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Poly(glycerol sebacate) (PGS) has been utilized in numerous biomaterial applications over recent years. This elastomeric and rapidly degradable polymer is cytocompatible and suited to various applications in soft tissue engineering and drug delivery. Although PGS is simple to synthesize as an insoluble prepolymer, it requires the application of high temperatures for extended periods of time to produce an insoluble matrix. This places limitations on the processing capabilities of PGS and its possible applications. Here, we present a photocurable form of PGS with improved processing capabilities: PGS-methacrylate (PGS-M). By methacrylating the secondary hydroxyl groups of the glycerol units in the PGS prepolymer chains, the material was rendered photocurable and, in combination with a photoinitiator, crosslinked rapidly on exposure to UV light at ambient temperatures. The polymer's molecular weight and the degree of methacrylation could be controlled independently and the mechanical properties of the crosslinked material tailored. The polymer also displayed rapid degradation under physiological conditions and cytocompatibility with various primary cell types. As a demonstration of the processing capabilities of PGS-M, μm scale 3D scaffold structures were fabricated using 2-photon polymerization and used for 3D cell culture. The tunable properties of PGS-M coupled with its enhanced processing capabilities make the polymer an attractive potential biomaterial for various future applications.
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INTRODUCTION

Since first being reported in 2002, poly(glycerol sebacate) (PGS) has attracted significant attention for applications as a biomaterial [1]. This polyester based polymer is produced from non-toxic and relatively low cost monomers (glycerol and sebacic acid) and displays tunable elastomeric mechanical properties, cytocompatibility, and rapid degradation under physiological conditions [1–3]. These properties have resulted in PGS being utilized in various soft tissue engineering applications. PGS has been examined as a membrane material for cell delivery to damaged tissues, including the heart [4] and retina [5], and as a material for nerve guidance conduits for peripheral nerve repair [6]. Porous PGS scaffolds have been used to support the growth of cardiac tissue [7, 8], blood vessels [9, 10], and cartilage [11–13]. Additionally, PGS has also been used as a degradable drug carrier for antibiotics and anticancer drugs [14, 15].

Although PGS is an attractive polymer for a range of biomaterial applications, its processing capabilities are somewhat limited. PGS is simple to produce as a soluble prepolymer, through a polycondensation reaction. However, to crosslink PGS into an insoluble matrix requires the application of high temperatures (typically >110°C) and vacuum to thermally cure the polymer [1, 4, 16–19]. These conditions make the creation of accurate geometries difficult and prevent the use of the polymer in directly incorporating cells or temperature sensitive molecules.

To counter this, PGS has been functionalised with chemical groups to render the prepolymer photocurable. The addition of acrylate groups to PGS enables photocuring when combined with a free-radical generating photoinitiator and appropriate wavelength of light. Furthermore, the mechanical properties of PGS-acrylate can be tuned simply by altering the degree of acrylation. Although this material can be rapidly crosslinked in ambient conditions, the synthesis of PGS-acrylate typically produces a large quantity of side products, mainly chlorine salts which require removal. Additionally, acrylates are highly reactive and are prone to spontaneous crosslinking (initiated by impurities). Alternatively, the functionalization of PGS with cinnamate groups has also been examined. This produces a prepolymer that photocures directly on exposure to ultraviolet light, however this requires long exposure times (2 h) [20].

Here, we present an alternative form of photocurable PGS produced by functionalization with methacrylate groups. Methacrylation is an often used functionalization route to produce photocurable biomaterials [21]. PGS-methacrylate (PGS-M) is simple to synthesize and rapidly crosslinks via free-radical polymerization. The mechanical properties and degradation rate of PGS-M could be tailored by altering the synthesis conditions and the photocured polymer also supported the growth and proliferation of various cell types in 2D culture. As a demonstration of the processing capabilities of PGS-M, scaffold structures, with μm resolution, were fabricated using 2-photon polymerization (2PP), also known as multiphoton processing (MPP) or direct laser writing (DLW) [22]. These scaffolds were then utilized for 3D cell culture.

MATERIALS AND METHODS

In the following methods, all chemical reagents were obtained from Sigma Aldrich, UK, unless otherwise stated.

Synthesis of PGS Prepolymer

PGS prepolymer was formed via the melt-polycondensation reaction of equimolar amounts of sebacic acid and glycerol (Fisher Scientific, UK) (Figure 1). These were combined and stirred at 120°C, under nitrogen gas, for 24 h. A vacuum was then applied, to remove water, and the reaction continued for a further 24, 36, or 48 h.
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FIGURE 1. Synthesis of PGS prepolymer by melt-polycondenzation.



Prepolymer molecular weights were analyzed using gel permeation chromatography (GPC) (Viscotek GPC Max VE 2001 with PLgel 5 μm Mixed C column). Samples of prepolymer were dissolved in 1 ml of tetrahydrofuran (Fisher Scientific, UK) at 0.5% (w/v) (N = 3).

