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Abstract

:

In the literature, many studies have described the 3D printing of ceramic-based scaffolds (e.g., printing with calcium phosphate cement) in the form of linear structures with layer rotations of 90°, although no right angles can be found in the human body. Therefore, this work focuses on the adaptation of biological shapes, including a layer rotation of only 1°. Sample shapes were printed with calcium phosphate cement using a 3D Bioplotter from EnvisionTec. Both straight and wavy spokes were printed in a round structure with 12 layers. Depending on the strand diameter (200 and 250 µm needle inner diameter) and strand arrangement, maximum failure loads of 444.86 ± 169.39 N for samples without subsequent setting in PBS up to 1280.88 ± 538.66 N after setting in PBS could be achieved.
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1. Introduction


The statistics of recent years on the number of implantations of artificial knee and hip joints in Germany and selected Organization for Economic Cooperation and Development (OECD) countries illustrate the necessity of biomaterial use in surgery. These implantations are some of the most commonly performed surgeries worldwide, mostly indicated by osteoarthritis, a degenerative form of arthritis [1]. In Germany, a trend toward an increased number of implantations of artificial hip and knee joints could be seen from 2005 to 2019, according to statistics from the Federal Statistical Office. A total of 243,477 implantations of artificial hip joints were performed throughout Germany in 2019 (the most reliable figures due to COVID-19). The number of artificial knee joints was 193,759 implantations for 2019 [2]. Similar high numbers can also be found for the EU [3].



The goal of bone regeneration is to restore lost bone material, both functionally and structurally. Current procedures often use autologous or allogeneic bone for regeneration [4]. A long segmental loss of substance can be bridged with microvascularly connected autogenous or allogeneic vascularized grafts. Segmental disruptions on long tubular bones can be treated with the help of distraction grafting [5]. In Germany, bone from the posterior and anterior iliac crests and parts of the fibula are used as the gold standard. However, this is only available in limited settings. For the patient, this increases the number of sites needed to heal, which results in more stress on the body [4]. In addition, the surgical time is prolonged because both the removal of the autogenous bone and the insertion into the defect are performed by means of one operation [6]. However, the use of bone bank materials has proven to be increasingly problematic in recent years due to adverse immune reactions and unwanted infections. Moreover, high costs significantly limit their use.



Infections mainly provide the impetus for the search for materials that adequately replace natural bone while being available in large quantities [5]. Biocompatible materials are an alternative. Depending on the nature of the defect, scaffolds are placed into the bone defect to provide a structural shape. Among various materials, calcium phosphate cement (CPC) is gaining much attention in medicine and dentistry due to its good biocompatibility, behavior as a bone substitute material, and ability to set on its own [7]. Calcium phosphate-based bone cements are produced from solid calcium phosphates mixed with a solution to achieve the precipitation of a calcium-deficient hydroxyapatite phase [8]. Calcium phosphate (CaP) is the most important biomaterial from the anthropocentric point of view. The inorganic component of physiological hard tissue in the human body is based on this class of substances. It is found as carbonaceous hydroxyapatite (HA) in bones, teeth, and tendons and gives them stability, hardness, and their function. Structurally, it is a low crystalline nonstoichiometric apatite phase. Human bone is composed of 50 to 60% biological apatite, which is a collective name for the minerals fluorapatite, chlorapatite, and HA [8]. Various formulations are known for CPC resulting in HA. As early as 1986, Brown and Chow developed a formulation consisting of dicalcium phosphate dihydrate (DCPD) (brushite), CaHPO4 2H2O (dicalcium orthophosphate), CaHPO4 (DCP) mixed with tetracalcium phosphate (TTCP), and Ca(PO4)2O) using a molar ratio of 1:1 in an aqueous or dilute aqueous solution of phosphoric acid. The result was HA [9]. Using the same reactants but adjusting the molar ratio to 2:1, it was possible to prepare calcium-deficient HA (CDHA) [10]. The possibility of preparing CDHA from the hydrolysis of alpha-tricalcium phosphate (α-TCP) between 60° and 100° was described as early as 1976 by Monma and Kanazawa [11]. In the meantime, this formulation has been optimized so that lower temperatures can also be used for the formation of CDHA. During the setting reaction, α-TCP particles dissolve in the cement liquid, and CDHA crystals are formed by settling in the liquid [7]. Pure β-TCP, which is also very common as a biomaterial [12], is used in biomedicine in bone cements containing calcium phosphate, for example, as a mixture of β-TCP with HA as a bone substitute [13]. The α-TCP just mentioned is more reactive than β-TCP and can be hydrolyzed to a mixture of other CaP. In the medical field, it is used as CPC. In the present study, we used the CPC for the 3D printing of scaffolds, analogous to Vorndran et al. [14]. However, in this work we wanted to vary the geometric shapes and further adapt them to biological forms, i.e., without right angles, analogous to bone tissue (see Baino et al. [15]). Our hypothesis for the present work was that 3D-printed molded bodies that approximate biological shapes would be more mechanically stable and biocompatible because there are no 90° angles in biological systems (e.g., the skeleton). In addition, rotational symmetry should be present to print the layers with only 1° of rotation per layer so that the resulting scaffold is mechanically more stable compared to conventional scaffolds with 90° layer rotations.




2. Materials and Methods


2.1. Materials


Conical printer needles with 0.2 (article No.: BIO-008027) and 0.25 (article No.: BIO-008026) mm inner diameters were purchased from EnvisionTec (Gladbeck, Germany). The CPC paste for printing (20 mL, article No.: 087-020-PL) was purchased from Innotere (Radebeul, Germany). The DPBS (Gibco and Life Technologies as part of Thermo Fisher Scientific, Waltham, MA, USA) was purchased from ThermoFisher (article No.: 14190-094). Acetone ≥ 99.7% (article No.: CP40.4) was purchased from Carl Roth (Carl Roth GmbH + Co KG, Karlsruhe, Germany).




2.2. Three-Dimensional Printing


A 3D Bioplotter (EnvisionTec, Gladbeck, Germany) with a low-temperature printing head as well as conical needles made of polypropylene with inner diameters of 0.2 and 0.25 mm were used to print the different geometries. The CPC paste used was made by Innotere (Innotere, Radebeul, Germany). It consisted of synthetic calcium and phosphate salts finely dispersed in a biocompatible oil phase of short-chain triglycerides (caprycil/capric triglycerides) together with two further emulsifiers (polyoxyl-35-castor oil/cetyl phosphate). The triglycerides and the polyoxyl-35-castor oil (castor oil) were both based on pure vegetable raw materials.



