Res. Part B Appl. Biomater. 2013, 101, 610–619. [Google Scholar] [CrossRef] [PubMed]

	



Zein, I.; Hutmacher, D.W.; Tan, K.C.; Teoh, S.H. Fused deposition modeling of novel scaffold architectures for tissue engineering applications. Biomaterials 2002, 23, 1169–1185. [Google Scholar] [CrossRef]

	



Haaparanta, A.M.; Jarvinen, E.; Cengiz, I.F.; Ella, V.; Kokkonen, H.T.; Kiviranta, I.; Kellomaki, M. Preparation and characterization of collagen/pla, chitosan/pla, and collagen/chitosan/pla hybrid scaffolds for cartilage tissue engineering. J. Mater. Sci. Mater. Med. 2014, 25, 1129–1136. [Google Scholar] [CrossRef] [PubMed]

	



Tuli, R.; Li, W.J.; Tuan, R.S. Current state of cartilage tissue engineering. Arthritis Res. Ther. 2003, 5, 235–238. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, S.M.; Curran, J.M.; Chen, R.; Vaughan-Thomas, A.; Hunt, J.A.; Freemont, A.J.; Hoyland, J.A. The differentiation of bone marrow mesenchymal stem cells into chondrocyte-like cells on poly-l-lactic acid (plla) scaffolds. Biomaterials 2006, 27, 4069–4078. [Google Scholar] [CrossRef] [PubMed]

	



Mizuno, H.; Roy, A.K.; Vacanti, C.A.; Kojima, K.; Ueda, M.; Bonassar, L.J. Tissue-engineered composites of anulus fibrosus and nucleus pulposus for intervertebral disc replacement. Spine 2004, 29, 1290–1297. [Google Scholar] [CrossRef] [PubMed]

	



Mizuno, H.; Roy, A.K.; Zaporojan, V.; Vacanti, C.A.; Ueda, M.; Bonassar, L.J. Biomechanical and biochemical characterization of composite tissue-engineered intervertebral discs. Biomaterials 2006, 27, 362–370. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Liu, X.; Ma, P.X. Induction of osteoblast differentiation phenotype on poly(l-lactic acid) nanofibrous matrix. Biomaterials 2008, 29, 3815–3821. [Google Scholar] [CrossRef] [PubMed]

	



Haimi, S.; Suuriniemi, N.; Haaparanta, A.M.; Ella, V.; Lindroos, B.; Huhtala, H.; Raty, S.; Kuokkanen, H.; Sandor, G.K.; Kellomaki, M.; et al. Growth and osteogenic differentiation of adipose stem cells on pla/bioactive glass and pla/beta-tcp scaffolds. Tissue Eng. Part A 2009, 15, 1473–1480. [Google Scholar] [CrossRef] [PubMed]

	



Chen, A.; Gupte, C.; Akhtar, K.; Smith, P.; Cobb, J. The global economic cost of osteoarthritis: How the uk compares. Arthritis 2012, 2012, 698709. [Google Scholar] [CrossRef] [PubMed]

	



Manchikanti, L.; Singh, V.; Datta, S.; Cohen, S.P.; Hirsch, J.A. Comprehensive review of epidemiology, scope, and impact of spinal pain. Pain Physician 2009, 12, E35–E70. [Google Scholar] [PubMed]

	



Lotz, M.; Loeser, R.F. Effects of aging on articular cartilage homeostasis. Bone 2012, 51, 241–248. [Google Scholar] [CrossRef] [PubMed]

	



Sivan, S.S.; Hayes, A.J.; Wachtel, E.; Caterson, B.; Merkher, Y.; Maroudas, A.; Brown, S.; Roberts, S. Biochemical composition and turnover of the extracellular matrix of the normal and degenerate intervertebral disc. Eur. Spine J. 2014, 23 (Suppl. 3), 344–353. [Google Scholar] [CrossRef] [PubMed]

	



Sah, R.L.; Kim, Y.J.; Doong, J.Y.; Grodzinsky, A.J.; Plaas, A.H.; Sandy, J.D. Biosynthetic response of cartilage explants to dynamic compression. J. Orthop. Res. 1989, 7, 619–636. [Google Scholar] [CrossRef] [PubMed]

	



Ishihara, H.; McNally, D.S.; Urban, J.P.; Hall, A.C. Effects of hydrostatic pressure on matrix synthesis in different regions of the intervertebral disk. J. Appl. Physiol. 1996, 80, 839–846. [Google Scholar] [PubMed]