Synthesis of PGS-M Prepolymer

To produce a photocurable prepolymer, the free hydroxyl groups of the PGS prepolymer were methacrylated. It was assumed that two of the three hydroxyl groups present in glycerol reacted with sebacic acid, leaving 3.9 mmol of hydroxyl groups per gram of PGS prepolymer available for methacrylation [19, 23]. Two different molecular weights of PGS prepolymer were methacrylated. Low and High molecular weight PGS prepolymer (further denoted as Low Mw and High Mw PGS, respectively) were produced by polycondensation reactions of 48 and 72 h, respectively. Prepolymers were dissolved in dichloromethane (Fisher Scientific, UK) 1:4 (w/v) and methacrylic anhydride, with an equimolar amount of triethylamine, slowly added (Figure 2). Three different concentrations of methacrylic anhydride were used (0.3, 0.5, and 0.8 mol/mol of PGS prepolymer hydroxyl groups) in an effort to vary the degree of methacrylation (DM) from 30 to 50 to 80%. 4-methoxyphenol was also added at 1 mg/g of PGS prepolymer. The reaction was performed at 0°C and allowed to rise to room temperature over 24 h. The solution was then washed with 30 mM hydrochloric acid (Fisher scientific, UK) at 1:1 (v/v), dried with calcium chloride (Fisher scientific, UK) and the dichloromethane removed via rotary evaporation, under vacuum.
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FIGURE 2. Synthesis of PGS-M prepolymer.



Characterization of PGS-M Prepolymers by Proton Nuclear Magnetic Resonance Spectroscopy

PGS-M prepolymers were characterized using proton nuclear magnetic resonance (NMR) spectroscopy (Bruker AVIIIHD 400 NMR spectrometer) at 400 MHz and compared to PGS prepolymer. Prepolymer samples were dissolved in 1 ml of deuterated chloroform (CDCl3) at 1% (w/v). Spectra were analyzed using TopSpin software. Chemical shifts were referenced to CDCl3 at 7.27 ppm. The chemical composition was determined by calculating signal integrals of—COCH2CH2CH2—at 1.2, 1.6, and 2.3 ppm for sebacic acid,—CH2CH—at 3.7, 4.2, and 5.2 ppm for glycerol and -CH3,CH2 at 1.9, 5.6, and 6.2 ppm for the methacrylate group. The signal integrals of the sebacic acid methylene groups (1.2 ppm) and the methacrylate group were used to calculate the degree of methacrylation (DM).

Characterization of Photocured PGS-M

PGS-M prepolymers of Low and High Mw and varied DM were mixed 1% (w/w) with the photoinitiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide/2-hydroxy-2-methylpropiophenone (50/50 blend) (further denoted as photoinitiator blend) and exposed to UV light (100 W, OmniCure Series 1000 curing lamp) for 10 min to photocure. Soluble fractions were determined by placing photocured PGS-M disks, dried to constant mass at 70°C, in methanol to solubilise the unreacted prepolymer and then drying and re-weighing them at 24 h intervals until reaching constant mass (N = 3, n = 3). Controls were subjected to the same drying regime, but without methanol washing.

Sol-free photocured PGS-M was examined by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) (Thermo Scientific iS50R FT-IR with germanium crystal) and compared to PGS-M and PGS prepolymers to confirm methacrylation and crosslink formation. ATR-FTIR data was analyzed using OMNIC software.

In vitro degradation of sol-free photocured PGS-M was assessed using 3 different treatments: cholesterol esterase enzyme (porcine pancreas) (40 units/ml), lipase enzyme (Thermomyces lanuginosus) (40 units/ml) and PBS. PGS-M disks in 1 ml of each treatment solution were agitated on an orbital shaker, at 90 rpm, in an incubator at 37°C. Every 2 days the disks were dried to constant mass, reweighed and replaced in fresh treatment solution (N = 3, n = 3). Controls were untreated. After 8 days the dried PGS-M disks were affixed to aluminum stubs, gold coated (Edwards S150B sputter coater) and examined by scanning electron microscopy (SEM) (Philips XL-20) at 13–15 kV.

Tensile Testing of PGS-M

The mechanical properties of photocured PGS-M were assessed by tensile testing (Hounsfield H100KS). PGS-M prepolymers were formed and photocured into tensile test pieces (Type 2 dumb-bell, as specified in BS ISO 37:2011 [24]) using a silicone mold and the soluble fraction removed. Tensile testing was performed at a crosshead speed of 500 mm/min with samples elongated to failure to determine Young's modulus and ultimate tensile strength (UTS) (N = 3, n = 3).

In Vitro Cell Metabolism and Proliferation on PGS-M Surfaces

Human dermal fibroblasts and human adipose-derived stem cells (ADSCs) from primary dermal tissue or lipoaspirate, respectively, were obtained with informed consent (ethics reference: 15/YH/0177) and processed and stored in accordance with the Human Tissue Act 2004 (license number 12179). Isolated cells were cultured to between passage 4 and 6 in Dulbecco's modified Eagle's medium (DMEM) AQmedia modified with 10% (v/v) fetal calf serum, 1% (v/v) Penicillin (10,000 units/ml), 1% (v/v) Streptomycin (10 mg/ml) and 0.25% (v/v) Amphotericin B (250 μg/ml). Additionally, human coronary artery smooth muscle cells (SMCs) were obtained commercially (PromoCell, Germany) and cultured to between passage 9 and 11 in specific growth medium (SMC growth medium 2 + supplement mixture, PromoCell, Germany) with 1% (v/v) Penicillin (10,000 units/ml), 1% (v/v) Streptomycin (10 mg/ml) and 0.25% (v/v) Amphotericin B (250 μg/ml). All cell cultures were incubated at 37°C and 5% CO2.

