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Abstract

:

This study focuses on the development of new biocompatible and biodegradable particle gel scaffolds based on PCL-HBPG/1SiHBPG triblock copolymers composed of a polycaprolactone (PCL) core and two outer blocks of trimethoxysilyl end-capped hyperbranched polyglycidol (HBPG/1SiHBPG) that have the potential to be used in soft tissue regeneration. The relationship between the gel’s composition, structure, mechanical properties, and performance has been investigated for the first time and the copolymer design parameters have been optimized. The particle gel scaffolds were formed from the concentrated dispersions of the most hydrophobic PCL-45HBPG/1SiHBPG at low temperatures, and were the result of the numerous hydrogen bonds formed from the HBPG/1SiHBPG moieties as well as the formation of siloxane crosslinks (i.e., Si–O–Si bonds). These gels were formed in the physiological temperature range. Gels with a mechanical strength that gradually increases were formed from the physically crosslinked PCL-45HBPG/1SiHBPG particles effectively and safely, in the absence of UV radiation. They feature high elasticity and undergo enzyme-triggered disassembly. The gels are biocompatible and have the potential to invoke cell attachment and differentiation in the absence of exogenous biological stimuli. A successful outcome of this study will be the prospect of a new approach for tissue regeneration that is currently not available.
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1. Introduction


Hydrogels are hydrophilic polymer networks which can retain a significant amount of water or biological fluid in their three-dimensional structure but that do not dissolve. Their use in various biomedical applications has been researched extensively due to their biocompatibility, polyfunctionality, stimuli responsiveness, and physical properties which resemble those of the native extracellular matrix (ECM) [1]. A significant number of studies have addressed the use of polymer-based smart hydrogels as a biomimetic scaffold that provides a similar microenvironment to the ECM while featuring adjustable mechanical and chemical properties [2,3]. The polymer scaffolds can be designed to be biodegradable or bioresorbable for complete elimination from the body without the need for secondary intervention [4]. Synthetic polymers such as Pluronic®, poly(ethylene glycol)-polycaprolactone—poly(ethylene glycol), and poly(l-glutamic acid), have been successfully utilized for the development of these scaffolds [5,6,7,8]. Hydrogels can either be prepared via chemical or physical crosslinking. Physical hydrogels are spontaneously formed by relatively weak interactions such as hydrophobic interactions or hydrogen bonding, whereas chemical hydrogels are most often formed by much stronger covalent crosslinks. The development of physically self-crosslinked polymer scaffolds, which do not require the use of a crosslinker or catalyst, has been the subject of a great number of studies [9].



Recently, polymer scaffolds based on hydrophilic hyperbranched polyglycidol (HBPG) have attracted significant attention in tissue engineering because of their high functionality, desirable mechanical properties, solubility in aqueous media, and biocompatibility [10]. The multiple pendant hydroxyl groups of HBPG provide opportunities for attachment to targeted biological cells and tissues and enhance the ability of the material to support cell adhesion and differentiation [11,12,13]. Wu et al. [14] utilized horseradish peroxidase for the oxidative crosslinking of a hyperbranched polyglycerol functionalized with phenol groups. The obtained materials were biocompatible and showed good potential for the encapsulation of living cells for regenerative therapy. Haryanto et al. [15] developed a microporous hydrogel scaffold from hyperbranched polyglycidol and poly(ethylene oxide) using electron-beam-induced crosslinking for tissue engineering applications. The scaffold showed good potential for use as a matrix for cellular attachment and proliferation. Li et al. [12] developed a supramolecular hydrogel (AD-g-HPG/CD-g-Dex) based on dextran and hyperbranched polyglycerol using the interaction between adamantine and β-cyclodextran. The hydrogels showed controlled encapsulate-and-release behavior and were cytocompatible. De Queiros et al. [13] fabricated a novel bone scaffolding material by electrospinning hydroxyapatite nanoparticles containing solutions of hyperbranched polyglycerol. The scaffolds were found to promote cell adhesion and proliferation.



Polymer scaffolds based on trimethoxysilyl-containing polymers such as 3-(trimethoxysilyl) propyl methacrylate have also been developed and studied for tissue engineering applications [16]. Trimethoxysilyl-containing polymers and their composites have a long-established role in the production of functional nanoscale coatings [17,18], solid polymer electrolytes [19], controlled drug release, and non-destructive cell harvesting [20,21,22,23]. Our previous research focused on the synthesis and characterization of novel triblock copolymers, which were composed of a central block of hydrophobic PCL flanked by two blocks of hydrophilic HBPG and trimethoxysilyl HBPG (SiHBPG) copolymers [24].



The copolymers’ compositions are described in their names: the numbers preceding HBPG and SiHBPG refer to the average number of moles of glycidol and 3-(trimethoxysilyl)glycidol monomers, respectively, present relative to the moles of caprolactone monomers in each polymer. The number preceding PCL has been omitted for clarity and conciseness and is the remainder in each case. For example, PCL-90HBPG/1SiHBPG contains 90 mol% glycidol, 1 mol% 3-(trimethoxysilyl)glycidol, and 9 mol% caprolactone units. These proportions have been determined by 1H NMR and elemental analyses [24].