2.2.1. Optimizing Printing Parameters


To determine the optimum printing parameters, lines were first printed using the manual parameter tuning in Visual Machines software (EnvisionTec, Gladbeck, Germany). Pressure tuning for testing the pressure (bar) and speed tuning for testing the speed (mm/s) settings were available for this purpose. In both cases, several 5 cm long strands could be printed. A range of 0.6 to 2 bar was selected for the pressure. For the speed, a range of 8 to 23 mm/s was tested. A range of 0.25 to 0.45 mm was tested as the Z offset.




2.2.2. Printing the Round Geometries


In previous works [16,17], cube-shaped geometries were printed using patterns from the Visual Machines software (EnvisionTec, Gladbeck, Germany). The goal was to print round structures and avoid 90° angles. First, straight spokes were designed as well as spokes with waves to avoid right angles altogether. To produce the round geometries with their own patterns, CAD models were created in several versions for inner needle diameters of 0.2 mm and 0.25 mm. For this purpose, a line model was designed as a 3D model using CREO 4.0 (PTC Inc., Boston, MA, USA). Spokes with straight lines and spokes with waves were created as inner patterns, all supported by smaller inner circles. These models were loaded into Perfactory RP software (EnvisionTec, Gladbeck, Germany) and stacked in 12 layers, each with one degree of rotation relative to the next layer. The scaffolds were set for 3 days at 37 °C in an incubator in a water-saturated atmosphere. After this time, half of the printed scaffolds were additionally incubated in Dulbecco’s Phosphate Buffered Saline (DPBS) for 1 week with daily changes of the DPBS.





2.3. Characterization of the Scaffolds


The characterization of the CPC scaffolds was performed by measuring the dimensions with a digital caliper (Burg-Wächter, Wetter-Volmarstein, Germany). Three-dimensional laser scanning microscopy (Keyence VK-X 200; Keyence, Osaka, Japan) was used to determine the surface roughness (center roughness) at 200- and 400-times magnification. XRD (Bruker D8 Advance, Bruker Corp., Billerica, MA, USA) and ESEM (FEI Quanta 250 FEG, FEI, Hilsboro, OR, USA) were also used. The mechanical strength and maximum failure load were determined using a Zwick Z005 universal testing machine (Zwick/Roell, Ulm, Germany). For this purpose, a compression test was performed with a preload of 1 N applied to the scaffolds, and the maximum failure load was determined at a traverse speed of 1 mm/s in a displacement-controlled manner.




2.4. Postprocessing of the Scaffolds


The postprocessing was the removal of the remaining oil from the scaffolds. For this purpose, the scaffolds were transferred individually into 15 mL reaction vessels (Falcon tubes), each containing 5 mL of acetone (Sigma Aldrich, St. Louis, MO, USA, article No.: 179124-1L), and the reaction vessels were then treated three times for 20 min in an ultrasonic bath. After each ultrasonic bath cycle, the scaffolds were transferred to new 15 mL reaction vessels with fresh acetone. The acetone was then evaporated under laminar flow over night. The next day, each scaffold was washed three times in double-distilled water and dried under laminar flow for 1 h.




2.5. Biocompatibility


For the cell culture experiments, the scaffolds were immersed for 3 × 20 min in acetone in an ultrasonic bath to remove the castor oil (part of the CPC paste from Innotere) to prevent the setting process before 3D printing. Afterwards, the scaffolds were incubated (in addition to incubation in PBS) in cell medium for at least one week with daily changes, since phosphoric acid is released as a by-product of the setting reaction, until a neutral pH value was reached. The scaffolds were then autoclaved.



MG-63 cells (ATCC, CRL 1427) were used for all biocompatibility tests. All tests were performed with 25,000 cells/100 µL per scaffold. Ten identical scaffolds per geometry variation were used per test, and all tests were repeated at least three times. The biocompatibility tests were carried out exclusively with the most mechanically stable scaffold types.



2.5.1. Live/Dead Assay


On each scaffold, 100 µL of the medium was pipetted with 25,000 MG-63 cells/100 µL. The well plates were then incubated for 2 h at 37 °C and a CO2 saturation of 5% in an incubator. After two hours, 1 mL of the previously described specific cell medium was added to each well before incubating the well plates in the incubator for 3, 7, or 10 days. The staining solution was prepared by adding 2 mL of DPBS (article No. 14190-094, Gibco, Grand Island, NE, USA) to a Falcon tube (Greiner Bio-One International GmbH, Kremsmünster, Austria) and 4 µL of ethidium homodimer III (Eth D-III) solution (together with calcein part of the Live/Dead Cell Staining Kit II (PromoCell, Heidelberg, Germany)), according to the manufacturer’s protocol (PromoCell). A 1 µL amount of calcein dye was added after mixing the staining solution. All steps were performed in the dark to avoid the photobleaching of the staining solution and samples. To eliminate serum esterase activity, all samples at a time point had the medium removed, and the cells were washed. Staining was then performed according to a previously published protocol [18]. The evaluation was performed using an Olympus fluorescence microscope (BX51, Olympus, Osaka, Japan) at five different positions on the samples at 5× and 10× magnification.




2.5.2. Cell Proliferation (WST-I)


Cells were again seeded on the scaffolds and as controls on Thermanox cover slips in the same number and concentration as in the previous biocompatibility tests. After two hours of incubation in the incubator at 37 °C and 5% CO2 saturation, the cells adhered to the scaffolds and Thermanox cover slips (as controls) so that the respective medium (1 mL) could be added. Plates were then incubated in the incubator for 3, 7, or 10 days. For this purpose, all medium was aspirated, and all wells were washed three times with PBS. Then, the scaffolds and Thermanox cover slips were transferred to a new 24-well plate. In the old well plate, 300 µL of DMEM medium without phenol red (additives: 1% FBP and 1% P/S) was added to each of the wells where the scaffolds and membranes had been. In the new well plate, 600 µL of the same medium was added to each of the wells containing the scaffolds and membranes. The blank contained only DMEM medium without phenol red (same additives) and was measured to account for background absorbance. Finally, 10% WST was added to all samples of the respective measurement time point (3, 7, or 10 d) and incubated for 2 h in the incubator. After 2 h, the absorbance was measured using a Spectrostar nano (BMGlabtech, Ortenberg, Germany) spectrometer at 450 nm.