Thirteen millimeter diameter glass coverslips were cleaned in a 3:1 (v/v) solution of sulphuric acid (95.0-98.0%) and hydrogen peroxide (30 wt% in H2O), rinsed with dH2O then methanol before being immersed in a 10% (w/v) solution of 3-methacryloxypropyltrimethoxysilane in toluene for 24 h. Following rinsing in methanol, cover slips were spin-coated (Laurell Technologies WS-400B-6NPP/Lite at 4,000 rpm) in 30% DM Low Mw PGS-M prepolymer containing 1% photoinitiator blend and then photocured. To remove the soluble fraction and photoinitiator, PGS-M coated coverslips were washed in methanol for 4 days then dH2O for 4 days, with both solvents refreshed daily.

Cultured fibroblasts, ADSCs and SMCs were harvested using trypsin (0.025%)/EDTA (0.01%) solution, and resuspended in appropriate growth medium at 50,000 cells/ml. 1 ml of each cell suspension was seeded onto individual PGS-M coated coverslips, sterilized by autoclave, in 12-well plates. The cells were allowed to attach for 6 h and then the coverslips transferred to new wells for further culture, ensuring only cells attached to the coverslips were included in future analyses. Culture wells contained 1 ml of growth medium and this was changed every second day. Fibroblast and SMC seeded coverslips were cultured for 1, 3, or 7 days. ADSC seeded coverslips were cultured for 1, 7, or 14 days (N = 3, n = 3). Sterile glass coverslips, seeded with equivalent cells acted as positive controls while unseeded PGS-M coated coverslips acted as negative controls.

At the conclusion of the coverslip cultures, cell metabolic activity was assessed by reduction of resazurin sodium salt. 1 mM resazurin dissolved in dH2O was filter sterilized, mixed 10% (v/v) with the appropriate cell growth medium, and applied to each coverslip culture for 4 h of incubation. 200 μl of solution was then extracted from each well, in triplicate, placed in 96-well plates and examined using a fluorescence plate reader (Bio-tek instruments FLX800) at 540 nm excitation and 635 nm emission. The reading from a sample of incubated equivalent resazurin-containing growth medium acted as a blank.

Additionally, the quantity of cells present on the cultured coverslips was assessed using the PicoGreen® DNA quantification assay, purchased as a kit (Thermo Fisher Scientific, USA). At the conclusion of the cultures, the coverslips were washed thrice with PBS and then frozen and thawed thrice in 500 μl of dH2O. The solutions from each well were then centrifuged at 7,000 g for 5 min (Sanyo MSE Micro Centaur MSB010.CX2.5). One hundred eighty microliter of the supernatants were then mixed with 180 μl of a 5% (v/v) TE buffer and 0.5% (v/v) PicoGreen® solution in dH2O for 10 min, in the absence of light. 100 μl, in triplicate, was then extracted from each solution, placed in black 96-well plates and read using a fluorescence plate reader (Bio-tek instruments FLX800) at 480 nm excitation and 520 nm emission. The reading from a blank composed of dH2O mixed with the TE buffer and PicoGreen® solution was then subtracted from the value for each well. Fluorescence values were converted into mass of DNA using a standard curve generated from analyzing dsDNA at 200, 400, 600, 800, and 1,000 ng/ml, supplied with the assay kit.

Fabrication of 3D Scaffolds Using Direct Laser Writing and 2PP

Femtosecond DLW was employed for the fabrication of the 3D PGS-M scaffolds using 2PP (Figure 3). The laser radiation source was a PHAROS femtosecond Yb:KGW laser (Light Conversion Ltd, Lithuania), generating a 1,030 nm central wavelength and 300 fs duration pulses with a repetition rate range of 1–200 kHz. Second harmonics (515 nm) and a repetition rate of 200 kHz were used. For the precise positioning of the focussed laser beam an IFoV (Infinite Field of View) regime was employed to synchronize movements of linear positioning stages and galvano-scanners. This permitted a wide fabrication area, not limited by the objective's field of view, and allowed high sample translation velocities whilst avoiding inertia of the translation stages that could degrade the scaffold's architecture. Sample translation velocities of 2-15 mm/s were employed. The laser beam was focused using 10x (0.3 NA), 63x (1.4 NA), and 20x (0.8 NA) objectives, with best results achieved with the latter. The corresponding beam diameters were 2.09, 0.45 and 0.79 μm, respectively. This approach enables the production of micro-scale scaffolds for potential applications in vivo [25].


[image: image]

FIGURE 3. Optical setup for DLW-2PP. Femtosecond laser beam is scanned inside the photo-sensitive material in a pre-defined trajectory by employing the synchronized movement of galvano-scanners and linear positioning stages. The whole process is monitored on the computer screen in real-time.