The mean DP of the HBPG blocks in HBPG/1SiHBPG, PCL-45HBPG/1SiHBPG, PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG are 54, 22, 34, 73, and 242, respectively. Each of these properties was determined by 1H NMR in DMSO-d6. Elemental analyses confirmed the expected weight percentages of silicon [24].



At higher concentrations than their corresponding critical aggregation concentration, in aqueous solution, the PCL-HBPG/1SiHBPG copolymers spontaneously self-assemble into big multicore structures comprised of PCL domains with HBPG/1SiHBPG corona. The particles were stabilized by hydrogen bonding between the HBPG moieties as well as via formation of siloxane crosslinks. The particles which formed from the most hydrophilic copolymers were only slightly affected by an increase in temperature, whereas at elevated temperatures the particles formed from the more hydrophobic copolymers became tighter and more compact.



Herein, we investigate the potential of the novel PCL-HBPG/1SiHBPG copolymers to form gel scaffolds which can be covalently crosslinked via the gradual hydrolysis of trimethoxysilyl groups to form silanol moieties that subsequently condense intermolecularly via siloxane bond (Si–O–Si) formation, crosslinking the material [25]. Hydrolysable alkoxysilanes are frequently used as coupling agents due to their favorable rates of hydrolysis and subsequent formation of siloxane-based crosslinks [26]. Understanding the relationship between the chemical structure of the copolymers, their aqueous solution behavior, and their macroscopic properties is crucial for developing gel scaffolds with a targeted range of properties for any specific application.



The mechanical properties of the PCL-HBPG/1SiHBPG gels were explored over time and compared in terms of the particle structure and composition. The biocompatibility and the enzyme-triggered disassembly of the scaffolds were studied as a function of the scaffold’s composition and structure. A range of complementary characterization methods have been utilized, including dynamic rheology, small-angle X-ray scattering (SAXS), and optical microscopy.




2. Results


2.1. Mechanical Properties of Gels


2.1.1. Frequency-Sweep Data


Dynamic rheology measurements were carried out using 1 mg/mL of the PCL-HBPG/1SiHBPG particle dispersions at temperatures between 20 and 70 °C. The frequency-sweep studies were carried out at 0.1–100 Hz and at a constant strain of 0.1%. The variations in G′ and G″ with the oscillatory frequencies for PCL-45HBPG/1SiHBPG, PCL-90HBPG/1SiHBPG, PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG at 20 °C are shown in Figure 1. For all systems except that of PCL-45HBPG/1SiHBPG very low moduli values were observed. The solutions of PCL-90HBPG/1SiHBPG, PCL-56HBPG/1SiHBPG, and PCL-73HBPG/1SiHBPG behaved as fluids, with a loss modulus, G″, larger than the storage modulus, G′. Compared to the rest of the copolymers, where a flow zone was observed over the whole frequency range tested, the solution of PCL-45HBPG/1SiHBPG showed gel-like behavior, with a storage modulus greater than the loss modulus (Figure 1). Furthermore, for the PCL-45HBPG/1SiHBPG solution, the magnitudes of the moduli were found to be considerably greater than the moduli of the solutions of the rest of the copolymers.




2.1.2. Strain-Sweep Data


Strain-sweep dynamic rheology experiments were carried out with the PCL-HBPG/1SiHBPG solutions at two temperatures and at a constant frequency of 1 Hz. The strain-sweep data for PCL-45HBPG/1SiHBPG at 20 °C and 37 °C are shown in Figure 2. For the remaining PCL-HBPG/1SiHBPG solutions, the data at 20 °C are presented in Figure 3. At low strain (γ), i.e., less than 10%, and at low temperature, the dispersion of PCL-45HBPG/1SiHBPG showed an elastic response, with G′ > G″, whereas at higher deformations the response was clearly not elastic. For the PCL-45HBPG/1SiHBPG solution, the increase in temperature resulted in decreases in both G′ and G″. Throughout the strain range studied the concentrated dispersions of the remaining polymers showed fluid-like behavior, with G″ > G′; see Figure 3.




2.1.3. Temperature-Sweep Data


The rheological properties of the copolymer’ aqueous solutions were investigated as a function of temperature. A frequency of 0.1 Hz and a rate of heating of 1 °C/min were the conditions used for the viscoelastic measurements. The variations in the storage and loss moduli with temperature for all copolymers studied are shown in Figure 4. The patterns of the curves resemble those which were previously observed for other amphiphilic block copolymer systems [27]. For the PCL-45HBPG/1SiHBPG solution, the fully developed evolution of the moduli displays three distinct regions (Figure 4a): (i) a low-temperature region in which the moduli do not change significantly; (ii) a narrow interval with a sharp decrease; and (iii) a high-temperature region where the moduli values reach a plateau. At temperatures below 30 °C the solution shows elastic behavior, with G′ > G″. As the temperature increases, the moduli values sharply decrease, and at temperatures of approximately 38 °C a crossover is observed, at which G″ > G′. As the temperature increases further the liquid-like behavior becomes predominant.



