Introduction: Prior evidence [1] for the limited ability of cardiomyocytes to regenerate [2] has led to a plethora of recent attempts to repair myocardial injuries by injecting myogenic cells into the scarred myocardium [3], or to endeavors of direct entire scar tissue replacement with engineered grafts [4-5] composed of collagen gels [6], fibers [7], and sponges [5]. Polymeric or elastomeric materials utilized for such applications have been found to be ideally injectable and to possess biocompatibility and bioactivity properties that facilitate good adhesion with the surrounding environment, ensuring mechanical stability that withstands static and dynamic loading [8]. This study uses synthetic methodologies to produce tissue mimicking materials that match the morphology and emulate the in-vivo murine and human cardiac mechanical and imaging characteristics, with dynamic mechanical analysis (DMA), scanning electron microscopy (SEM), and MRI. 

Methods: Polymer Chemical Synthesis: Poly(glycerol sebacate) (PGS) elastomers were synthesized using a three-step polycondensation reaction between sebacic acid and glycerol. Initially, equimolar amounts of sebacic acid (S, 99 %) and glycerol (G, 99%) (Sigma-Aldrich Inc, Germany), were added to a 250 mL two-neck round-bottomed flask and reacted at 120 oC under a flow of argon for 24 h. In the second step of the synthetic procedure, the mixture further reacted at 120oC under vacuum for 48 h. In the final reaction step, the pre-polymer was melted at 120 oC and placed into a 120 oC vacuum oven for an additional 24 h.  Two types of elastomers were synthesized. The first, coded as PGS2:2, composed of two parts sebacic acid and two parts glycerol, and the second, coded as PGS2:5, composed of five parts sebacic acid and two parts glycerol. An additional 7 PGS2:2 samples were synthesized and doped with Dotarem for MR imaging and relaxation measurements (Table 1). Elastomer Characterization-DMA: A Tritec 2000 DMA instrument (Triton Technology Ltd, Lincolnshire, UK) was used to analyze elastomeric specimens (3.5 mm thick, 10 mm wide, and 10 mm in length) subjected to dynamic sinusoidal tension loads with an amplitude of 0.05 mm, and a frequency of 10 Hz, at a temperature of 37 oC. Three different samples from each elastomer (PGS2:2 and PGS2:5) were studied at three successive loading cycles to assess their temporal stability, at dry and wet conditions (10 and 20 days [d] post-PBS immersion). Data values of storage, loss modulus, and phase angle (tanδ) were recorded. SEM: A Tescan scanner [Vega TS5136LS, CZ] was used for the examination of the surface morphology and biodegradation of the elastomeric specimens after 10 d, and 20 d post-immersion in a PBS buffer solution [pH=7.2] (Thermo Scientific IL, USA) at temperatures of 3-4 oC. Specimens were coated with a thin (7 nm) gold film using an Emitech K575X (Quorum Technologies Ltd, Kent, UK) sputtering unit. Mouse MRI: Mouse MR imaging was performed to facilitate image-based-morphological model development for mold construction and subsequent synthesis and manufacture of tissue mimicking materials. A 4D radial MRI pulse sequence was implemented with TE and TR set to 300 μs and 2.4 ms, respectively. Eight phases of the cardiac cycle were acquired at temporal resolution of 9.6 ms and spatial resolution of 110 μm3 with BW=±125 kHz, and a flip angle=45o, as reported earlier [9]. Image Processing and Solid Model Development: Mouse, true axial cardiac images were appropriately re-sliced to short axis images using OsiriX (Pixmeo, Geneva, Switzerland). Isotropic voxel sizes of 2.13 mm3 were obtained with linear interpolation of the short axis images in ImageJ (NIH, Bethesda, MD, USA). Murine images were then imported into Analyze (Mayo Clinic, USA) where seed point segmentation facilitated the generation of 3D cardiac meshes using 10 iterations, a cube edge size of 2, employing a gradient method, with a kernel size of 5×5×5 [10]. Using Autocad (Autocad Desktop, USA), the generated meshes were converted to solid models. The mouse models were smoothed and rescaled to match the actual dimensions measured from the MR images. Human equivalent models and molds were constructed from mouse datasets by scaling to human dimensions, using MIMICS (Materialize, Belgium). Solid-Free Form Fabrication of Negative Molds and Models: The solid models were then imported in SolidWorks (SolidWorks, MA, USA) where boolean operators were employed to extract the negative molds. The negative molds and actual heart models were constructed originally as prototypes from a hard solid material (Polycarbonate-ISO) with a 3D printer (Materialize, Belgium). Upon construction of the molds, the synthesized material was poured to fill in the patterned empty space of the mold to shape it into the complex geometrical form of the myocardium. Upon solidification of the synthesized material, mold pieces were removed to allow extraction of the shaped model. PGS MR Imaging: PGS imaging was performed at the 1.5 T Toshiba Excelart Atlas scanner and at the 7.1T MRI scanner. At 1.5 T, a 3D Field Echo pulse sequence was used with TE set to 1.2 ms and a TR set to 4 ms; the flip angle=20o, NEX = 2, spatial resolution 1.5×1.1×3 mm3, 256×256 acquisition matrix, FOV=380×280 mm,  and a BW=±2 kHz. 
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SEM study: Figure 1 presents surface morphological maps of the synthesized PGS membranes at dry conditions and after 10 and 20 days immersion in PBS.  Solid Free Form Manufacturing of Negative Molds and Solid Models: Figure 1 represents smoothed, reconstructions of the fabricated mouse and human heart anatomies from MRI. MR Imaging of Elastomers: In vitro MRI studies of the synthesized PGS2:2 elastomer was carried out successfully in cylindrical 50 mL samples doped with gadoteric acid (Dotarem) at two different concentrations (D1and D2) as shown in Figure 2. MRI signal intensity increases of 192-202% were noted in the heavily doped elastomer D2, in comparison to D1 at TR=4 ms. With respect to water, the relative signal intensity of the D1 and D2 elastomers were 61.2% and 117.9%, respectively.
Conclusion: Synthesized PGS2:2 elastomers emulate closely bulk mechanical properties of the murine and human heart.  Lower molar ratios of glycerol to sebacic acid lead to elastomers with increased stiffness, and an exhibited mechanical instability with successive loading. Preservation conditions (immersion in PBS buffer) seem to affect both types of synthesized elastomers with a reported increased stiffness at 20 days post-immersion. Elastomers were successfully imaged with MRI, with image contrast characteristics being adjusted based on contrast doping concentrations. Such results create tremendous opportunities for image-based therapeutic monitoring in artificial membrane and stem cell scaffold use, in longitudinal studies of stem cell therapy, and in controlled drug delivery studies in cancer. 
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Corresponding loss moduli CVbetween values were [PGS2:2] (dry, 10 d, 20 d PBS) 7.5, 2.9, 2.9%, and [PGS2:5] 62.7, 61.3, 24.5%, respectively. Wilcoxon paired (different loading cycles) and unpaired t-tests (different samples) were conducted to assess statistical significance of storage, loss moduli, and tanδ values with different conditions of preservation (dry, 10 d, 20 d), and with different samples (PGS2:2 vs. PGS2:5), at various loading cycles (C1-C3). While no statistical significance is observed in the storage modulus of the two elastomers at dry conditions, significantly different values are measured at the first two loading cycles at 20 d (p<0.0001, p<0.008) post PBS immersion. Significantly different storage moduli were also measured for PGS2:5, at dry and 20 d (p<0.008) and at 10 d and 20 d (p<0.008) post-PBS immersion, at the latter two loading cycles of its oscillatory response.