Fifty percentage Low Mw PGS-M prepolymer was combined with 0.5–2 wt% (2-benzyl-2-(dimethylamino)-4'-morpholinobutyrophenone (IRG) photoinitiator and sandwiched between two 150 μm thick cover glasses separated with PDMS or glass spacers. The laser beam was focused from above into the prepolymer. Fabrication was initiated from the bottom interface of the glass and prepolymer and proceeded upwards. The average laser power was set to 0.06–12 mW (corresponding to the peak intensity of 0.32–8.4 TW/cm2 at the focal spot in the sample). Scaffolds consisted of various lattice-based structures produced as multiple layers. Additional intricate printed patterns (university logos) were also produced to demonstrate the resolution of the system. After laser irradiation, the samples were immersed in 4-methyl-2-pentanone to remove residual prepolymer and IRG photoinitiator. The chemical structure of the scaffolds was examined using Raman spectroscopy (Renishaw inVia micro-Raman) and compared to disks of 50% Low Mw PGS-M produced as described above for ATR-FTIR spectroscopy. Laser power was 20 mW with a 1 μm spot size produced using a 50x objective. The data were recorded with a Peltier-cooled multichannel CCD detector and 2,400 lines/mm diffraction grating with slit opening 65 μm and spectral resolution approximately 1 cm−1. Additionally, dry 3D scaffolds were sputter coated with gold and examined by SEM (Hitachi TM-1000) at 15 kV. Scaffold dimensions were assessed using ImageJ software. Scaffold shrinkage was quantified by comparing the distances between features at the base of the scaffolds, anchored to the glass surface, with corresponding distances between features at the uppermost surface of the structures (N = 5, n = 3).

Cell Proliferation on 3D PGS-M Scaffolds

Human coronary artery SMCs were cultured as described previously, harvested at passage 10 and resuspended in growth medium at 50,000 cells/ml. 3D PGS-M scaffolds attached to glass substrates were disinfected using 70% (v/v) ethanol in dH2O solution and rinsed thrice with PBS in 12-well plates. 1 ml of cell suspension was then added to each well. The seeded scaffolds were cultured for 24 h and 7 days. Unseeded scaffolds were also cultured in parallel as negative controls. At the conclusion of the cultures, the scaffolds were rinsed thrice with PBS, fixed with 3.7% formaldehyde for 1 h, and then washed again with PBS. The SMCs present on the scaffolds were visualized by staining for F-actin filaments using Phalloidin-FITC (200 ng/ml) for 30 min at room temperature followed by rinsing with PBS, 3 times.

Imaging was performed using a confocal microscope (Zeiss LSM 510 Meta) attached to a tuneable (700–1,060 nm) Chameleon Ti:sapphire multiphoton laser (Coherent, USA). The illumination wavelength was set at 488 nm. All imaging was performed using a 10x 0.3 W or a 40x 0.75 W objective with the pinhole set to 86 and 122 μm, respectively. Z stack increments were 1.2 μm. Transmitted light DIC images were collected in tandem. Imaging parameters were optimized and maintained for all samples.

Statistical Analysis

Data are displayed as mean ± standard deviation. Results were statistically analyzed using GraphPad Prism 7 software. PGS-M degradation and tensile testing data were analyzed using one-way ANOVA (one independent variable) while PGS-M soluble fraction, resazurin reduction and PicoGreen® assay data were analyzed using two-way ANOVA (two independent variables), both with Tukey multiple comparisons analysis. Equal variance was confirmed using the Browne-Forsythe test and Bartlett's test. Additionally, Paired samples were also specified in the analysis of the soluble fractions of PGS-M variants. Differences were considered statistically significant when P < 0.05 (*), very significant when P < 0.01 (**) and extremely significant when P < 0.001 (***).

RESULTS AND DISCUSSION

PGS prepolymer was synthesized by the polycondensation reaction of glycerol with sebacic acid at 120°C. GPC determined the number average molecular weight (Mn) of the PGS prepolymer to be 2,230 ± 40, 2,770 ± 100, and 3,360 ± 50 g/mol and the weight average molecular weight (Mw) to be 5,420 ± 430, 8,960 ± 840, and 17,340 ± 760 g/mol for reaction lengths of 48, 60, and 72 h, respectively. Polydispersity increased from 2.4 to 5.2, as reaction lengths increased. These results were comparable to other studies where PGS prepolymer was synthesized using a 1:1 molar ratio of glycerol and sebacic acid [1, 16, 17, 19, 23, 26]. This ratio favors polymer chain extension over chain branching as reaction duration increases, due to the increased reactivity of the two primary hydroxyl groups of the glycerol monomer compared to its secondary hydroxyl group [27]. Chain branching was undesirable in the present study, as this has been shown to reduce the solubility of the prepolymer, limiting further functionalisation and processing [28].