In contrast to the PCL-45HBPG/1SiHBPG solution, the more hydrophilic PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG and PCL-90HBPG/1SiHBPG solutions behave as fluids over the entire temperature range tested, with G″ > G′ (Figure 4b). For these systems, there is a sharp initial decrease in the moduli values at lower temperatures and the occurrence of plateau regions at higher temperatures.





2.2. Covalent Crosslinking of the PCL-HBPG/1SiHBPG Particle Dispersions


The crosslinking of polymers is an important process for improving the stability, toughness, and mechanical elasticity of polymeric gels [4].



Alkoxysilanes have been previously used extensively in sol–gel preparation methods [28,29]. The alkoxy groups of trimethoxysilyane hydrolyze in aqueous solutions to form silanol-containing species (–SiOH), which are highly reactive and responsible for the formation of the Si–O–Si bond via a subsequent condensation reaction. The silanol-containing moieties are unstable and readily condense with themselves or with alkoxysilanes to form siloxanes. During our studies, the hydrolysis of trimethoxysilyl groups is expected to commence immediately upon the polymer’s contact with water, with the inevitable condensation reactions, to form inter- and intraparticle siloxane linkages, occurring at a progressively faster rate as the concentration of silanol moieties increases [25,30].



For the concentrated dispersion of PCL-HBPG/1SiHBPG, inter- and intra-shell crosslinking of the copolymer particles could result from the gradual hydrolysis of the trimethoxysilyl groups, which generate silanol moieties that readily condense to form strong Si–O–Si bonds, thereby crosslinking the particles (Figure 5).



Time-Sweep Rheological Data


The potential of the PCL-HBPG/1SiHBPG to form particle gel scaffolds because of the gradual hydrolysis of the trimethoxysilyl groups and Si–O–Si bond formation was tested using dynamic rheology over time at a constant strain. The time-sweep rheology can be an effective tool to monitor the gelation with time and the possible phase transitions, such as a sol-to-gel transition [31]. The measurements were performed with all copolymer dispersions at a concentration of 1 mg/mL, a constant frequency of 1 Hz, and strain of 0.1%, 24 h after the polymers were mixed with water. The extent of crosslinking was calculated assuming that every single trimethoxysilyl end group of the SiHBPG will hydrolyze in water and form at least one Si–O–Si bond with another trimethoxysilyl end group. Therefore, the minimum concentration of the crosslinks will be half of the concentration of the trimethoxysilyl groups, as previously reported [24]. Accordingly, the HBPG/1SiHBPG, PCL-45HBPG/1SiHBPG, PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG contain crosslinks at levels of 0.4, 0.5, 0.5, 0.7, and 0.3 mol%, respectively.



For the PCL-45HBPG/1SiHBPG, the storage and elastic moduli were measured as a function of time at temperatures of 20, 37, and 60 °C, as shown in Figure 6. At 20 and 37 °C, the mechanical response of PCL-45HBPG/1SiHBPG was elastic, with G′ > G″, and showed a plateau at the beginning of the experiment. A steady increase in the gel’s elasticity was seen with time and could be attributed to the gradual crosslinking of the trimethoxysilyl groups. As the crosslinking became more extensive, the molecular weight of the polymers increased, which in turn increased both the relative contribution of the elastic modulus G′ and the viscosity. Increasing the temperature from 20 to 60 °C resulted in a decrease in the magnitudes of the moduli. The most pronounced was the decrease in the G″ and G′ values at 60 °C, where an occurrence of the flow zone with a loss modulus, G″, larger than the storage modulus, G′, was also observed. This finding is consistent with the increase in the solubility of the HBPG moieties as the temperature increases [24]. The extent of the crosslinking is clearly not enough to overcome the HBPG dissolution in the particles’ shells as the temperature increases.



Figure 7 shows the variations in the elastic moduli with time for the more hydrophilic PCL-56HBPG/1SiHBPG and PCL-73HBPG/1SiHBPG at 20 °C. In the early stages, both moduli were low and the elastic portion G′ was much smaller than the viscous portion, G”. This is a characteristic of a polymeric liquid. As the time progressed, G′ started to increase but no crossover was observed and the behavior of the dispersion remained viscous over the entire time of the experiment.





2.3. SAXS Analysis


To investigate further the internal structure of the PCL-HBPG/1SiHBPG particles, their interaction with the solvent, and the possible structural arrangement as the concentration increases, we used SAXS at temperature ranges between 25 and 60 °C and a concentration of 1 mg/mL. The diluted dispersions of these copolymers have been analyzed using SAXS and SLS previously [24]. Representative SAXS profiles for 1 mg/mL aqueous dispersions of PCL-45HBPG/1SiHBPG at 25 °C and 60 °C and for PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG at 30 °C are shown in Figure 8a,b, respectively.



