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Abstract

:

Three-dimensional (3D) bioprinting is a technology used to deposit cell-laden biomaterials for the construction of complex tissues. Thermosensitive hydrogels are physically cross-linked by non-covalent interaction without using crosslinkers, facilitating low cytotoxicity and cell viability. Chitosan, which is a non-toxic, biocompatible and biodegradable polysaccharide, can be used as a thermosensitive hydrogel. Therefore, chitosan hydrogel could be of potential use as a 3D bioprinting ink. The purpose of this study was to develop and compare the effectivity of different bioinks based on chitosan hydrogels for 3D bioprinting. The solvent type did not affect the gel shape and gelation time, whereas acetic acid exhibited better biocompatibility compared to lactic and hydrochloric acids. The nature of the gelling agent was found to have a stronger influence on these characteristics than that of the solvent. The NaHCO3 moiety exhibited a higher growth rate of the storage modulus (G′) and a more irregular porous structure than that of the β-glycerophosphate (β-GP) and K2HPO4 groups. Cell viability, and live and dead assays, showed that the NaHCO3 group was more efficient for cell adhesion. The type of gelling agent did not lead to appreciable differences in cell-laden constructs. The NaHCO3 group was more amenable to bioprinting, compared to the β-GP and K2HPO4 groups. The chitosan hydrogel bioinks could, therefore, be good candidates for 3D bioprinting and would pave the way for patient-specific regenerative medicines.
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1. Introduction


Three-dimensional (3D) printing, also known as additive manufacturing, can be used to create a solid 3D structure through a layer-by-layer process. At present, the 3D printing of biocompatible materials represents an active area of research and constitutes tools for tissue engineering and regenerative medicine [1]. In the early years of the application of 3D printing in the fields of tissue engineering and regenerative medicine, 3D printing was applied to fabricate 3D scaffolds without cells. However, the development of 3D printing technology has led to the formation of complex tissue constructs through the deposition of cells and hydrogels via a layer-by-layer process called 3D bioprinting [2]. Cells and hydrogels have been generated from printable, non-toxic bioinks [2,3,4]. The major technologies used for 3D bioprinting include inkjet bioprinting, laser-assisted bioprinting, digital light processing (DLP) bioprinting, and extrusion bioprinting [3]. Inkjet bioprinting is a modification of conventional two-dimensional (2D) inkjet printing, and was the first bioprinting technology to be developed. Inkjet bioprinters use thermal or piezoelectric actuators to eject liquid droplets onto substrates [5]. The advantages of inkjet bioprinters include their relatively low cost and high-speed printing, although there is a risk that cells and materials generated this way are exposed to thermal and mechanical stress and nozzle clogging. Laser-assisted bioprinting is less common than inkjet or microextrusion bioprinting. However, laser-assisted bioprinters are being used in cell printing, tissue engineering and regenerative medicine. Laser-assisted bioprinters consist of a ‘ribbon’ structure that contains an energy absorbing layer on the top and a layer of liquid bioink solution suspended at the bottom [6]. During printing, a focused laser pulses on the absorbing layer of the ribbon to create a high-pressure bubble that stimulates bioink flow toward the collector substrate. Laser-assisted bioprinters do not exert any mechanical stress on cells, which results in high cell viability. Moreover, nozzle-free devices could be used to circumvent the nozzle clogging problem. Despite these advantages, laser-assisted bioprinters are not used commonly owing to their high cost and complex device setup. DLP bioprinters are based on a dynamic optical projection stereolithography (DOPsL) platform that projects an optical pattern using UV light [7]. Compared to other 3D printers, the DLP bioprinter constructs a structure by continuously projecting the plane of the optical pattern onto the photopolymer vat. The DLP bioprinter has a high printing speed and cell viability, but it is not widely used owing to its high cost of operations [2,3]. Extrusion bioprinters commonly contain pneumatic or mechanical (piston or screw) dispensing systems, which deposit biomaterials onto substrates [8]. Almost all commercially available bioprinters are based on the extrusion model. Extrusion bioprinters are suitable for a wide range of hydrogels with different viscosities that exhibit compatible photochemical and thermal crosslinking properties. The cell viability associated with extrusion bioprinters is lower than that with inkjet ones, but the former are capable of depositing very high cell densities at a reasonable cost [2]. Based on currently available technology, only extrusion bioprinters are capable of 3D printing of a wide range of materials [9], rendering their use for 3D bioprinting important.