Low Mw and High Mw PGS prepolymers were methacrylated to produce photocurable PGS-M prepolymer and examined using proton NMR. The chemical composition was determined by calculating signal integrals of -CH2CH- at 3.7, 4.2, and 5.2 ppm for glycerol and -COCH2CH2CH2- at 1.2, 1.6, and 2.3 ppm for sebacic acid. The incorporation of methacrylate groups into the PGS-M prepolymers was confirmed by the appearance of peaks at 1.9, 5.6, and 6.2 ppm (Figure 4). These peaks were absent from the spectra of the PGS prepolymer. These results were comparable with those reported for PGS-acrylate [19, 23].
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FIGURE 4. Proton NMR analysis of PGS and PGS-M prepolymers at varied DM (30, 50, and 80%) and Low and High Mw. The different hydrogen environments present in the prepolymer are labeled a–h. Peaks at 1.9, 5.6, and 6.2 ppm for PGS-M samples are associated with the methacrylate group (hydrogen environments f, g, and h). Comparing the integrals of these peaks with those of the methylene groups of sebacic acid (1.3 ppm, hydrogen environment a) allowed the DM to be calculated.



The DM of the PGS-M prepolymer was calculated by comparing the integrals of the peaks for the methylene groups of sebacic acid at 1.3 ppm with those of the methacrylate group hydrogens. DM was found to correlate well with the molar ratio of methacrylic anhydride to PGS prepolymer hydroxyl groups used in the methacrylation process with an R2value of 0.9485 for a 1:1 ratio (Figure 5). Additionally, peaks associated with dichloromethane used in the methacrylation reaction (5.3 ppm in the Low Mw PGS-M spectra) and acetone used in cleaning the NMR equipment (2.2 ppm in the spectra for 30 and 80% Low Mw PGS-M and the PGS prepolymer) were identified and disregarded.
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FIGURE 5. Molar ratio of methacrylic anhydride to PGS prepolymer hydroxyl groups compared to the resulting DM of the PGS-M prepolymers.



Disks of photopolymerised PGS-M, of varied Mw and DM, were washed in methanol to determine the soluble fraction of polymer they contained. After 24 h, all test samples showed a statistically significant (P < 0.001) reduction in mass compared to their corresponding controls. The soluble fractions for 30, 50, and 80% Low Mw PGS-M and 30 and 50% High Mw PGS-M were 27.4 ± 3.1%, 15.4 ± 2.3, 5.1 ± 1.5, 18.0 ± 0.9, and 6.8 ± 1.2%, respectively. Comparing samples of the same Mw, the soluble fraction significantly decreased with increasing DM. Comparing samples of the same DM, the soluble fraction significantly decreased with increasing Mw. After a further 24 h in methanol, no significant reduction in mass was seen in any sample. These results are consistent with other photocurable PGS polymers and thermally crosslinked PGS also [20, 26, 29, 30].

The molecular structure of the PGS-M was examined using ATR-FTIR. In the PGS-M prepolymers, a broad peak associated with the hydroxyl groups was present around 3,460 cm−1 and sharp peaks associated with the methyl and alkane groups were present at 2,924 and 2,851 cm−1 [31, 32]. A distinct peak at 1,735 cm−1 was associated with ester bonds, while the peaks around 1,291–1,050 cm−1 were associated with the stretch vibrations of carboxyl bonds [3, 31, 32]. Peaks associated with the methacrylate group were seen at 940 cm−1 (= C-H bending) and 1,640 cm−1 (C = C stretching) (Figure 6) [33]. These peaks were absent from the PGS prepolymer. The magnitude of these peaks also increased with increasing DM.
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FIGURE 6. ATR-FTIR spectra for PGS and PGS-M prepolymer at various molecular weights and DM. Highlighted are the regions around 940 and 1,639 cm−1 showing the absorbance peaks associated with the methacrylate group C=C bond present in the PGS-M prepolymers. These peaks are absent after the prepolymers are photocured.



Some prominent peaks appeared in the Low Mw PGS-M prepolymer spectra, at 700 cm−1, associated with C-Cl bonds, likely present in residual dichloromethane from the PGS-M synthesis process. Comparing PGS-M prepolymers and photocured polymers showed the removal of the methacrylate group associated peaks after photopolymerisation. This is also seen in other methacrylated polymers, where spectral peaks associated with the methacrylate groups disappeared after polymerisation [19, 23, 34].

The degradation of PGS-M was examined in vitro using the physiologically relevant enzymes cholesterol esterase and lipase. After 8 days, significant mass loss was seen in 30% Low Mw PGS-M and 30 and 50% High Mw PGS-M treated with cholesterol esterase (Figure 7). Significant mass loss was also seen in 30% Low and High Mw PGS-M treated with lipase. Cholesterol esterase treatment appeared to produce greater degradation compared to lipase in all treatments. SEM showed evidence of degradation in the 30% Low and High Mw PGS-M samples following treatment with cholesterol esterase for 8 days (Figure 8). These surfaces were pitted and cracked, unlike in the controls. No evidence of degradation was apparent in any of the other PGS-M samples.
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FIGURE 7. Degradation of PGS-M treated with cholesterol esterase, lipase and PBS. After 8 days, cholesterol esterase produced significant degradation in both 30% DM polymers and the 50% High Mw PGS-M. Lipase only produced significant degradation in the 30% DM polymers. PBS did not produce significant degradation in any sample (n = 3). The degree of significance is indicated as ***P ≤ 0.001, **P ≤ 0.01 and *P ≤ 0.05.
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FIGURE 8. Representative SEM images of Low and High Mw and varied DM PGS-M surfaces following degradation by cholesterol esterase, lipase and PBS for 8 days. Surface erosion is clear in the 30% DM samples. Controls were PGS-M in air. Scale bars are 500 μm.