	



Guilak, F. Biomechanical factors in osteoarthritis. Best Pract. Res. Clin. Rheumatol. 2011, 25, 815–823. [Google Scholar] [CrossRef] [PubMed]

	



Iatridis, J.C.; Nicoll, S.B.; Michalek, A.J.; Walter, B.A.; Gupta, M.S. Role of biomechanics in intervertebral disc degeneration and regenerative therapies: What needs repairing in the disc and what are promising biomaterials for its repair? Spine J. 2013, 13, 243–262. [Google Scholar] [CrossRef] [PubMed]

	



Wuertz, K.; Haglund, L. Inflammatory mediators in intervertebral disk degeneration and discogenic pain. Glob. Spine J. 2013, 3, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Rutgers, M.; Saris, D.B.; Yang, K.G.; Dhert, W.J.; Creemers, L.B. Joint injury and osteoarthritis: Soluble mediators in the course and treatment of cartilage pathology. Immunotherapy 2009, 1, 435–445. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.; Qiao, Z.; Jiang, W.; Li, H.; Wei, J.; Zhou, G.; Dai, K. Regeneration of a goat femoral head using a tissue-specific, biphasic scaffold fabricated with cad/cam technology. Biomaterials 2013, 34, 6706–6716. [Google Scholar] [CrossRef] [PubMed]

	



Hollister, S.J. Porous scaffold design for tissue engineering. Nat. Mater. 2005, 4, 518–524. [Google Scholar] [CrossRef] [PubMed]

	



Hudson, K.D.; Alimi, M.; Grunert, P.; Hartl, R.; Bonassar, L.J. Recent advances in biological therapies for disc degeneration: Tissue engineering of the annulus fibrosus, nucleus pulposus and whole intervertebral discs. Curr. Opin. Biotechnol. 2013, 24, 872–879. [Google Scholar] [CrossRef] [PubMed]

	



Johnstone, B.; Alini, M.; Cucchiarini, M.; Dodge, G.R.; Eglin, D.; Guilak, F.; Madry, H.; Mata, A.; Mauck, R.L.; Semino, C.E.; et al. Tissue engineering for articular cartilage repair—The state of the art. Eur. Cells Mater. 2013, 25, 248–267. [Google Scholar]

	



Tuan, R.S.; Chen, A.F.; Klatt, B.A. Cartilage regeneration. J. Am. Acad. Orthop. Surg. 2013, 21, 303–311. [Google Scholar] [CrossRef] [PubMed]

	



Leung, V.Y.; Tam, V.; Chan, D.; Chan, B.P.; Cheung, K.M. Tissue engineering for intervertebral disk degeneration. Orthop. Clin. N. Am. 2011, 42, 575–583. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hulbert, S.F.; Young, F.A.; Mathews, R.S.; Klawitter, J.J.; Talbert, C.D.; Stelling, F.H. Potential of ceramic materials as permanently implantable skeletal prostheses. J. Biomed. Mater. Res. 1970, 4, 433–456. [Google Scholar] [CrossRef] [PubMed]

	



Jones, A.C.; Arns, C.H.; Sheppard, A.P.; Hutmacher, D.W.; Milthorpe, B.K.; Knackstedt, M.A. Assessment of bone ingrowth into porous biomaterials using micro-ct. Biomaterials 2007, 28, 2491–2504. [Google Scholar] [CrossRef] [PubMed]

	



Karageorgiou, V.; Kaplan, D. Porosity of 3d biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [Google Scholar] [CrossRef] [PubMed]

	



Wake, M.C.; Patrick, C.W., Jr.; Mikos, A.G. Pore morphology effects on the fibrovascular tissue growth in porous polymer substrates. Cell Transplant. 1994, 3, 339–343. [Google Scholar] [PubMed]

	



Sicchieri, L.G.; Crippa, G.E.; de Oliveira, P.T.; Beloti, M.M.; Rosa, A.L. Pore size regulates cell and tissue interactions with plga-cap scaffolds used for bone engineering. J. Tissue Eng. Regen. Med. 2012, 6, 155–162. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, H.; Sun, L.; Cairns, D.M.; Rainbow, R.S.; Preda, R.C.; Kaplan, D.L.; Zeng, L. The influence of scaffold material on chondrocytes under inflammatory conditions. Acta Biomater. 2013, 9, 6563–6575. [Google Scholar] [CrossRef] [PubMed]

	