In the field of 3D bioprinting, bioinks such as hydrogels or biomaterials could be printed onto substrates to facilitate the attachment of cells. There are several types of bioinks available, including collagen, gelatin, MatrigelTM, agarose, and alginate [10]. These materials are usually amenable to printing owing to their biocompatibility, nontoxic degradation kinetics and byproducts, and structural and mechanical properties suitable for printing and material biomimicry [2]. However, most hydrogels use crosslinkers that could induce cell death [11]. In contrast, thermosensitive hydrogels, which are liquid at room temperature and transit into gels as the temperature increases (Sol-gel transition) [12], could be crosslinked physically (without chemical crosslinkers). Thus, thermosensitive hydrogels could overcome the limitations associated with cell viability and cytotoxicity. Biomaterials derived from natural resources are preferred over those made of synthetic polymers for bioprinting. Among these, chitosan, which has been widely used in tissue engineering owing to its biocompatibility and osteoconductivity, could be used as a thermosensitive hydrogel. In fact, chitosan hydrogels are presently used for the 3D printing of biomaterials [13,14]. The gelling agent and solvent in chitosan–based thermosensitive hydrogels play an important role in the sol-gel transition [15]. Dang et al. suggested that hydrochloric acid, lactic acid, and acetic acid are suitable solvents for chitosan–based thermosensitive hydrogels [16]. Furthermore, the use of β-glycerophosphate (β-GP), potassium phosphate (K2HPO4), and sodium bicarbonate (NaHCO3) as gelling agents has been reported previously [17,18]. However, there is no study on the comparative suitability of these gelling agents or solvents for 3D bioprinting.



The objectives of this study were to develop bioinks from chitosan hydrogels for the purpose of 3D bioprinting (Figure 1A) and to compare the potential suitability of the developed chitosan hydrogel as a bioink. In addition, the optimal solvents and gelling agents for the fabrication, characterization, printability, and biocompatibility of chitosan bioinks (CBIs) were explored.




2. Materials and Methods


2.1. Preparation of the Chitosan Hydrogel


The chitosan hydrogel solution was prepared as described before [17,18,19]. A 1.67% (w/v) chitosan (CS, 95% or greater degree of deacetylation, YB Bio, Yeongdeok, Korea) solution was prepared by stirring powdered chitosan in 0.1 M aqueous acetic acid at room temperature overnight. The insoluble particles in the chitosan solution were then filtered. The 56% (w/v) β-glycerophosphate (β-GP, Sigma-Aldrich, St. Louis, MO, USA), 8% Potassium phosphate (K2HPO4, Duksan, Ansan, Korea) and 3.5% Sodium bicarbonate (NaHCO3, Duksan, Ansan, Korea) solution was prepared in an α-minimum essential medium (α-MEM, Welgene Inc., Gyeongsan, Korea) for use as a gelling agent, sterilized using syringe filters with 0.2 mm pore size and stored at 4 °C. The chitosan hydrogel solution was prepared by adding the gelling agent solution to the chitosan solution at a 9:1 ratio, followed by pH neutralization using 1 M of the NaOH solution (Duksan, Ansan, Korea). In order to avoid precipitation of the chitosan, a NaOH solution was gradually added until the pH of the chitosan solution reached above 6.5.




2.2. Characterization of the Chitosan Hydrogel


2.2.1. Gelation Time Determination


The gelation time of each chitosan hydrogel was measured at constant temperatures of 24, 37, 50 and 70 °C in a water bath using the test tube inversion method [20]. The time measurement was initiated after the sample was incubated in a tank at the predetermined temperature. The fluidity of the sample was tracked by tilting the tube every 30 s. The gelation time was estimated as the time point when the sample flow stopped completely.




2.2.2. Rheological Analysis


A rheological analysis was performed with an advanced rheometric expansion system (ARES, Rheometric Scientific, UK). Changes in the elastic (storage) modulus (G′) and the viscous (loss) modulus (G″) were recorded as a function of the temperature (25–50 °C) at a fixed frequency of 1 Hz. The temperature was varied with a constant heating rate of 1 °C/min.