Increasing the DM of PGS-M appeared to reduce the rate of degradation. This was likely due to an increase in the number of crosslinks present within the polymer which reduced the ability of chain fragments to be cleaved out by the enzymes. A longer study length may be required to show significant enzymatic degradation in all of the PGS-M variants.

When considering the most heavily degraded samples, the degradation rates appeared linear. This suggests only degradation by surface erosion occurred, as is common for enzymatic degradation processes due to the relatively large size of the enzymes limiting their penetration into the polymer matrices [35–37]. Indeed, thermally crosslinked PGS has also been shown to degrade by surface erosion [38]. Degradation of this kind may be considered more favorable than bulk degradation in polymers being utilized as tissue engineering scaffolds, as the mechanical strength of the polymer is reduced over a longer time period, maintaining the structural integrity of the scaffold [21, 39].

Cholesterol esterase has been shown to cause the degradation of various polyesters in previous studies [19, 40–43]. This enzyme is comparable to the esterases produced by macrophages which are known to degrade polyesters in vivo [43]. Cholesterol esterase, at the same concentration as in this study, was shown to degrade thermally cured PGS and PGS-acrylate, with the rate of degradation dependant on the crosslink density of the polymer [19]. Differences between sample geometry prevent a direct comparison of degradation rates between these two studies, however. Lipase has also been shown to degrade various polyester biomaterials in other studies [16, 36, 44, 45]. In examining thermally cured PGS, lipase treatment produced a reduction in mass of ~12% after 8 days and ~30% after 31 days, in vitro [44]. Notably, this study used a much lower concentration of lipase enzyme (110 units/μl) than herein, suggesting that lipase has a much greater effect on thermally cured PGS compared to PGS-M. This may be due to the methacrylate groups limiting the enzymes' access to ester bonds.

No significant degradation due to hydrolysis alone (PBS treatment) was apparent in any of the PGS-M variants examined. Due to the short study length, it is unclear at what rate this may occur. In examining PGS-acrylate, a 22% reduction in mass was seen after 18 weeks [26]. Considering the differences in sample geometry, crosslink density and Mw, 30% High Mw PGS-M may show similar degradation over the same time period. Thermally cured PGS also showed degradation in PBS, reducing in mass by 10% over 31 days [44]. Additionally, a number of different photocurable biomaterials have demonstrated degradation in PBS, with this also being dependent on the degree of crosslinking within their matrices [46–48].

It must be noted that the rates of degradation observed may be different to those produced in more complex in vitro environments containing living cells or in vivo [36]. The types of enzymes produced by different cells and their concentrations vary greatly and this can have a great effect on the degradation rate of a biomaterial [36]. Environmental factors, such as the surrounding pH, presence of enzyme inhibitors, application of flow, mechanical loading or agitation to the material can also have an impact. Indeed, this has been demonstrated in other PGS polymers, with implanted materials degrading at a faster rate than in vitro [1, 23].

Tensile testing revealed that the mechanical properties of PGS-M varied with its composition. Young's modulus increased significantly with increasing DM, for both Low and High Mw prepolymers (Figure 9). A similar trend was also seen in the ultimate tensile strength (UTS) of PGS-M, although in a less pronounced manner. This behavior was likely due to the increased crosslink density resulting from increasing DM reducing polymer chain mobility and increasing matrix stiffness [21, 49]. It is also possible that the crosslinked methacrylate oligomers themselves contributed to the increase in matrix stiffness at increasing DM, acting as a nanocomposite with the PGS polymer backbone [50, 51]. Indeed, at higher DM, the methacrylate groups represent a significant proportion of the molecular structure of the polymer matrix and thus may exert significant influence on the bulk mechanical properties. Interestingly, prepolymer Mw did not appear to have a significant effect on the Young's modulus or UTS of PGS-M.
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FIGURE 9. Young's modulus and ultimate tensile strength (UTS) of Low and High Mw and varied DM PGS-M (n = 3). The degree of significance is indicated as ***P ≤ 0.001, **P ≤ 0.01 and *P ≤ 0.05.



Similar results have been reported for PGS-acrylate and PGS-cinnamate, with increased addition of the functional groups resulting in an increase in Young's modulus and UTS [19, 20, 23, 26]. These reported values were also comparable with those produced by PGS-M. PGS-acrylate demonstrated Young's modulus values ranging from 0.6 to 13.2 MPa for degrees of functionalisation (comparable to DM) from 21 to 88%. Additionally, variation in the Mw of PGS-acrylate prepolymer did not result in any significant changes in Young's modulus or UTS [23]. PGS-cinnamate demonstrated values from 0.050 to 0.152 MPa for Young's modulus at degrees of functionalization from 26 to 45%. PGS-M thus compares favorably with these other photocurable PGS polymers, achieving similar mechanical performance, yet with improved synthesis and processing.