Figure 2: (Left to right) (Left) Axial MRI images of the two synthesized and doped cylindrical PGS2:2 elastomers at 1.5T; Typical axial and sagittal images of synthesized polymer in a glass negative mold of annular shape. 








Results and Discussion: DMA study: Storage and loss moduli values for the PGS2:2 and PGS2:5 elastomers ranged between [PGS2:2] 742±19–761±18/83±2–95±16 kPa, 843±50–879±77/67±6–69±16, 930±96–943±97/86±7–90±4, and [PGS2:5] 638±307–2127±552/417±81–1089±179,653±293–2107±534/399±139–1079±171, and 1641±266–2607±890/


859±137–1321±46 kPa for dry, and wet (10d, 20d) conditions, respectively. The average storage moduli from all measurements for the PGS2:2 and PGS2:5 samples were 851±80 kPa and 1432±771 kPa, respectively. Corresponding tanδ averages for PGS2:2 and PGS2:5 samples were 0.1±0.02 and 0.56±0.05, respectively. The between coefficients of variation [CVbetween] for the storage moduli were [PGS2:2] (dry, 10 d, 20 d PBS) 1.4, 2.2, 0.8%, and [PGS2:5] 72.9, 71.7, 27%, respectively.





Figure 1:(Left) SEM characterization of PGS2:2 elastomers in dry and wet conditions at (top) 10 days and (bottom) 20 days post-immersion in PBS;(middle) 3D MRI based reconstructed cardiac models and manufactured human and mouse prototypes;(right) reconstructed negative molds. designs.