The analysis of the scattering data started with the calculation of the slope in approximation of the scattering intensity as I(q)~q−α. The values of the slopes at low q ranges (<0.03 Å−1) are presented in Table 1. In the present setup of the SAXS experiment, it is impossible to observe scattering from large particles as a whole and the value of the slope is used to determine the internal organization of these particles. Only for PCL-45HBPG/1SiHBPG at 25 °C was the value of the slope in the range 3 < α < 4, which indicates surface fractal organization (i.e., compact core and fractal surface). For all other systems the slope was α ≤ 3, which indicates a volume fractal (non-compact structure) organization of the large particles [32]. Most probably these structural changes are responsible for the lack of elastic properties of the solutions of the more hydrophilic polymers. For a q range above 0.05 Å−1, a plateau in the scattering intensities is observed. This corresponds to scattering of objects with scale lengths less than 16 nm. They could be considered as PCL domains. The typical indication of scattering of Gaussian chains (slope-2 at a large q range) is not present, which suggests that there is a complete self-association of the copolymer chains. In this case, PCL domains provide the main contribution to the scattering intensities.



The scattering data at intermediate and large q (q > 0.06 Å−1) were obtained by comparison with scattering from a model of an ellipsoid with the rotation axes a and b. The values of the parameters of the ellipsoid for all copolymers studied are presented in Table 2.



The domain volumes, V, were calculated using the values of a and b (Table 2) and were further used to estimate the number of PCL chains in one domain; this is the aggregation number of PCL (NaggPCL). To obtain this value, the volume of the ellipsoid was divided by the volume of a PCL chain. Here, we have assumed that domains consist only of PCL chains and 100% of the PCL is in the domain, as described previously [24]. We anticipate that there will be some penetration of the 1SiHBPG moieties on the basis of the hydrophobicity of the materials. The molecular weight and density of the PCL diol was used to calculate the Nagg. A volume of 3100 Å3 was calculated to contain approximately 18 caprolactone units. The NaggPCL shows a maximum value for PCL-45HBPG/1SiHBPG at 25 °C and remains largely unaffected by the increase in the HBPG/1SiHBPG content for the more hydrophilic polymers, i.e., those with higher proportions of HBPG. Furthermore, the PCL domains become considerably more elongated upon increasing the hydrophilic HBPG/1SiHBPG content, which is evident from the large increase in the anisotropy (Table 2).




2.4. Hydrolytic Disassembly of the PCL-HBPG/1SiHBPG Gels


The ester bonds in the PCL-HBPG/1SiHBPG scaffolds are biodegradable. The biodegradability properties of the new PCL-HBPG/1SiHBPG-containing crosslinked particle gels were tested using lipase. Lipase is a naturally occurring enzyme agent which is present throughout the human body. The normal concentration range of lipase in the blood of a healthy adult under the age of 60 is 8–78 U/L [33]. The concentration of lipase that we have used in our experiment is ~100 U/L, which is comparable to that found in human serum. Lipase can catalyze the hydrolysis of lipids and has many applications [34,35]. To study the enzymatic degradation of PCL and its derivatives, pseudomonas lipase has often been utilized [36]. The addition of a 5% solution of lipase (intracellular concentration) to PCL-45HBPG/1SiHBPG resulted in large decreases in the gel’s elasticities. The gel-to-fluid transitions of the PCL-45HBPG/1SiHBPG networks following the addition of lipase are shown in Figure 9. The addition of lipase resulted in network breakdown after 8 min. After this time the gel was flowing, with viscous properties being dominant (G′ < G″). The siloxane (Si–O–Si) bond is robust, chemically resistant, and easily established [37]. We do not expect that it would degrade hydrolytically upon addition of lipase. Considering the low concentration of Si–O–Si crosslinks in PCL-HBPG/1SiHBPG, the biodegradation of the PCL portion of the gels will be solely responsible for the decreases in the gel elasticities upon addition of lipase.




2.5. Biocompatibility Studies with PCL-HBPG/1SiHBPG


The response of immortalized human chondrocyte cells to the addition of PCL-HBPG/1SiHBPG was measured by using the MTT cell viability assay. Selected samples of PCL-HBPG/1SiHBPG, e.g., PCL-90HBPG/1SiHBPG and HBPG/1SiHBPG, with total weights of 20 mg were added into the well inserts for 24 h, 48 h, and 7 days. The wells were seeded with 6 × 104 immortalized human chondrocyte cells with a total cell culture volume of 1 mL. The cell media were in direct contact with the copolymer dispersions, which were used as received, without additional purification before use. The results indicated the absence of any significant cell disruption after 48 h of direct contact with the samples (Figure 10). The cell viability was maintained up to 75% after 7 days of direct exposure of the cells to the samples. The cells were still elongated and attached after 7 days of incubation. Representative optical micrographs of the cells taken after 7 days incubation with HBPG/1SiHBPG and PCL-90HBPG/1SiHBPG gels are shown in Figure 11b,c, respectively. The data are compared to control images (Figure 11a) which show cell regions that were not exposed to the gels. The cytotoxicity results revealed that our new HBPG/1SiHBPG and PCL-HBPG/1SiHBPG copolymers show very good biocompatibility, with at least 75% cell viability after 7 days of incubation.