Other photocurable elastomeric biomaterials have displayed similar behaviors to PGS-M with an increase in crosslinking density resulting in an increase in stiffness and mechanical strength. The Young's modulus of photoactive PVA hydrogels and azlactone modified PVA was increased from 0.054 to 0.820 MPa and from 0.55 to 0.80 MPa, respectively, by changing the crosslinking density [52, 53]. In gelatin-methacrylate polymers, Young's modulus could be altered from 0.040 to 0.222 MPa by increasing the DM from 15 to 90% [54, 55]. Additionally, modifying the crosslink density in photocurable poly(D,L-lactide) allowed variation in the flexural modulus and strength, from 2.5 to 3.6 GPa and from 79 to 118 MPa, respectively [56]. In terms of mechanical performance, PGS-M appears to occupy a niche between the softer PVA based hydrogels and gelatin-methacrylate polymers and the stiffer photocurable poly(D,L-lactide). This may allow for specific applications as a photocurable biomaterial.

Human dermal fibroblasts and human coronary artery SMCs were cultured on 30% Low Mw PGS-M surfaces for 1, 3, and 7 days. ADSCs were also cultured on PGS-M surfaces, but for 1, 7, and 14 days due to their slower growth rate. Cell viability was assessed by reduction of resazurin sodium salt to resorufin, measured using fluorescence detection.

In all cell types, the fluorescence signal associated with resorufin increased significantly over the duration of the study (Figure 10). Similar results were seen in the positive controls, where cells were cultured on glass coverslips. Comparing the results for cultures on PGS-M and glass at each time point showed no significant differences in resorufin fluorescence between the two surfaces.
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FIGURE 10. Resazurin reduction assay for viability of fibroblasts, ABSCs and SMCs on 30% Low Mw PGS-M surfaces. Positive controls were cells cultured on borosilicate glass. Negative controls were unseeded PGS-M surfaces (PGS-M only) (n = 3). The degree of significance is indicated as ***P ≤ 0.001, **P ≤ 0.01 and *P ≤ 0.05.



The quantity of fibroblasts, SMCs and ADSCs present on the PGS-M surfaces in culture was assessed using the commercially available PicoGreen® DNA quantification assay. The assay measured the quantity of dsDNA present in each sample by means of fluorescence. This was then used to infer the number of cells present using a standard curve.

DNA content increased significantly over the duration of the cultures for all cell types, on both PGS-M and glass (Figure 11). Comparing the results for fibroblast cultures on PGS-M and glass at each time point showed no significant differences after 1 day, but significant differences at 3 and 7 days, with the positive controls showing the greater values. The SMC cultures also showed significant differences between the two surface types at 7 days. The ADSCs cultured on PGS-M and glass showed no significant differences between the two surfaces at each time point.
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FIGURE 11. PicoGreen® assay for dsDNA content of Fibroblast, ADSC, and SMC cultures on 30% Low Mw PGS-M surfaces. Positive controls were cells cultured on borosilicate glass. Negative controls were unseeded PGS-M surfaces (PGS-M only) (n = 3). The degree of significance is indicated as ***P ≤ 0.001, **P ≤ 0.01 and *P ≤ 0.05.



In both the resazurin and PicoGreen® assays, all of the results for cells cultured on PGS-M and glass surfaces were statistically significantly different to the corresponding negative controls (unseeded PGS-M coated coverslips) which showed negligible fluorescence. All three cell types also displayed characteristic morphology throughout the study [19, 57–62].

The results demonstrate that all three cell types proliferated on PGS-M surfaces and remained viable up to the conclusion of the study. Similarly, the acrylated and thermally cured forms of PGS have also been shown to support the growth of fibroblasts, SMCs and stem cells [1, 19, 26, 58].

Interestingly, increasing cell numbers, as shown by the PicoGreen® assay, were not necessarily followed by proportional increases in culture metabolism, as measured by the resazurin assay. For example, the PicoGreen® assay detected a significantly greater number of fibroblasts present on the glass surfaces, compared with the PGS-M surfaces, at day 3 and day 7. However, no significant differences were detected between these two culture surfaces when measuring cell metabolism, using the resazurin assay. The SMC cultures showed a similar trend. This effect may be associated with increasing cell confluency and age, but could also suggest that the metabolic activities of the different cell types examined may be substrate specific. The cell-surface interface has been identified as having an important influence on phenotype and culture surfaces may impact on cell metabolism due to a number of different factors, such as stiffness, hydrophilicity, topography and surface chemistry [63–67].

The results also highlight how metabolic assays alone are not suitable for by proxy measurements of cell proliferation. Assessing the success of any biomaterial in supporting healthy cells requires measuring both cell metabolic activity and number.