2.2.3. Field Emission Scanning Electron Microscopy


The shape and surface morphology of chitosan hydrogels were explored using a field emission scanning electron microscope (Carl Zeiss, Oberkochen, Germany). The chitosan hydrogels were prepared at 37 °C for 3 h and then kept dipped into distilled water at 37 °C for 1 day. Next, the samples were lyophilized overnight with a freeze dryer (IlshinBiobase, Dongducheon, Korea).





2.3. Biocompatibility of Chitosan Bioinks (CBIs)


2.3.1. Cell Culture


Human periodontal ligament stem cells (PDLSCs) were isolated from the adult patients’ dental tissue for treatment purposes (Intellectual Biointerface Engineering Center, Dental Research Institute, College of Dentistry, Seoul National University) as described in our previous work. All experiments related to the PDLSCs were approved by the Seoul National University Institutional Animal Care and Use Committee (SNU-120427-2-2) [21]. The cells were cultured with growth–conditioned α-MEM supplemented with 10% fetal bovine serum (FBS, Welgene Inc., Gyeongsan, Korea) and 1% antibiotics (Welgene Inc., Gyeongsan, Korea). The cells were cultured in a humidified incubator with 5% CO2 at 37 °C.




2.3.2. Water Soluble Tetrazolium Salt (WST) Assay


The biological effects of chitosan hydrogels were examined by water soluble tetrazolium salt (WST, Daeil Lab Inc., Seoul, Korea) assay. The PDLSCs were cultured in α-MEM containing 1% antibiotics and 10% FBS, as described in the previous section. Aliquots of 0.5 mL of the hydrogel solutions were pipetted into 24-well plates (NuncTM, Roskilde, Denmark) and allowed to undergo the sol-to-gel transition at 37 °C for 1 h prior to the cell culture. 250 μL of PDLSC-containing media were pipetted into each well. Cells were seeded at a density of 20,000 cells/well. After 1, 3, 5 and 7 days, cell viability was determined using a microplate reader.




2.3.3. Live and Dead Assay


PDLSCs with chitosan hydrogels were seeded on 24-well plates at a density of 20,000 cells/well and incubated for 7 days. Viable cells were stained with the live and dead cell assay kit (Abcam, Cambridge, UK) and cell morphology was observed on days 1 and 7.





2.4. 3D Bioprinting Cell-Laden Constructs


2.4.1. 3D Bioprinter


A 3D bioprinting system consisting of a motorized xyz-stage, a heating bed and a multi-nozzle printer head was developed (Figure 1A). The multi-nozzle printer head was composed of one filament extruder for polymers and four customized syringe pump dispensers for hydrogel printing. The open source Repetier-Firmware software was modified and utilized for system operations. The 3D bioprinting system was operated on a bio-safety clean bench (Hanbaek, Bucheon, Korea) in order to prevent contamination during the printing process.




2.4.2. 3D Bioprinting of Polycaprolactone and CBI Constructs


The 3D bioprinting system developed in our lab was used for printing the cell-laden constructs. Polycaprolactone (PCL, Mw 43000, Polysciences, Warrington, PA, USA) was printed as the framework using the filament extruder at a 65 °C head temperature. Customized syringe pumps that can be adjusted for the set value of materials were used to print the cell-laden chitosan hydrogel. The PDLSCs were encapsulated at a concentration of 5 × 105 cells/mL in the chitosan hydrogel solution, followed by the transfer of the cell-laden chitosan hydrogel to a sterile disposable syringe. The filament extruder and mechanical dispensing system were alternately used to fabricate a cell-laden construct. The lattice-type structure was of a thickness of 2 mm with an 8-layer height. At the end of the printing process, gelation of the cell-laden construct was induced by incubation at 37 °C.




2.4.3. Cell Viability of Cell-Laden Constructs


Cells experienced a relatively high shear-stress during the printing process. Therefore, we verified the viability of the cells after printing, using the live and dead cell assay, as described above.





2.5. Statistical Data Analysis


Statistical analysis was carried out using the statistical analysis system (SAS) for Windows v9.4 (SAS Institute, Inc., Cary, NC, USA). The statistical significance between the control and treatment groups was compared with a one-way ANOVA at p < 0.05. The data were reported as a mean ± standard deviation, n = 5.