2.5.3. Cytotoxicity (LDH Assay)


LDH measurements were performed after 24, 48, and 72 h. In addition to the scaffolds, positive (Triton X, 100% toxicity) and negative controls (cells only, 0% toxicity) were used for the measurements at the different times. Both coated and uncoated scaffolds were also used. Cells were seeded onto the scaffolds and membranes in 100 µL of their medium (MG-63: 25,000 cells/100 µL). These were then incubated for 2 h in an incubator at 37 °C and 5% CO2 saturation. Following this, 1 mL of DMEM-F12 medium without phenol red was added to all wells with the additions of 1% P/S and 1% FBS. Since FBS in higher concentrations may induce background absorption, only 1% FBS was used. In the positive controls (C+), an additional 1% Triton X 100 was added to kill 100% of the cells. After 24 h of incubation in the incubator, 100 µL from each well were transferred to three new wells of a 96-well plate. Thus, from one well, three wells of 100 µL each were obtained. To ensure that the “blank” had the same concentration of phenol red, 100 µL of DMEM-F12 medium containing phenol red was added to this well prior to transfer. To evaluate the cytotoxicity, the Cytotoxicity Detection Kit solution was prepared. For this, 111.1 µL of catalyst solution was mixed with 5 mL of staining solution. Of this, 100 µL was pipetted into each well before incubating the well plate in darkness for 30 min. At the end of the 30 min, the absorbance at 490 nm could be measured using a spectrometer. The experiment was performed a total of four times.





2.6. Statistics


All data are presented as means ± standard deviations. Measured values were also analyzed using one-way analysis of variance (ANOVA) with a significance level of p < 0.05. Origin 2022 Professional SR1 (OriginLab, Northampton, MA, USA) was used for all statistical analyses.





3. Results


3.1. Three-Dimensional Printing Parameters


The z-offset of 0.3 mm showed the best results, both in pressure and speed tuning as well as in the final round geometries, for the 0.2 mm inner diameter needles. For the 0.25 mm inner diameter, this value shifted slightly to a z-offset of 0.25 mm. The results of the speed and pressure tuning showed significant differences for the lines compared to the final round geometries. The lines were best printed at a speed of 12 mm/s and 1 bar for the 0.2 mm needle and 9 mm/s and 1 bar for the 0.25 mm needle. This speed was too high for the geometries, so the speed was reduced to 3 mm/s while maintaining the same pressures. Figure 1 below shows the 3D models, stacked models with 12 layers each, and the final printed scaffolds with straight and wavy spokes. Table 1 summarizes the parameters used for all experiments.




3.2. Characterization of the Scaffolds


3.2.1. Dimensions


All samples with straight or wavy spokes printed with 200 µm or 250 µm needles were of the same size and on average 10.47 ± 0.10 mm in diameter. The printing speed and the pressure used were varied. The parameters are summarized in Table 1. The effects on the different scaffolds are summarized in Figure 2. For the strand thickness of the scaffolds, 250 µm straight spokes resulted in a strand thickness of 335.70 ± 61.58 µm at 6 mm/s and 1.2 bar. At 3 mm/s and 1.6 bar, a strand thickness of 257.23 ± 25.23 µm was observed, and at 3 mm/s and 1.5 bar a strand thickness of 547.95 ± 91.33 µm was observed. For the scaffolds with wavy spokes, the values at 6 mm/s and 1 bar were 384.95 ± 31.37 µm, and at 6 mm/s and 1.1 bar the values 477.23 ± 12.33 µm. When printing with 200 µm needles, the scaffolds with straight spokes at a printing speed of 3 mm and 1.8 bar gave a strand thickness of 248.43 ± 27.67 µm. In comparison, the value of the strand thickness at 3.5 mm/s was significantly higher, with a value of 314.51 ± 14.75 µm. For the scaffolds with wavy spokes, a value of 349.39 ± 13.98 µm was obtained for the strand thickness at 3 mm/s and 1.8 bar, while at 2 bar and 3 mm/s a value of 374.57 ± 33.50 µm was obtained.



For all further experiments, 3 mm/s and 1.7 bar were used for 3D printing with 250 µm needles for the scaffolds with straight spokes, while 6 mm/s and 1 bar were used for the scaffolds with wavy spokes. For the scaffolds produced with 200 µm needles, 3D printing was performed at 3 mm/s and 1.6 bar for the scaffolds with straight spokes and 3 mm/s and 1.8 bar for the wavy spokes.




3.2.2. ESEM Measurements


The magnified images show the structure of one of the outer rings. The roughness of the surface can already be seen at a scale of 30 µm. At a scale of 2 µm, the individual holes in the surface are recognizable, in which crystal-like structures can be seen. These crystal-like structures could be found in the scaffolds both with and without incubation in PBS or printed with the 200 µm or 250 µm nozzles (Figure 3).



In addition, broken scaffolds were also examined to determine the offset in the 1° layer rotation. The corresponding ESEM figures can be found in Figure A1.




3.2.3. Three-Dimensional Laser Scanning Microscopy


For surface roughness, regardless of the conditions (untreated, washed in acetone, or stored in PBS) no significant difference could be found between the scaffolds regardless of the inner diameter of the needle. All measured values were in a similar range of 9.4 ± 1.2 µm (see Figure 4).




3.2.4. XRD


The XRD spectra were analyzed using a Rietveld refinement analysis (Profex 4.3). There was no significant difference between the samples with or without incubation in PBS, while 90% HA, 7% α-TCP, and 3% CDHA could be detected (for further information, please see Figure A2 in Appendix A).





3.3. Biocompatibility


MG-63 cells (ATCC, CRL 1427) were used for all biocompatibility tests. All tests were performed with 25,000 cells/100 µL per scaffold. 10 identical scaffolds per geometry variation were used per test and all tests were repeated at least 3 times.