Moutos, F.T.; Guilak, F. Functional properties of cell-seeded three-dimensionally woven poly(epsilon-caprolactone) scaffolds for cartilage tissue engineering. Tissue Eng. Part A 2010, 16, 1291–1301. [Google Scholar] [CrossRef] [PubMed]

	



Glass, K.A.; Link, J.M.; Brunger, J.M.; Moutos, F.T.; Gersbach, C.A.; Guilak, F. Tissue-engineered cartilage with inducible and tunable immunomodulatory properties. Biomaterials 2014, 35, 5921–5931. [Google Scholar] [CrossRef] [PubMed]

	



Koepsell, L.; Remund, T.; Bao, J.; Neufeld, D.; Fong, H.; Deng, Y. Tissue engineering of annulus fibrosus using electrospun fibrous scaffolds with aligned polycaprolactone fibers. J. Biomed. Mater. Res. Part A 2011, 99, 564–575. [Google Scholar] [CrossRef] [PubMed]

	



Koepsell, L.; Zhang, L.; Neufeld, D.; Fong, H.; Deng, Y. Electrospun nanofibrous polycaprolactone scaffolds for tissue engineering of annulus fibrosus. Macromol. Biosci. 2011, 11, 391–399. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.S.; Hong, J.M.; Jung, J.W.; Shim, J.H.; Oh, J.H.; Cho, D.W. 3D printing of composite tissue with complex shape applied to ear regeneration. Biofabrication 2014, 6, 024103. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.W.; Park, S.A.; Park, J.K.; Choi, J.W.; Kim, Y.S.; Shin, Y.S.; Kim, C.H. Tissue-engineered tracheal reconstruction using three-dimensionally printed artificial tracheal graft: Preliminary report. Artif. Organs 2014, 38, E95–E105. [Google Scholar] [CrossRef] [PubMed]

	



Hong, H.J.; Chang, J.W.; Park, J.K.; Choi, J.W.; Kim, Y.S.; Shin, Y.S.; Kim, C.H.; Choi, E.C. Tracheal reconstruction using chondrocytes seeded on a poly(l-lactic-co-glycolic acid)-fibrin/hyaluronan. J. Biomed. Mater. Res. Part A 2014, 102, 4142–4150. [Google Scholar] [CrossRef] [PubMed]

	



Stolzel, K.; Schulze-Tanzil, G.; Olze, H.; Schwarz, S.; Feldmann, E.M.; Rotter, N. Immortalised human mesenchymal stem cells undergo chondrogenic differentiation in alginate and pga/plla scaffolds. Cell Tissue Bank. 2014, 16, 159–170. [Google Scholar] [CrossRef] [PubMed]

	



Mwale, F.; Roughley, P.; Antoniou, J. Distinction between the extracellular matrix of the nucleus pulposus and hyaline cartilage: A requisite for tissue engineering of intervertebral disc. Eur. Cells Mater. 2004, 8, 58–63. [Google Scholar]

	



Buschmann, M.D.; Gluzband, Y.A.; Grodzinsky, A.J.; Hunziker, E.B. Mechanical compression modulates matrix biosynthesis in chondrocyte/agarose culture. J. Cell Sci. 1995, 108, 1497–1508. [Google Scholar] [PubMed]

	



Athanasiou, K.A.; Agarwal, A.; Dzida, F.J. Comparative study of the intrinsic mechanical properties of the human acetabular and femoral head cartilage. J. Orthop. Res. 1994, 12, 340–349. [Google Scholar] [CrossRef] [PubMed]

	



Mow, V.C.; Guo, X.E. Mechano-electrochemical properties of articular cartilage: Their inhomogeneities and anisotropies. Annu. Rev. Biomed. Eng. 2002, 4, 175–209. [Google Scholar] [CrossRef] [PubMed]

	



Shepherd, D.E.; Seedhom, B.B. The “instantaneous” compressive modulus of human articular cartilage in joints of the lower limb. Rheumatology 1999, 38, 124–132. [Google Scholar] [CrossRef] [PubMed]

	



Iatridis, J.C.; Setton, L.A.; Weidenbaum, M.; Mow, V.C. The viscoelastic behavior of the non-degenerate human lumbar nucleus pulposus in shear. J. Biomech. 1997, 30, 1005–1013. [Google Scholar] [CrossRef]

	



Johannessen, W.; Elliott, D.M. Effects of degeneration on the biphasic material properties of human nucleus pulposus in confined compression. Spine 2005, 30, E724–E729. [Google Scholar] [CrossRef] [PubMed]

	