3. Results and Discussion


3.1. Effect of Solvents on Chitosan Hydrogels


The characteristics of the CBIs based on the solvents used were investigated first. Figure 1B shows that the chitosan hydrogel solution was transformed to the gel phase upon incubation at 37 °C. The sol–gel transition was marked by the solution becoming turbid. All groups easily formed the hydrogel. Figure 1C shows that the gelation time decreased exponentially with the increasing temperature. The similar gelation time of chitosan hydrogels dissolved in different solvents indicated that they were almost similar in properties. Therefore, the solvent was not a key factor influencing the gelation time.



The effect of the chitosan hydrogel on the PDLSCs was estimated using the WST assay and cell morphology was observed under a microscope (Figure 1D). The WST assay showed that there was no significant difference in cell viability until day five. However, PDLSCs on the chitosan hydrogel dissolved in acetic acid had a significantly higher cell viability after day seven (p < 0.05). This result indicates that acetic acid has lower cytotoxicity compared to lactic and hydrochloric acids. Based on these experiments, acetic acid was chosen as the solvent for CBIs.




3.2. Effects of Gelling Agents on Chitosan Hydrogels


The evaluation of the effects of solvents on the chitosan hydrogels was followed by an exploration of the influence of different gelling agents. Figure 2A shows that regardless of the type of gelling agent, the chitosan solution transitioned into the gel state after incubation at 37 °C. The CS/K2HPO4 group was associated with precipitates of large sizes that might induce clogging of the precision nozzles used in the 3D bioprinting process, since the precision nozzles used to extrude materials are very easily clogged [22]. On the other hand, the CS/β-GP and CS/NaHCO3 groups showed smaller-sized precipitates, compared to the CS/K2HPO4 group. Figure 2B shows the gelation time of chitosan hydrogels in the presence of different gelling agents. At higher temperatures, the shortest gelation time observed in this experiment was 20 s. The CS/K2HPO4 and CS/NaHCO3 groups had the fastest and slowest gelation times, respectively. These results indicate that the CS/NaHCO3 group could decrease the risk of nozzle clogging during the printing because it had the slowest gelation time. With an increase in temperature from 25 °C to 50 °C (Figure 2D), all samples exhibited a rapid increase in the storage modulus (G′) and a decrease in tan(δ), showing that the sol-gel phase transition occurred around 37 °C. Figure 2E shows the microstructure of the chitosan hydrogels. The inner structure has interconnected pores of irregular sizes. Pores larger than 20–100 μm have been reported to help cell penetration and pores with a size larger than 100 μm have been found to be associated with neovascularization, since these could provide a large enough space. Therefore, chitosan hydrogels may support cellular dispersions and neovascularization. The CS/K2HPO4 group had a smaller pore size, whereas the CS/β-GP and CS/NaHCO3 groups had larger pores. Therefore, the CS/β-GP and CS/NaHCO3 groups might support cell dispersion and neovascularization better than the CS/K2HPO4 group.



An in vitro assay using PDLSCs demonstrated the cytocompatibility of the chitosan hydrogels (Figure 2C). On day 1, the CS/NaHCO3 group showed higher cell adhesion rate compared to the other groups. However, on day seven, there was no significant difference among chitosan hydrogels containing different gelling agents. Chitosan hydrogels are, therefore, a potential candidate for bioink production due to their biocompatibility. Figure 2F shows representative images from the live and dead assay. These results demonstrate that cells encapsulated in chitosan hydrogels were viable and well-dispersed, with a round morphology. After incubation for seven days, cells were more dispersed than after a one day incubation, with higher cell viability. This suggests that cell encapsulation with chitosan hydrogels is associated with minimal cytotoxicity, provided the cells were well-dispersed during the incubation. The concentration of the gelling agent appears to be the important factor influencing cell viability. Therefore, a 56% (w/v) β-GP, 8% K2HPO4, or 3.5% NaHCO3 solution could be suitable for culturing cells.