3.3.1. Live/Dead Assay


On each scaffold 100 µL of the medium were pipetted with 25,000 cells/100 µL of MG-63. The well plates were then incubated for 2 h at 37 °C and a CO2 saturation of 5% in an incubator. After two hours, 1 mL of the specific cell medium described previously was added to each well before incubating the well plates in the incubator for 3, 7 and 10 days. The staining solution was prepared by adding 2 mL DPBS (art. no. 14190-094, Gibco, Grand Island, NE, USA) to a Falcon tube (Greiner Bio-One International GmbH, Kremsmünster, Austria) and 4 µL ethidium homodimer III (Eth D-III) solution (together with calcein part of the Live/Dead Cell Staining Kit II (PromoCell, Heidelberg, Germany)) according to the manufacturer’s protocol (PromoCell). An amount of 1 µL of calcein dye was added after mixing the staining solution. All steps were performed in the dark to avoid photobleaching of staining solution and samples. To eliminate serum esterase activity, all samples at a time point had the medium removed and the cells washed. Evaluation was performed using an Olympus fluorescence microscope (BX51, Olympus, Osaka, Japan) at five different positions on the samples at 5× and 10× magnification.




3.3.2. Cell Proliferation (WST-I)


Cells were again seeded on the scaffolds and as control on Thermanox cover slips in the same number and concentration as in the previous biocompatibility tests. After two hours of incubation in the incubator at 37 °C and 5% CO2 saturation, the cells adhered to the scaffolds and Thermanox cover slips (as control) so that the respective medium (1 mL) could be added. Plates were then incubated in the incubator for 3, 7 and 10 days. For this purpose, all medium was aspirated, and all wells were washed three times with PBS. Then, the scaffolds and Thermanox cover slips were transferred to a new 24-well plate. In the new well plate, 600 µL of the same medium was added to each of the wells containing the scaffolds and membranes. The blank contains only DMEM medium without phenol red (same additives) and was measured to account for background absorbance. Finally, 10% WST was added to all samples of the respective measurement time point (3, 7, 10 d) and incubated for 2 h in the incubator. After 2 h, the absorbance was measured using a spectrometer at 450 nm.




3.3.3. Cytotoxicity (LDH Assay)


LDH measurements were performed after 24, 48 and 72 h. In addition to the scaffolds, positive control (Triton X, 100% toxicity) and negative controls (cells only, 0% toxicity) were used for the measurements at the different times. Both coated and uncoated scaffolds were also used. Cells were seeded onto the scaffolds and membranes in 100 µL of their medium (MG-63: 25,000 cells/100 µL). These were then incubated for 2 h in an incubator at 37 °C and 5% CO2 saturation. Following this, 1 mL of DMEM-F12 medium without phenol red was added to all wells with the additions of 1% P/S and 1% FBS. Since FBS in higher concentrations may induce background absorption, only 1% FBS was used. In the positive controls (C+), an additional 1% Triton X 100 was added to kill 100% of the cells. After 24 h incubation in the incubator, 100 µL from each well was transferred to three new wells of a 96-well plate. Thus, from one well, three wells of 100 µL each were obtained. To ensure that the “blank” had the same concentration of phenol red, 100 µL of DMEM-F12 medium containing phenol red was added to this well, prior to transfer. To evaluate the cytotoxicity, the Cytotoxity Detection Kit solution was prepared. For this, 111.1 µL of catalyst solution was mixed with 5 mL of staining solution. Of this, 100 µL was pipetted into each well before incubating the well plate in darkness for 30 min. At the end of the 30 min, the absorbance at 490 nm could be measured using a spectrometer. The experiment was performed a total of four times.





3.4. Mechanical Properties


The scaffolds printed with a 250 µm needle showed a value up to 100% higher in relation to the maximum failure load of the scaffolds printed with a 200 µm needle. Incubation for 1 week in PBS also increased the maximum failure load by a factor of 2–4 compared to the untreated samples. Figure 5 shows the values of the maximum failure load for the different CPC scaffolds. For the straight spokes without PBS treatment, a maximum failure load of 444.86 ± 169.39 N was measured at the 200 µm needle inner diameter. The PBS-treated specimens reached a failure load of 1280.88 ± 538.66 N for 200 µm. Scaffolds printed with a 250 µm needle with straight spokes had slightly higher values of 905 ± 93 N when untreated and 1531.53 ± 611.48 N after incubation in PBS. A complete overview of the results is shown in Figure 5. Comparing the scaffold types (straight and wavy spokes), there was no significant difference between the two untreated samples for the scaffolds printed with a 200 µm strand width. For the samples incubated in PBS, there was a significant difference. For the samples with a 250 µm strand width, there was a significant difference between the untreated scaffold types (straight and wavy spokes) and the treated samples. The comparison between untreated and PBS-incubated samples also showed significant differences for both straight and wavy spoke scaffolds. In the curves of the deformation, as a function of the standard force, it was noticeable that the sample with the wavy spokes covered larger deformation ranges. The scaffolds produced using the 0.2 mm needle with straight spokes broke at a deformation between 15 and 25%, while the scaffolds with wavy spokes failed between 15 and 40% deformation when untreated and after DPBS treatment, respectively. For the 0.25 mm needle, the scaffolds with the straight spokes broke between 15 and 25% deformation and the scaffolds with wavy spokes broke at deformations between 35 and 50% (please see Figure 6 and Table 2). The calculated values of the compression moduli varied between 5.67 ± 2.46 and 10.7 ± 3.2 MPa. It was found that the influence of the PBS treatment did not have a strong effect on the compression moduli of the scaffolds with straight spokes and 200 µm strand widths. Significant differences (p < 0.05), however, existed for the scaffolds produced with 250 µm strand widths (cf. Table 2 and Figure 7 and Figure A3). For simplicity, the straight spoke is referred to as “line” and the wavy spoke is referred to as “wave” for the following tables and figures; +PBS indicates incubation in PBS for 1 week.



3.4.1. Live/Dead Staining


The number of living cells/mm2 showed different patterns. The 200 µm line and 250 µm wave scaffolds were the only two samples where the number of living cells increased continuously from day 3 to day 10: 24.89 ± 35.03 cells/mm2 on day 3, 57.91 ± 15.60 cells/mm2 on day 7, and 141.8 ± 98.58 cells/mm2 on day 10 (200 µm line) and 69.82 ± 58.54 cells/mm2 on day 3, 71.44 ± 42.22 cells/mm2 on day 7, and 121.78 ± 64.89 cells/mm2 on day 10 (250 µm wave) (cf. Figure 8 and Figure 9).




3.4.2. Cell Proliferation (WST-I)


Figure 10 shows that the cells proliferated on the different scaffolds. The scaffolds previously incubated in PBS showed the highest increases. The control (3D cell culture on β-TCP ceramics from Curasan) showed a very slow proliferation rate.