3. Discussion


Structure–Properties Relationship in PCL-HBPG/1SiHBPG Concentrated Polymer Dispersions


In our studies, we applied a completely new approach for the development of trimethoxysilyl-capped HBPG/PCL-based gel scaffolds. The gels were derived in two steps: firstly, the physical gels were formed from a concentrated dispersion of PCL-HBPG/1SiHBPG particles. In the second step, the physical network was locked in place due to the gradual hydrolysis (and subsequent Si–O–Si crosslink formation) of trimethoxysilyl groups. Our investigation clearly shows that variations in the PCL block length and the copolymer concentration can result in large differences in both the properties and performance of the new PCL-HBPG/1SiHBPG systems. In aqueous dispersion above the CAC, the PCL-HBPG/1SiHBPG system self-assembled and formed large multicore particles composed of compact PCL domains and an HBPG/1SiHBPG corona hydrated in water. The weight average molar masses (Mw) and the corresponding aggregation numbers (Nagg), radii of gyration (Rg), and second virial coefficients (A2) of the PCL-HBPG/1SiHBPG particles formed in aqueous solution were determined by static light scattering, as described previously [24]. Herein, we use SAXS to investigate the internal structure of the large PCL-HBPG/1SiHBPG particles formed from the copolymers in the regime of higher concentrations. The SAXS intensities were described by a model of an ellipsoid of rotation axes a and b. The Rg values of the domains are presented in Table 2. The values of the parameters of the ellipsoid were used to determine the domain volumes, V, and their aggregation number (Nagg). For the more hydrophobic PCL-45HBPG/1SiHBPG, in the regime of high concentrations and low temperatures, the large particles fuse, the PCL domains are in closer proximity because of the increasing concentration, and they are arranged into compact structures surrounded by polar HBPG/1SiHBPG branches (Figure 12a). This is evidenced by them having the largest domain volume and their Nagg observed for PCL-45HBPG/1SiHBPG at 25 °C. The SAXS data also suggested a structural transformation of the PCL domains from surface fractal structures (compact core and rough surface) to volume fractal (non-compact core and rough surface) for the concentrated dispersion of PCL-45HBPG/1SiHBPG at 60 °C and for the more hydrophilic PCL-73HBPG/1SiHBPG, PCL-56HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG at 30 °C (Figure 12b). The increase in the anisotropy of the PCL core upon increasing the hydrophilic content could be attributed to the geometric packing consideration, which affects the aggregate shape transition, as discussed previously in analogous systems [38].



For the PCL-HBPG/1SiHBPG systems, the sol–gel phase transition was only observed for PCL-45HBPG/1SiHBPG at temperatures below 40 °C. The sol phase is defined as a flowing fluid, whereas the gel phase is elastic and maintains its integrity. The physical gels were formed by crosslinking the interpenetrating particle shells via numerous inter- and intramolecular hydrogen bonds formed within the HBPG/1SiHBPG moieties as well as the ability of the PCL to diffuse into the different domains. As the temperature increased, the G″ and G′ moduli values were found to sharply decrease and PCL-45HBPG/1SiHBPG displayed a liquid-like behavior, with G″ > G′. The collapse of physical crosslinkages could be attributed to the increased solubility of the HBPG/1SiHBPG branches as the temperature increases [24]. For the PCL-HBPG/1SiHBPG systems, the delicate balance between the hydrophobic and hydrophilic portions of the copolymers determines the macroscopic behavior of the crosslinked networks in their aqueous solutions. For PCL-45HBPG/1SiHBPG, the changes in temperature caused changes in the interactions between the hydrophilic and hydrophobic polymer segments with water, which in turn had an effect upon the solubility of the crosslinked network, as seen for other analogous systems [39]. The elastic properties of PCL-45HBPG/1SiHBPG at 25 °C could be attributed to the hydrophobic interaction between the PCL segments and the numerous hydrogen bonds formed between the HBPG/1SiHBPG moieties. The increases in temperature and the hydrophilic content resulted in the disintegration of the PCL domains. This is evidenced by a decrease in the volume of the PCL domains and their aggregation number as the temperature and the relative hydrophilic content of the polymer increased.



The concentrated dispersions of PCL-73HBPG/1SiHBPG, PCL-56HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG behaved as fluids over the entire temperature range tested, with G″ > G′. This finding suggests that the macroscopic behavior of the PCL-HBPG/1SiHBPG systems is largely determined by the size of the PCL domains. The latter interact via HBPG/1SiHBPG chains of varying length grafted onto their surface. The PCL hydrophobic domains, bonded to the long hydrophilic chains, function as stickers, which intermolecularly associate through hydrophobic interactions. The effect which a hydrophobic spacer exerts upon a gel’s properties within a multicomponent system has been previously reported [39]. It has been shown that an increase in the length of the hydrophobic chain significantly influences both the microstructure and mechanical properties as well as the underlying molecular packing in copolymer co-assemblies. Our studies suggest that the stronger hydrophobic interactions between the PCL domains in the more hydrophobic PCL-45HBPG/1SiHBPG increase the interparticle interactions and promote copolymer gelation under physiological temperature conditions.