Rosenzweig, D.H.; Chicatun, F.; Nazhat, S.N.; Quinn, T.M. Cartilaginous constructs using primary chondrocytes from continuous expansion culture seeded in dense collagen gels. Acta Biomater. 2013, 9, 9360–9369. [Google Scholar] [CrossRef] [PubMed]

	



Rosenzweig, D.H.; Solar-Cafaggi, S.; Quinn, T.M. Functionalization of dynamic culture surfaces with a cartilage extracellular matrix extract enhances chondrocyte phenotype against dedifferentiation. Acta Biomater. 2012, 8, 3333–3341. [Google Scholar] [CrossRef] [PubMed]

	



Gawri, R.; Rosenzweig, D.H.; Krock, E.; Ouellet, J.A.; Stone, L.S.; Quinn, T.M.; Haglund, L. High mechanical strain of primary intervertebral disc cells promotes secretion of inflammatory factors associated with disc degeneration and pain. Arthritis Res. Ther. 2014, 16, R21. [Google Scholar] [CrossRef] [PubMed]

	



Gawri, R.; Moir, J.; Ouellet, J.; Beckman, L.; Steffen, T.; Roughley, P.; Haglund, L. Physiological loading can restore the proteoglycan content in a model of early ivd degeneration. PLoS ONE 2014, 9, e101233. [Google Scholar] [CrossRef]

	



Mort, J.S.; Roughley, P.J. Measurement of glycosaminoglycan release from cartilage explants. Methods Mol. Med. 2007, 135, 201–209. [Google Scholar] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
B
K]
=
]
9
<

Chondrocytes NP Cells





nav.xhtml


  ijms-16-15118


  
    		
      ijms-16-15118
    


  




  





media/file11.png
m Chondrocytes

uNP

® Chondrocytes

mNP

TR E R
g v @ (@ri/symn)
aa) SININ) ANJIWIOISUI(] - VNWA/Z1I0D

PLA
&
NP
® Chondrocytes
uNP 4

;
=
- |
o
Ch

2

e
[
D »
-

e
:
.

Collagen TypeIl

7S ==

ABS
250—
150—
e
Ch

100—

mm?
< O (37i/symn)
DVOHS/TTOD





media/file1.png
N A Scaffold Weights

Dry Weight (g)

PLA
ABS

Scaffold Porosity

Percent

PLA






media/file2.png
5-10% Compression

800 = Day 0
700 = Day 21

Young’s Modulus (kPa)
n
S

o

B PLA Scaffold

)
1 —
IR
NP Disc Tissue
-~

SoiABS
= bt

! I I I |
1 10 100 1000 10,000 MPa






media/file13.png
Chondrocytes

Acellular

1 9dA] udsejonH UBdIIS3Y





media/file7.png





media/file9.png
ABS

PLA

ES
B 70 - ® Chondrocyte
60 ‘ NP

)

=

g 50

2 40 - [

g 3.

O 20 4

-~

c 10 -

e 0 +

g 400 4

S 300 1

e

£

? 200 -

<

Z 100 +

=

0 -

g 0.3 4

g 0.25 +

o> 0214

E 0.15 <
Acellular Chondrocytes NP Cells g 0.1 +

< :

;= 0.05

» 0 -






media/file10.png
B

Collagen Type Il

u Chondrocytes

=NP

PLA

= Chondrocytes

uNP

g8 88°

SN Ayawoysudq

250—

a

S &8 8 =2 °
(@vi/syun)
VNA/ZTOD

2 828R
~

eSS
@vi/syun)
DVOHS/TTIOD





media/file5.png
Acellular

NP Cells

Chondrocytes





media/file12.png
Chondrocytes

Acellular

11 2dA], udasdejjon uedIIS3Y





media/file3.png
5-10% Compression
900 -

800 - m Day 0

700 -« v Day 21
600 -«
500
400
300
200
100

Young’s Modulus (kPa)

ABS PLA

B

PLA Scaffold

Trabecular Bone

) |-
- L

ABS Scaffold

| v
l NP Disc Tissue I

I Solid ABS Il Cortical Bone
l Cartilage | s —

- L
1 1

I I I I I
1 10 100 1000 10,000 MPa

| Solid PLA |






media/file0.png
B - 2 Scaffold Weights

Scaffold Porosity

o

Percent

™
b3





media/file8.png
ABS

PLA

*

B 70 ® Chondrocyte
60 N

o [

NPCells

Chondrocytes

Acellular






media/file6.png