3.4.3. Cytotoxicity (LDH)


The cytotoxicity of the samples began with some scaffolds with values up to 25% after 24 h but then dropped to 0% for all samples (all values less than 0% correspond to 0% cytotoxicity) from 48 h to 72 h. The positive control (pos. CTRL) was a 1% Triton X solution on cells, and the negative control (neg. CTRL) was cells. Figure 11 shows the cytotoxicity for all scaffolds.






4. Discussion


4.1. Manual Parameter Tuning


The aim of the parameter tuning was to find the appropriate parameters for printing the geometries with the needle inner diameters of 0.2 mm and 0.25 mm. Good results were obtained with the aid of the 3D laser scanning microscope. For an inner needle diameter of 0.25 mm, lines similar to the inner needle diameter (215.03 to 252.04 µm) could be printed with a Z-offset of 0.3 to 0.35 mm, a speed of 10 to 12 mm/s, and a pressure of 0.6 to 1.1 bar. Even for the needle inner diameter of 0.2 mm, lines could be printed that were similar in strand thickness to the inner diameter (185.71 to 213.64 µm). Thus, with an offset of 0.3 mm, a speed of 8 to 10 mm/s, and a pressure of 0.8 bar to 1.1 bar, good results could be achieved. Here, the assumption can be made that increasing pressure results in thicker lines, which can be corrected with a high speed, resulting in thinner lines. In a study by Luo et al. [19], his correlation with different needle diameters became clear. When checking the strand thicknesses before and after setting, it was found that the thicknesses of the lines increased after setting in the incubator, with individual exceptions. Thus, the strands changed between values of 80.29 µm and 2.79 µm. Here, it seems that there was a slight swelling of the samples or that there was an influence of gravity so that the strands sank and became thicker. However, errors may have occurred if measurements were not made at exactly the same points on the scaffolds. There were also exceptions where the strands were thinner after setting. In studies by Luo et al. [19] and Lode et al. [20], almost no or no change in size was found during the manufacturing process.




4.2. Printing the Scaffolds


In other studies [20], CPC scaffolds were printed with inner needle diameters of 610 µm and 838 µm. Similar to our study, the paste came from Innotere GmbH. At a pressure of 2.2 bar and a speed of 700 mm/min (11.67 mm/s), scaffolds with up to 34 layers could be printed with a strand thickness of 400 µm with an inner needle diameter of 838 µm. Here, a significantly higher speed and a higher pressure were used. Nevertheless, strand thicknesses lower than the inner needle diameter could be achieved. In a study by Abarrategi et al. [21], an inner needle diameter of 250 µm was also used to print HA and β-TCP scaffolds. They achieved a strand thickness of only 210 ± 10. In this case, it was also possible to achieve a strand thickness smaller than the inner needle diameter. In another study by Richter et al. [22], CPC scaffolds with a size of 12 × 12 mm were printed with an inner needle diameter of 410 µm. Here, the CPC paste also came from the company Innotere GmbH. At a pressure of 1.2 bar and a speed of 5.5 mm/s, a layer thickness of 0.3 mm was achieved. Similar pressures and speeds were used as in this work. It was thus achieved that the strand thickness was lower than the internal needle diameter. Wu et al. [23] also printed CPC with layers of 100 µm. Unfortunately, they did not specify exactly what kind of needle was used for printing. Li et al. [24] printed cylindrical scaffolds as we did, but unfortunately, except for the printer model, no information about the parameters of the printing process was given. Ahlfeld et al. [25] used needles with 250–410 µm inner diameters and printing speeds between 4 and 12 mm/s with pressures between 2.5 and 4.5 bar. However, they did not investigate pure CPC scaffolds but biphasic scaffolds of CPC and alginate. Nevertheless, they also printed round scaffolds analogous to the present work.




4.3. Mechanical Properties


In the mechanical compression tests, a difference was found between the untreated scaffolds and the scaffolds after 7 days in DPBS. However, the results showed significance of the mean values only for the 200 µm straight spoke and 200 µm straight spoke PBS geometries. For the other constructs shown here, no significance was observed. Storing the scaffolds in an aqueous solution for a longer time probably continued the setting reaction and created more bonds as well as the formation of more HA crystals. In the case of the deformations as a function of the acting standard force for the scaffolds with the needle inner diameter of 0.2 mm, it was noticeable that groups were formed in the graphs. The scaffolds showed similar deformations, but the forces required for this differed so that two groups of deformations were formed in most cases. It is possible that the tube with CPC paste was changed here when printing these scaffolds, which could have resulted in a slightly different composition of ingredients. Even minor changes could have an influence on the properties of the scaffolds. In other studies, such as Richter et al. [22], it was found that the linear elastic deformation of the CPC scaffolds ended with a fracture, followed by an increasing compressive stress, an increasing load, and a renewed fracture. Values of up to 5.5 ± 1.4 MPa were achieved. Li et al. [24] used cylindrical scaffolds as bone substitutes analogous to the present work. However, they did not perform any mechanical characterization. In another study by Lode et al. [20] an ultimate strength of 6.1 ± 1.8 MPa was obtained. However, it was also noted that the mechanical properties of porous scaffolds are highly dependent on the pore size, morphology, distribution, and orientation. In a previous study [26], β-TCP scaffolds were inversely printed with different pore sizes. Depending on the pore size (in µm), the scaffolds broke at 543.6 ± 35 N (500 µm), 243.4 ± 34.1 N (700 µm), and 117.5 ± 43.4 N (1000 µm). Compared to the inversely printed scaffolds, we reached similar values, with maximum failure loads between 500 and 1400 N. Muallah et al. [17] achieved compressive strengths of 5.2 ± 0.6 to 31.3 ± 6.8 MPa for square scaffolds, depending on the strand spacing and pore sizes. Ahlfeld et al. [25] incubated their biphasic scaffolds in CaCl2 and achieved an increase in compressive strength from 0.5 to 0.7 MPa compared to the untreated specimens. Compared to this, the compressive strengths of our scaffolds were in a similar range to Mullah et al. [17] between 5 and 25 MPa. In our other works [27], we also investigated the compressive strength of PCL scaffolds with different inner and outer geometries. They reached 91.4 ± 1.4 MPa and were even smaller dimensioned than the CPC scaffolds. However, we had not yet used a layer rotation of 1° in that work.