The time-dependent rheological measurements of the PCl-45HBPG/1SiHBPG gels showed a gradual increase in the gel’s mechanical strength over time as the extent of methoxysilane hydrolysis and crosslinking proceeded. Increases in the G′ and G″ values over time were also observed for the rest of the PCL-HBPG/1SiHBPG systems. This finding could be attributed to the inter- and intra-shell crosslinking of the copolymer particles because of the gradual hydrolysis of the trimethoxysilyl groups, which generate silanol moieties that readily condense to form strong Si–O–Si bonds, thereby crosslinking the particles (Figure 12).



The hydrogels intended for soft tissue regeneration should feature excellent biocompatibility, facile biodegradability, high stability, and favorable mechanical properties for 3D cell culture [2]. To control the biodegradation it is essential to utilize the proteolytic degradation mechanisms which operate in the ECM. ECM proteins such as collagen, laminin, and fibrin are readily degraded by enzymes at cleavage sites. The incorporation of polyester segments within synthetic hydrogels has been used to facilitate the resulting scaffold’s biodegradation [40,41]. Nguyen et al. [42] developed a biodegradable hydrogel scaffold based on poly(propylene fumarate-co-ethylene glycol) and encapsulated endothelial cells in the gels for vascular cell growth. Their study demonstrated that in biodegradable hydrogel scaffolds, the cells were spread throughout the hydrogel scaffold and attained an increase in both their ECM production and proliferation rate compared to cells in non-degradable scaffolds. In our PCL-HBPG/1SiHBPG systems, the ester groups of polycaprolactone are biodegradable and their enzymatic degradation has often been achieved using lipase [43]. The PCL degrades upon hydrolysis, eventually being broken down into oligomers or monomers that are subjected to natural metabolic processes. Accordingly, a solution of lipase in phosphate-buffered saline was used to trigger the biodegradation of the gel scaffolds in this project. The new gels derived from the PCl-45HBPG/1SiHBPG-containing crosslinked particles possessed excellent biodegradability. Less than eight minutes was required for the gel to turn to a liquid following exposure to lipase. It is proposed that enzyme-triggered disassembly of the scaffold will provide space for the final stage of tissue reconstruction and the growth of ECM into the space provided. The rate and extent of biodegradation are essential factors in the design of tissue scaffolds. For successful tissue repair, it is important that the rate of biodegradation coincides with the rate of new tissue formation. Once it is implanted, the scaffold’s degradation should occur in a timely manner to enable appropriate remodeling of the tissue. In the event that biodegradation occurs more rapidly than the tissue regeneration, the corresponding scaffolds will be unable to provide mechanical support and promote the tissue growth; on the other hand, if the biodegradation progresses too slowly, then tissue regeneration will be prevented [40,41]. The PCL-HBPG/1SiHBPG gel scaffolds display a faster degradation rate. The rate of hydrolysis of the ester linkages is accelerated by the increase in water penetration. The ability of water to penetrate the polymer chain depends on the polymer’s glass transition temperature and crystallinity [41]. The highest Tg values have been previously reported for the more hydrophobic PCL-45HBPG/1SiHBPG [24]. The high Tg is attributed to comparatively low molecular motion and limited free volume in the polymer network. To improve the rate of hydrolytic disintegration of PCL-45HBPG/1SiHBPG a simple manipulation of the reactant stoichiometry and functionality could be performed. For example, the polymer chain could be stiffened via the incorporation of bulky side groups or it could be made more hydrophobic. A high degree of crosslinking or chain branching could also limit water penetration and improve biodegradability [44].



Another important requirement of any biomaterial is biocompatibility. A wide variety of synthetic polyesters have been shown to be biocompatible in the body [41]. Polycaprolactone has been used in a range of medical applications such as degradable sutures, stents, and wound dressings, all of which have acquired FDA approval [45]. PCL-HBPG/1SiHBPG showed good biocompatibility. The MTT cell viability was maintained at up to 75% after 7 days of direct exposure of immortalized human chondrocyte cells with the gels. The cells preserved their elongated morphology and were still attached after 7 days of incubation. To improve biocompatibility, the gel chemistry of PCL-HBPG/1SiHBPG can be altered with the addition of certain molecules or monomers [46]. For example, the incorporation of adhesion proteins into the polymer scaffold can support the differentiation, proliferation, and migration, and even improve cell survival rates [41,47]. Alternatively, polymer chain ends can be functionalized to enable grafting of biochemicals [48]. The presence of multiple hydroxyl groups within HBPG provides the opportunity for functionalization and attachment to targeted biological cells and tissues. The ability of the gels to decompose into non-toxic and low-molecular-weight species that could be metabolized and/or readily excreted from the body encourages application of the PCL-HBPG/1SiHBPG materials in drug delivery.