3D scaffold structures were produced from PGS-M by 2PP. Raman spectroscopy was used to confirm the chemical structure of the PGS-M polymer remained intact following 2PP. Spectra from the scaffolds compared well with that of disks of equivalent PGS-M photocured using UV lamp irradiation. Prominent peaks in the analytical regions appeared at equal Raman shift values (Figure 12A). This was more easily visualized in the transformed spectra (Figure 12B). These spectra were distinctly different from that of the borosilicate glass on which the scaffolds were adhered to. The intensity values of the scaffold's spectra were somewhat lower than those of the UV cured PGS-M disks. This was attributed to the 3D nature and small feature height of the scaffolds reducing the detected signal. Additionally, due to the small height of the 3D scaffolds, some of the signal generated by the underlying borosilicate glass was detected. This is most pronounced in the fingerprint region, < ~1300 cm−1. The data suggests that the chemical structure of the PGS-M polymer is retained after 2PP using TW/cm2 peak intensities. This is in line with previous reports using Raman spectroscopy to determine the degree of crosslinking. At the reported laser intensities the irradiation converts the functionalised prepolymers into a crosslinked polymer, while higher pulse energies are needed for further chemical conversion of the polymer and carbonisation by the laser [68, 69].
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FIGURE 12. Raman spectra for 50% Low Mw PGS-M photocured as 3D scaffolds, using 2PP, and as disks, using a UV lamp. The spectra for the underlying borosilicate glass slides, onto which the 3D scaffolds were adhered to, is also presented. The original data (A) show the spectra for both PGS-M samples are distinctly different from that of borosilicate glass. The peak intensity values produced by the UV cured PGS-M disks are higher than those of the 3D scaffolds. Transforming the data (relative intensity/1000 and presented on a logarithmic scale) allows the similarities of the PGS-M spectra to be more easily visualized, with peaks clearly visible at equal Raman shift values (B).



Various structures were reproducibly produced, including closed and open sided lattices (Figures 13A–E). The scaffolds were up to ~500 μm in length and ~200 μm tall; however, at this height the open lattice structure appeared to be lost. The tallest scaffolds with an open structure were ~100 μm. The minimum feature thickness achieved was ~10 μm and the aspect ratio was ~2.1 (of the produced structures employing multipath scanning). It was noted that the mechanical properties of the photocured polymer were an important consideration during the scaffold fabrication process. The feature thickness of the scaffolds required tuning to ensure they remained free standing and did not collapse under their own weight (see also Supplementary Image 1). This may occur when using elastomeric materials [70]. Additionally, some structural deformations due to shrinkage were also evident, as has been noted in other polymer structures fabricated in this manner [71]. Scaffold shrinkage in the XY plane was 14.5 ± 5.9%, based on the analysis of the SEM images (Figure 13D). Compensation for this may be required should precise final dimensions be required for a specific application.
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FIGURE 13. Representative images of 3D PGS-M structures produced by 2PP. Structures produced using 20x 0.8 NA (A,D), 10x 0.3 NA (B), and 63x 1.4 NA (C,E) objective lenses examined using SEM. Vascular SMCs were cultured on scaffolds and then stained for F actin filaments using Phalloidin-FITC. Projections of 3D confocal images of scaffolds after 1 day (F) and 7 days (I) of SMC culture. Unstained control cultures after 7 days are shown as transmitted light DIC (G) and fluorescence (J) images, along with unseeded, but stained, controls (H,K). Scale bars are 200 μm (A,B,D,G,H,J,K) and 50 μm (C,E,F,I).



The PGS-M scaffolds were seeded with human coronary artery SMCs. The cells appeared to adhere to the structures and proliferate over the 7 day culture period (results summarized in Figures 13F–K). Interestingly, the SMCs appeared to attach to the upper surface of the PGS-M structures and proliferate across them, even bridging the ~70 μm square pores by day 7. Similar behaviors have been observed on other polymer scaffolds fabricated using 2PP. Human ADSCs proliferated across the surface of methacrylamide-modified gelatin scaffolds with 200 μm pore sizes and human fibrosarcoma cells bridged 52 μm pores in triacrylate woodpile scaffolds [72, 73]. Additionally, MG63 osteosarcoma cells and rat MSCs invaded lattice scaffolds produced from SZ2080 photoresist, acting as synthetic cell niches, covering their surfaces and bridging gaps of up to 30 μm [74]. Scaffold topology and feature size has an important influence on cell function and fate. Vascular SMCs have been shown to proliferated best on scaffolds with pore sizes >38 μm [75]. This indicates that 2PP may allow the pore geometry of PGS-M scaffolds to be tailored to ideally suit different cell types.

CONCLUSIONS

Poly(glycerol sebacate) was rendered photocurable by the addition of methacrylate groups producing PGS-M. Successful methacrylation was determined by NMR analysis and ATR-FTIR spectroscopy with the DM successfully controlled by modification of the reaction components. The DM had a significant effect on the degradation rate of PGS-M and its mechanical properties. PGS-M surfaces also supported the growth and proliferation of primary human fibroblasts, ADSCs and vascular SMCs, determined using metabolism and DNA quantification based assays. Comparing the results from these different assays suggested that PGS-M may interact with these cells in a substrate specific manner, affecting metabolism and proliferation differently. 2PP was used to successfully structure PGS-M into 3D scaffolds with minimum feature sizes of ~10 μm. These scaffolds supported the growth of vascular SMCs which appeared to spread across the scaffold surfaces, bridging gaps in the structure.

PGS-M is an easily synthesized and versatile biomaterial with tunable physical properties and compatibility with various cell types in culture. Its photocurable nature also allows for rapid production of user-defined 3D structures with micro-scale features. Work is ongoing to explore how this material may be used in various biomaterial and tissue-engineering applications both in vitro and in vivo.
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