4.4. ESEM and XRD


The scanning electron microscope images were able to clarify how the surface of the scaffolds behaves. The crystals of HA, which form during the setting reaction, were clearly visible. An XRD analysis was used to prove that these crystals were HA. In addition, a difference between the untreated scaffolds and those after 7 days in DPBS was observed in these samples. Thus, the DPBS apparently caused the setting reaction to continue, and more HA was formed, which was evident from the greater number of pits with crystals and less smooth surfaces. In addition, a clear difference was found in the areas where the planes stacked like stairs. Here, the surface was covered with crystals similar to a lawn. This type of turf was not found on the lateral surfaces. In a study by Richter et al. [22], the same crystalline structures were found on the CPC scaffolds when images were taken with the ESEM. Here, too, the formation of CDHA was assumed. Li et al. [24] printed and also examined their CPC scaffolds, but unfortunately no information was given on the composition or the dimensions of the individual strands other than an EDX analysis for the distribution of silicon (Si+) ions. Ahlfeld et al. [25] performed an ESEM/EDX analysis to investigate microcracks in the scaffolds caused by the incubation of “green bodies” in a CaCl2 solution. Such microcracks did not occur during our solidification (first in a water-saturated atmosphere followed by incubation in DPBS).




4.5. Biocompatibility


An optimal pH is recommended for cellular processes. This physiological value is 7.4. This must be kept within narrow limits of 7.2 to 7.6 by means of sufficient control mechanisms and adequate buffering [28]. With the values measured here, this optimum could be maintained. In a study by Klammert et al. [29], a physiological pH value could always be measured when TCP scaffolds forming brushite and, in further processing, monetite were measured. The pH developed over a period of 12 days but was at no time below 7.2 and was significantly lower than that of the cell medium.



The live/dead evaluation also showed that cell growth was possible on the scaffolds. For most scaffolds, most attachment and growth of cells was found on the middle part of the scaffold, where the spokes meet. In a study by Moreau et al. [30], a live/dead evaluation was performed after one day with calcein-AM and ethidium-homodimer-I. Few dead cells were found, and the number of live cells was 173 ± 42 cells/mm2. Overall, 96% of the found cells were alive. In this work, the number of live cells found on the scaffolds was 79.73 ± 26.28%.



Using the WST assay, it was demonstrated that cell growth had occurred on the scaffolds. It is possible that the surface roughness of the scaffolds is not sufficient for the cells to adhere to them. In addition, the amount of cell medium could also be reduced to prevent excessive medium from inhibiting cells from spreading in the cell culture plate.



A similar picture was found in our previous study with inverse β-tricalcium phosphate scaffolds [31]. According to this study, the web width of the constructs with smaller pore sizes had a direct effect on the proliferation rate. Similar observations were also made by Fink et al. [32]. They observed preferential occupancy with the increasing area of the adhesion site.



LDH activity measurements also showed that the scaffolds did not appear to be toxic to the cells. All scaffolds showed a cell cytotoxicity of 0% on days 7 and 10 of the evaluation. This may have been due to the contamination of the sample, as it showed a cell cytotoxicity of 0% on the other days of the evaluation. In a study by Lode et al. [20], the cell medium was incubated with CPC scaffolds for 24 h. This medium was then added to cultured cells and LDH evaluations were performed on days 1 and 7. Again, after a reduction in cells on day 1, a proliferation of cells was detected on day 7. As in this work, printed CPC scaffolds were also incubated in medium for 24 h and then covered with cells. LDH activity measurements were performed here on days 1, 6, 12, and 19. Initially, there was a lag phase, even a decrease between days 1 and 6. However, this also showed an increase in cells.





5. Conclusions


With regard to the objective of using alternative geometries for the 3D bioprinting of CPC scaffolds, strand diameters with two different needle inner diameters of 0.2 and 0.25 mm could be printed. Constructs with straight and corrugated spokes with 12 layers with 1° of rotation each could be produced. During the tests to evaluate the mechanical properties of the scaffolds, it was found that incubation in DPBS resulted in an increase in the maximum load and a significant increase in the compressive strength. Thus, the alternative geometries of CPC for 3D printing could also be interesting for other 3D printing applications of scaffolds for bone replacement where mechanically stable constructs are needed. In addition, the printed CPC scaffolds proved to be biocompatible.
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Figure A1. ESEM images of 200 µm straight spoke scaffold from the side at a fracture site. Magnified images (increasing magnification from (a–c)) show the scaffold from the side with the individual planes; accelerating voltage: 20 kV, vacuum: 114 Pa, large field detector. 
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Figure A2. XRD pattern and Rietveld refinement calculation of the CPC paste; XRD pattern taken with Bruker D8 advance with 40 kV/40 mA, 1°2 theta/min, and step size of 0.02°2 theta; Rietveld refinement calculated with Profex 4.3.2. 
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Figure A3. Compressive strength for the different scaffolds. 






Figure A3. Compressive strength for the different scaffolds.



[image: Biomedicines 10 03242 g0a3]







References


	



OECD. Hip and Knee Replacement. Available online: https://www.oecd-ilibrary.org/sites/2fc83b9a-en/index.html?itemId=/content/component/2fc83b9a-en (accessed on 28 August 2022).

	



Radtke, R. Anzahl der Implantationen Künstlicher Hüftgelenke in Deutschen Krankenhäusern in den Jahren 2005 bis 2019. Available online: https://de.statista.com/statistik/daten/studie/785136/umfrage/implantationen-kuenstlicher-hueftgelenke-in-deutschen-krankenhaeusern/ (accessed on 15 May 2022).

	



Eurostat. Surgical Operations and Procedures Statistics; Eurostat: Luxembourg, 2020. [Google Scholar]

	



Heller, M.; Bauer, H.; Goetze, E.; Gielisch, M.; Ozbolat, I.; Moncal, K.; Rizk, E.; Seitz, H.; Gelinsky, M.; Schröder, H.; et al. Materials and scaffolds in medical 3d printing and bioprinting in the context of bone regeneration. Int. J. Comput. Dent. 2016, 19, 301–321. [Google Scholar]

	



Lüthkehermölle, W.; Behrens, P.; Burch, S.; Horst, M. Biomaterialien für die knochenregeneration. In Medizintechnik: Life Science Engineering; Wintermantel, E., Ha, S.-W., Eds.; Springer: Berlin/Heidelberg, Germany, 2009; pp. 1897–1910. [Google Scholar] [CrossRef]

	



Niedhart, C. Vor- und nachteile der autologen spongiosaplastik. In Fortbildung Osteologie; Peters, K.M., König, D.P., Eds.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 78–84. [Google Scholar] [CrossRef]