The physical properties of a gel scaffold should closely resemble those at the target site, so that it can withstand the forces acting on it. The extent of crosslinking is an important factor which affects the mechanical properties of the scaffold. Too many crosslinks lead to a brittle structure, whereas too few will produce a material that is not strong enough to provide the support which is necessary [41]. Physical gels are weaker than chemical gels and even with optimization may lack the required mechanical properties for tissue regeneration. For PCL-HBPG/1SiHBPG, the extent of covalent crosslinking is in the range of 0.3 to 0.7 mol%, which should be optimized to display mechanical properties resembling those of the target tissue. Tensile testing up to or past the yield or failure point is not easily performed on weak gels and networks because it is difficult to avoid debonding of the sample from the test geometry [49]. The mechanical properties of the novel gels based on the PCL-HBPG/1SiHBPG copolymers have been studied using rheology. Rheological techniques and methods have been employed successfully for many decades in the characterization of polymers and biomaterials [50].





4. Materials and Methods


4.1. Materials


The copolymers used in the present study were synthesized as described elsewhere [22] and characterized by 1H NMR, gel permeation chromatography, thermogravimetric analysis (TGA), and dynamic scanning calorimetry (DSC). They feature a constant molar mass of the PCL middle block and HBPG/1SiHBPG contents varying from 45 to 90 mol% for the HBPG and from 0.6 to 1.4 mol% for the SiHBPG. Their aqueous solution properties were investigated by dye solubilization, turbidimetry, light scattering, and SAXS.




4.2. Sample Preparation


Aqueous solutions in the concentration range from 1 mg/mL were prepared gravimetrically by adding water to a pre-weighed quantity of the copolymer. The solution was then stirred at room temperature for 24 h.




4.3. Methods and Analysis


Rheology measurements were carried out at temperatures from 20 to 60 °C using a HR-1 Discovery Hybrid Rheometer with a 250 μm gap and a 20 mm diameter steel plate. All strain-sweep measurements were conducted at a frequency of 1 Hz. All frequency-sweep measurements were carried out at a strain of 0.1%. The SAXS experiments were completed with a laboratory SAXS instrument (Nanostar, Bruker AXS GmbH, Karlsruhe, Germany) which uses an IµS micro-focus X-ray source with a power of 30 W, utilizing the wavelength of the Cu Kα line. The detector used was a VÅNTEC-2000 (14 × 14 cm2 and 2048 × 2048 pixels). The distance from sample to detector was 108.3 cm and the accessible q range was between 0.008 and 0.23 Å–1. Samples were placed into glass capillaries of 2 mm diameter with the temperature controlled (ΔT = 0.1 K). The standard data reduction procedure was applied, which includes correction for the background scattering of the solvent measured in a capillary of equal size, and then the scattering intensities were converted to absolute units using the scattering of pure water measured in a 2 mm capillary at 20 °C.




4.4. Gel Cytotoxicity Studies


T/C28a2 cells (Merck, Rahway, NJ, USA, 1 × 106 cells/vial), immortalized human chondrocyte cell, were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and antibiotic/antimycotic (Sigma-Aldrich, Gillingham, UK) at 37 °C in a CO2 atmosphere. The T/C-28a2 cell line was established by transfecting primary cultures (day 5) of costal cartilage from a 15-year-old female with a retroviral vector expressing simian virus SV40 large T antigen. Cells were seeded at a density of 6 × 104 per well onto well plates containing 0.4 μm cell-culture inserts (BD Biosciences, Franklin Lakes, NJ, USA) and allowed to adhere overnight before exposure to 20 mg of PCL-HBPG/1SiHBPG concentrated particle dispersions. Cell viability was calculated as a percentage relative to a control sample and was measured at 24 h, 48 h, and 7-day time-points using an MTT assay (Merck Life Science UK Limited, Gillingham, Dorset, UK) as per the manufacturer’s instructions.




4.5. Scaffold Degradation Studies


The biodegradation studies were carried out by the addition of 100 μL of 5% lipase (lipase powder ~200 U/g from Aspergillus niger) solution in 10 mL of phosphate-buffered saline (pH 7.4) to the gel (150 mg) at 37 °C. The resulting concentration of lipase is comparable to that found in human serum. The test tubes containing the samples were shaken at 70 rpm for two minutes before the measurements.