3.3. 3D Printing Cell-Laden Constructs


The printability of CBIs was investigated using the 3D bioprinting system (Figure 3A). Figure 3B shows that the CBIs successfully printed a monolayer of a grid structure. The biocompatibility was established using the live and dead assay. However, the printed CBIs did not have enough rigidity to support the building of multilayers. Therefore, we fabricated grid structures that could encapsulate CBIs laden with cells (Figure 3C). An appropriate 3D printing method was used to load the cell-laden chitosan (pre-gel) solution into the PCL framework placed on petri dishes. One crucial aspect for the successful 3D bioprinting of cell-laden CBIs was the circumvention of nozzle clogging. The three kinds of gelling agents used in this study have similar printability (Figure 3D). As reported in the experiments for estimating gelation times, the CS/NaHCO3 group had the shortest gelation time. Therefore, the use of the CS/NaHCO3 group in 3D bioprinting might reduce the probability of nozzle clogging. In Figure 3E, the lattice-type structures generated by PCL are shown. CBIs could encapsulate PDLSCs and maintain high cell viability during the 3D bioprinting, both on days one and seven. PCL and CBI constructs are, therefore, suitable for long-term cell culture without any harmful side effects, regardless of the gelling agent used.



Chitosan has been widely used as a biomaterial in various forms, e.g., films [23,24], 3D scaffolds [25,26], nanopatterned composites [27,28,29], and as wound healing reagents [30,31]. However, most chitosan-based materials have pre-formed shapes and specific treatments are required to transform their shapes to complement those of the wounds. Three-dimensional bioprinting is a revolutionary method for the generation of patient-specific scaffolds. The development of 3D printing bioinks is an important aspect of successful bioprinting. Because chitosan is characterized by antibiosis, biocompatibility, and biodegradability, it could be a superior candidate for 3D bioprinting inks. In this study, we introduced three types of CBIs based on different gelling agents. These have similar characteristics, except for their gelling times and precipitation regime. Among these 3 types, CS/NaHCO3 was found to be the most appropriate 3D bioprinting material due to lesser nozzle clogging and good biocompatibility. Therefore, CS/NaHCO3 bioink is suitable for 3D bioprinting and tissue engineering applications. By adding other components [32], such as growth factors [33] and graphene [21], their functionality could be enhanced, thereby extending their potential applicability.





4. Conclusions


The objectives of this research were to develop and characterize CBIs amenable to 3D bioprinting using various solvents and gelling agents. Further, the cell viability and potential ability of the developed chitosan hydrogels as bioinks were investigated. These CBIs are anticipated to be useful in 3D printing applications in the field of tissue engineering and regenerative medicine.
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Figure 1. Characteristics of the chitosan hydrogels. (A) Schematic representation of the 3D bioprinter for 3D printing and gelation using CBIs. (B) Representative images of the chitosan solution and hydrogel in the presence of different solvents. (C) Gelation times of the chitosan hydrogel solution in different solvents. The test tube inversion method was used to determine the gelation time. (D) Cell viability of PDLSCs via indirect culture estimated using the WST assay. Error bars indicate standard deviation (n = 5 for each group). * Represents a statistically significant difference compared to the control group (p < 0.05). CBIs, chitosan bioinks; PDLSCs, periodontal ligament stem cells; WST, water soluble tetrazolium salt. 
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Figure 2. Influence of gelling agents on chitosan hydrogels. (A) Representative images of chitosan sol-gel transitions induced by temperature. (B) Gelation time of chitosan hydrogels in the presence of different gelling agents, as estimated by the test tube inversion method. (C) Cell viability of PDLSCs via indirect culture using the WST-1 assay. Error bars indicate standard deviation (n = 5 for each group). * Represents statistically significant differences compared to the control group (p < 0.05). (D) Rheological analysis of chitosan hydrogels, with temperature-dependent changes in the storage modulus (G′) and loss modulus (G″) from 25 °C to 50 °C. (E) SEM images of the surface of the chitosan hydrogel. Samples were prepared by dipping chitosan gels in distilled water at 37 °C for 1 day, followed by lyophilization overnight. (F) Live and dead assay results of PDLSCs encapsulated in chitosan hydrogels (green: live cells; red: dead cells). PDLSCs, periodontal ligament stem cells; SEM, scanning electron microscopy; WST, water soluble tetrazolium salt. 
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Figure 3. 3D printability of CBIs. (A) The 3D bioprinting system used in this study. (B) 3D bioprinting of cell-laden CBIs. (C) 3D bioprinting processes for the PCL and CBI constructs. (D) Representative microscopy images of 3D bioprinted structures using PCL and PDLSC-encapsulated CBIs. (E) Live and dead cell assay of 3D bioprinted cells (green: live cells; red: dead cells). 
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