	



Ginebra, M.P.; Fernández, E.; De Maeyer, E.A.P.; Verbeeck, R.M.H.; Boltong, M.G.; Ginebra, J.; Driessens, F.C.M.; Planell, J.A. Setting reaction and hardening of an apatitic calcium phosphate cement. J. Dent. Res. 1997, 76, 905–912. [Google Scholar] [CrossRef] [PubMed]

	



Dorozhkin, S.V.; Epple, M. Die biologische und medizinische bedeutung von calciumphosphaten. Angew. Chem. 2002, 114, 3260–3277. [Google Scholar] [CrossRef]

	



Kumar, A.; Kargozar, S.; Baino, F.; Han, S.S. Additive manufacturing methods for producing hydroxyapatite and hydroxyapatite-based composite scaffolds: A review. Front. Mater. 2019, 6, 00313. [Google Scholar] [CrossRef]

	



Brown, P.W.; Fulmer, M. Kinetics of hydroxyapatite formation at low temperature. J. Am. Ceram. Soc. 1991, 74, 934–940. [Google Scholar] [CrossRef]

	



Monma, H.; Kanazawa, T. The hydration of α-tricalcium phosphate. J. Ceram. Assoc. Jpn. 1976, 84, 209–213. [Google Scholar] [CrossRef]

	



Bohner, M.; Santoni, B.L.G.; Döbelin, N. Β-tricalcium phosphate for bone substitution: Synthesis and properties. Acta Biomater. 2020, 113, 23–41. [Google Scholar] [CrossRef]

	



Epple, M. Biomaterialien und Biomineralisation; Teubner Verlag: Wiesbaden, Germany, 2003; ISBN 3-519-00354-6. [Google Scholar]

	



Vorndran, E.; Geffers, M.; Ewald, A.; Lemm, M.; Nies, B.; Gbureck, U. Ready-to-use injectable calcium phosphate bone cement paste as drug carrier. Acta Biomater. 2013, 9, 9558–9567. [Google Scholar] [CrossRef]

	



Baino, F.; Magnaterra, G.; Fiume, E.; Schiavi, A.; Tofan, L.-P.; Schwentenwein, M.; Verné, E. Digital light processing stereolithography of hydroxyapatite scaffolds with bone-like architecture, permeability, and mechanical properties. J. Am. Ceram. Soc. 2022, 105, 1648–1657. [Google Scholar] [CrossRef]

	



Seidenstuecker, M.; Schilling, P.; Ritschl, L.; Lange, S.; Schmal, H.; Bernstein, A.; Esslinger, S. Inverse 3d printing with variations of the strand width of the resulting scaffolds for bone replacement. Materials 2021, 14, 1964. [Google Scholar] [CrossRef]

	



Muallah, D.; Sembdner, P.; Holtzhausen, S.; Meissner, H.; Hutsky, A.; Ellmann, D.; Assmann, A.; Schulz, M.C.; Lauer, G.; Kroschwald, L.M. Adapting the pore size of individual, 3d-printed cpc scaffolds in maxillofacial surgery. J. Clin. Med. 2021, 10, 2654. [Google Scholar] [CrossRef]

	



Weingärtner, L.; Latorre, S.H.; Velten, D.; Bernstein, A.; Schmal, H.; Seidenstuecker, M. The effect of collagen-i coatings of 3d printed pcl scaffolds for bone replacement on three different cell types. Appl. Sci. 2021, 11, 11063. [Google Scholar] [CrossRef]

	



Luo, Y.; Lode, A.; Sonntag, F.; Nies, B.; Gelinsky, M. Well-ordered biphasic calcium phosphate-alginate scaffolds fabricated by multi-channel 3d plotting under mild conditions. J. Mater. Chem. B 2013, 1, 4088–4098. [Google Scholar] [CrossRef]

	



Lode, A.; Meissner, K.; Luo, Y.; Sonntag, F.; Glorius, S.; Nies, B.; Vater, C.; Despang, F.; Hanke, T.; Gelinsky, M. Fabrication of porous scaffolds by three-dimensional plotting of a pasty calcium phosphate bone cement under mild conditions. J. Tissue Eng. Regen. Med. 2014, 8, 682–693. [Google Scholar] [CrossRef]

	



Abarrategi, A.; Moreno-Vicente, C.; Martínez-Vázquez, F.J.; Civantos, A.; Ramos, V.; Sanz-Casado, J.V.; Martínez-Corriá, R.; Perera, F.H.; Mulero, F.; Miranda, P.; et al. Biological properties of solid free form designed ceramic scaffolds with bmp-2: In vitro and in vivo evaluation. PLoS ONE 2012, 7, e34117. [Google Scholar] [CrossRef]

	



Richter, R.F.; Ahlfeld, T.; Gelinsky, M.; Lode, A. Development and characterization of composites consisting of calcium phosphate cements and mesoporous bioactive glass for extrusion-based fabrication. Materials 2019, 12, 2022. [Google Scholar] [CrossRef]

	



Wu, Y.; Woodbine, L.; Carr, A.M.; Pillai, A.R.; Nokhodchi, A.; Maniruzzaman, M. 3d printed calcium phosphate cement (cpc) scaffolds for anti-cancer drug delivery. Pharmaceutics 2020, 12, 1077. [Google Scholar] [CrossRef]

	



Li, C.; Jiang, C.; Deng, Y.; Li, T.; Li, N.; Peng, M.; Wang, J. Rhbmp-2 loaded 3d-printed mesoporous silica/calcium phosphate cement porous scaffolds with enhanced vascularization and osteogenesis properties. Sci. Rep. 2017, 7, 41331. [Google Scholar] [CrossRef]

	



Ahlfeld, T.; Akkineni, A.R.; Förster, Y.; Köhler, T.; Knaack, S.; Gelinsky, M.; Lode, A. Design and fabrication of complex scaffolds for bone defect healing: Combined 3d plotting of a calcium phosphate cement and a growth factor-loaded hydrogel. Ann. Biomed. Eng. 2017, 45, 224–236. [Google Scholar] [CrossRef]

	



Seidenstuecker, M.; Lange, S.; Esslinger, S.; Latorre, S.H.; Krastev, R.; Gadow, R.; Mayr, H.O.; Bernstein, A. Inversely 3d-printed β-tcp scaffolds for bone replacement. Materials 2019, 12, 3417. [Google Scholar] [CrossRef]

	