5. Conclusions


In this study, we investigate the relationship between the structure, mechanical properties, and performance of the novel PCL-HBPG/1SiHBPG gel scaffolds that have been developed for soft tissue regeneration. A variety of characterization methods, including small-angle X-ray scattering, optical microscopy, and dynamic rheology have been used to investigate their aqueous solution properties at higher concentrations of 1 mg/mL. We applied a completely new approach for the development of the scaffolds. In the first step, the physical gels were formed by crosslinking the interpenetrating shells of the PCL-HBPG/1SiHBPG particles via numerous inter- and intramolecular hydrogen bonds formed within the HBPG/1SiHBPG moieties as well as the ability of the PCL to diffuse into the different domain. In the second step, the physical network was locked in place due to the gradual hydrolysis (and subsequent Si–O–Si crosslink formation) of trimethoxysilyl groups. Our investigation clearly shows that variations in the hydrophobic/hydrophilic portions of the copolymers determined the macroscopic properties of the PCL-HBPG/1SiHBPG systems. The sol–gel phase transition was only observed for the most hydrophobic system, PCL-45HBPG/1SiHBPG, at low temperatures. The elastic properties of PCL-45HBPG/1SiHBPG were attributed to the hydrophobic interaction between the PCL segments and the numerous hydrogen bonds formed between HBPG/1SiHBPG moieties. Increases in the temperature and the hydrophilic content resulted in the disintegration of the PCL domains and the occurrence of a flow zone. The PCL-HBPG/1SiHBPG particle gels showed a steady increase in the gels’ elasticity over time at low temperatures, which was attributed to the gradual crosslinking of the trimethoxysilyl groups. The PCL-45HBPG/1SiHBPG gels were biodegradable upon the addition of lipase. The cytotoxicity results with immortalized chondrocyte cells revealed that the new PCL-HBPG/1SiHBPG gels show very good biocompatibility, with at least 75% cell viability after 7 days of incubation.
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Figure 1. Variations in G′ and G″ with frequency for all polymers; studied at 20 °C. 
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Figure 2. Variations in G′ and G″ with the strain % for PCL-45HBPG/1SiHBPG at 20 °C and 37 °C. 
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Figure 3. Variations in G′ and G″ with the strain % for PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG at 20 °C. 
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Figure 4. Variations in G′ and G″ with temperature for (a) PCL-45HBPG/1SiHBPG and (b) PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG. 
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Figure 5. PCL-HBPG/1SiHBPG hydrogel formation. 
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Figure 6. Shear moduli as a function of time during the crosslinking reaction of PCL-45HBPG/1SiHBPG at 20 °C, 37 °C, and 60 °C. 
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Figure 7. PCL-73HBPG/1SiHBPG and PCL-56HBPG/1SiHBPG (frequency = 1 Hz, stress = 0.1 Pa) at 20 °C. 






Figure 7. PCL-73HBPG/1SiHBPG and PCL-56HBPG/1SiHBPG (frequency = 1 Hz, stress = 0.1 Pa) at 20 °C.



[image: Jcs 07 00451 g007]







[image: Jcs 07 00451 g008] 





Figure 8. SAXS profiles for (a) 1 mg/mL PCL-45HBPG/1SiHBPG at 25 °C and 60 °C; (b) 1 mg/mL PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL- 90HBPG/1SiHBPG at 30 °C. 
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Figure 9. (a) Photographs of the PCL-45HBPG/1SiHBPG gel before and after the addition of lipase; (b) hydrolytic disassembly of the PCL-45HBPG/1SiHBPG gel by addition of 5% solution of lipase. 
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Figure 10. MTT assay for HBPG/1SiHBPG and PCL-90HBPG/1SiHBPG. Cell viability was calculated as a percentage relative to a control sample. 
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Figure 11. Optical micrographs of (a) chondrocytes that were not in contact with the gel (control); (b) chondrocyte cells that were in contact with HBPG/1SiHBPG, and (c) chondrocyte cells that were in contact with PCL-90HBPG/1SiHBPG, taken after 7 days of incubation. 
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Figure 12. Schematic presentation of the changes in the internal structure of the particles formed by (a) PCL-45HBPG/1SiHBPG in concentrated solutions at 25 °C and (b) PCL-45HBPG/1SiHBPG at 60 °C and hydrophilic PCL-56HBPG/1SiHBPG, PCL-73HBPG/1SiHBPG, and PCL-90HBPG/1SiHBPG at 30 °C. 
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Table 1. The slope values for 1 mg/mL aqueous dispersions at 25, 30, and 60 °C.
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	Sample
	T (°C)
	Slope





	PCL-45HBPG/1SiHBPG
	25
	3.10 ± 0.01



	PCL-45HBPG/1SiHBPG
	60
	2.70 ± 0.01



	PCL-56HBPG/1SiHBPG
	30
	2.90 ± 0.01



	PCL-73HBPG/1SiHBPG
	30
	2.71 ± 0.01



	PCL-90HBPG/1SiHBPG
	30
	2.67 ± 0.03










 





Table 2. Results of SAXS analysis of large q part (parameters of ellipsoid, Rg, and I(0)) of PCL-HBPG/1SiHBPG copolymer particles formed in 1 mg/mL aqueous solutions at 25, 30, and 60 °C.






Table 2. Results of SAXS analysis of large q part (parameters of ellipsoid, Rg, and I(0)) of PCL-HBPG/1SiHBPG copolymer particles formed in 1 mg/mL aqueous solutions at 25, 30, and 60 °C.





	Sample
	T, °C
	a, Å
	b, Å
	Rg, Å
	V, Å3
	NaggPCL





	PCL-45HBPG/1SiHBPG
	25
	57 ± 14
	18 ± 1
	28
	77,320
	25



	PCL-45HBPG/1SiHBPG
	60
	47 ± 5
	4.3 ± 1.9
	21
	3640
	2



	PCL-56HBPG/1SiHBPG
	30
	29 ± 1
	8.3 ± 0.7
	14
	8368
	3



	PCL-70HBPG/1SiHBPG
	30
	56 ± 19
	4.7 ± 2.2
	25
	5182
	2



	PCL-90HBPG/1SiHBPG
	30
	59 ± 32
	6.1 ± 3.9
	27
	9196
	3
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