Huber, F.; Vollmer, D.; Vinke, J.; Riedel, B.; Zankovic, S.; Schmal, H.; Seidenstuecker, M. Influence of 3d printing parameters on the mechanical stability of pcl scaffolds and the proliferation behavior of bone cells. Materials 2022, 15, 2091. [Google Scholar] [CrossRef] [PubMed]

	



Gstraunthaler, G.; Lindl, T. Zell- und Gwebekultur Allgemeine Grundlagen und Spezielle Anwendungen; Springer: Berlin/Heidelberg, Germany, 2013; Volume 10, ISBN 978-3-642-33112-1. [Google Scholar]

	



Klammert, U.; Reuther, T.; Jahn, C.; Kraski, B.; Kübler, A.C.; Gbureck, U. Cytocompatibility of brushite and monetite cell culture scaffolds made by three-dimensional powder printing. Acta Biomater. 2009, 5, 727–734. [Google Scholar] [CrossRef] [PubMed]

	



Moreau, J.L.; Weir, M.D.; Xu, H.H.K. Self-setting collagen-calcium phosphate bone cement: Mechanical and cellular properties. J. Biomed. Mater. Res. Part A 2009, 91, 605–613. [Google Scholar] [CrossRef] [PubMed]

	



Seidenstuecker, M.; Kerr, L.; Bernstein, A.; Mayr, H.; Suedkamp, N.; Gadow, R.; Krieg, P.; Hernandez Latorre, S.; Thomann, R.; Syrowatka, F.; et al. 3d powder printed bioglass and β-tricalcium phosphate bone scaffolds. Materials 2018, 11, 13. [Google Scholar] [CrossRef]

	



Fink, A.; Brückner, D.B.; Schreiber, C.; Röttgermann, P.J.F.; Broedersz, C.P.; Rädler, J.O. Area and geometry dependence of cell migration in asymmetric two-state micropatterns. Biophys. J. 2020, 118, 552–564. [Google Scholar] [CrossRef]








[image: Biomedicines 10 03242 g001a 550][image: Biomedicines 10 03242 g001b 550] 





Figure 1. From concept to finished 3D print: (a,b) CAD models of the round structures with (c) straight spokes and (d) wavy spokes; stacked models with 12 layers and a rotation of 1° per layer for (e) straight spokes and (f) wavy spokes. CAD models created with CREO 4.0. 
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Figure 2. Effects of varying the pressure on the strand width of the scaffolds for (a) 250 µm straight spokes; (b) 250 µm wavy spokes; (c) 200 µm straight spokes; and (d) 200 µm wavy spokes. n = 10. 
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Figure 3. ESEM images of 3D-printed CPC scaffolds (200 µm) at increasing magnifications for an untreated straight spoke (a–c) and a wavy spoke after incubation for 1 week in PBS (d–f); images taken with an FEI Quanta FEG 250 ESEM with large field detector and 20 kV acceleration voltage at 115 Pa. 
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Figure 4. Surface roughness for the 3D-printed round geometries with straight and wavy spokes: untreated, washed in acetone, incubated in PBS for 1 week, and washed in acetone and incubated in PBS for 1 week, depending on the inner diameter of the needle used; n = 10. 
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Figure 5. Overview of the maximum failure load for the different CPC scaffolds; n = 10. 
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Figure 6. Stress–deformation curves for 3D-printed scaffolds with 250 µm strand width (n = 10) after incubation in (a) a saturated water atmosphere or (b) a saturated atmosphere and 1 week in PBS. 
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Figure 7. Comparison of the compression moduli of the different samples; * indicates statistical significance at p < 0.05. 
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Figure 8. Number of living cells/mm2 on the different scaffolds after 3, 7, and 10 days. 
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Figure 9. Fluorescence microscopic images of the surface of the 200 µm wave PBS sample with 10× magnification, showing dead cells (red) and living cells (green); from left to right: days 3, 7, and 10. Images taken with an Olympus BX-53 fluorescence microscope. 






Figure 9. Fluorescence microscopic images of the surface of the 200 µm wave PBS sample with 10× magnification, showing dead cells (red) and living cells (green); from left to right: days 3, 7, and 10. Images taken with an Olympus BX-53 fluorescence microscope.



[image: Biomedicines 10 03242 g009]







[image: Biomedicines 10 03242 g010 550] 





Figure 10. Cell proliferation for the different CPC scaffolds over 10 days. A β-TCP ceramic from Curasan served as a control. 
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Figure 11. Cytotoxicity of the different scaffolds after 72 h. The positive control (pos. CTRL) was a 1% Triton X solution on cells, and the negative control (neg. CTRL) was cells. Curasan was the 3D cell culture control. 
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Table 1. Printing parameters for the different scaffolds.
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	Sample
	Offset
	Printing Speed
	Pressure
	Preflow
	Postflow





	250 µm straight *
	240 µm
	3 mm/s
	1.2 bar
	0.3 s
	0.0 s



	250 µm straight
	240 µm
	3.5 mm/s
	1.2 bar
	0.3 s
	0.0 s



	250 µm straight
	240 µm
	6 mm/s
	1.2 bar
	0.3 s
	0.0 s



	250 µm wave *
	240 µm
	3 mm/s
	1 bar
	0.3 s
	0.0 s



	250 µm wave
	240 µm
	6 mm/s
	1 bar
	0.3 s
	0.0 s



	200 µm straight *
	180 µm
	3 mm/s
	1.6 bar
	0.3 s
	0.0 s



	200 µm straight
	180 µm
	3.5 mm/s
	1.6 bar
	0.3 s
	0.0 s



	200 µm wave *
	180 µm
	3 mm/s
	1.8 bar
	0.3 s
	0.0 s



	200 µm wave
	180 µm
	3 mm/s
	2 bar
	0.3 s
	0.0 s







The final setup, where the strand width = the inner diameter of the needle used, is marked with *.
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Table 2. Summary of the compression moduli for the different scaffolds (n = 10).
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Compression Moduli (MPa)




	
200 µm

	
200 µm + PBS

	
250 µm

	
250 µm + PBS






	
Line

	
Wave

	
Line

	
Wave

	
Line

	
Wave

	
Line

	
Wave




	
6.36 ± 1.58

	
7.19 ± 1.59

	
5.34 ± 1.14

	
7.19 ± 2.57

	
5.99 ± 0.78

	
5.67 ± 2.46

	
9.35 ± 2.72

	
10.7 ± 3.2
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