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Abstract

:

A tough gel composed of atelocollagen, which lacks an immunogenetic site, is a promising material for biomedical application. In this study, we created a composite hydrogel composed of atelocollagen gel cross-linked with glutaraldehyde (GA) and poly-(N,N-dimethylacrylamide) gel exhibiting biocompatibility based on the double-network (DN) gel principle. The tensile toughness of atelocollagen gel remained constant regardless of the amount of cross-linker (GA) used. In contrast, tensile tests of the DN gel indicated that mechanical properties, such as fracture stress and toughness, were significantly higher than those of the atelocollagen gel. Moreover, fibroblast cells adhered and spread on the gels, the Schiff bases of which were treated via reductive amination for detoxification from GA. These findings demonstrate the potential of the proposed gel materials as artificial alternative materials to soft tissues with sub-MPa fracture stress.
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1. Introduction


Collagen is the most abundant natural protein comprising soft tissues in all animals. It has been utilized as a biomaterial for diverse applications, such as cell culture scaffolds and drug delivery systems (DDS) [1,2,3]. Atelocollagen, which is prepared by removing N- and C-terminal telopeptide regions, is also a promising biomaterial for its reduced immunogenicity [4,5]. We have previously demonstrated the potential application of atelocollagen in drug development, DDS, and regenerative medicine [6,7,8,9,10,11]. Most recently, we developed toughness-enhanced atelocollagen threads (i.e., anisotropic hydrogels) using slide-ring polymers, which demonstrated their potential as alternatives to tendon or ligament materials [10,11].



Hydrogels are chemically and physically formed three-dimensional polymer networks that contain large quantities of water. Therefore, hydrogels are soft and flexible materials that can transport, transmit, and exchange water-soluble substances, like soft tissues in the human body. Because a collagen constitutes the majority of organs and tissues in the human body, hydrogels based on collagen or atelocollagen are expected to be applied to biomaterials such as DDS carriers, cell culture scaffolds, and biosensors [12,13,14,15]. However, their weak mechanical strength is a major obstacle to their implementation in biological applications of alternative materials to the soft tissue where strict load is applied, such as tendons and ligaments.



To overcome the limited strength and stretchability of conventional hydrogels, several new classes of hydrogels have been developed by designing polymer network structures strategically [16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33]. Especially, a double-network (DN) gel developed by J. P. Gong et al. is one of the approaches used to enhance the mechanical properties for biomedical applications. The DN gel is generally known as an interpenetrating polymer network composed of a stiff and brittle cross-linked polymer network (first network) and a soft and ductile network (second network). DN gels offer high mechanical strength and toughness, which is attributed to effective energy dissipation through the prior fracture of the brittle first network [22,23,25]. This approach to toughen gels can be applied to various synthetic and natural polymer gels as long as the polymer networks do not interfere with each other [34,35,36,37,38]. Moreover, DN gels are applicable to medical research fields such as tissue engineering and drug delivery [39,40]. Therefore, we developed toughness-enhanced atelocollagen gels based on the principle of DN gels mentioned above. Additionally, this material is expected to be applied as an artificial alternative material to soft tissue, which can inhibit undesired immunoreaction after transplantation. To date, such tough atelocollagen gels have hardly been reported.



In this study, we developed a composite hydrogel consisting of atelocollagen and a biocompatible polymer based on the DN principle, aiming for artificial alternative materials to soft tissues (Figure 1). Firstly, in order to form a stiff and brittle polymer network, we prepared a chemically cross-linked atelocollagen gel. We selected glutaraldehyde (GA) as a cross-linker for atelocollagen because GA has been mostly utilized in various studies on collagen gels [41,42]. We then combined soft and ductile polymer networks having biocompatibility with this gel. We selected poly-(N,N-dimethylacrylamide) (PDMAAm), which is a component of a soft contact lens, as the biocompatible polymer. PDMAAm can be cross-linked through free-radical polymerization with a cross-linker containing vinyl groups. First, we investigated the mechanical properties of both the atelocollagen and DN gels using tensile tests. Next, we measured the water content and polymer network structure in the DN gel by evaluating its physical properties by combining two polymer networks. Finally, to evaluate their potential as biomaterials, we observed cell adhesion on the gel and confirmed reduced cytotoxicity.




2. Materials and Methods


2.1. Materials


A 3 wt% aqueous solution of industrial-grade type I atelocollagen (30 mg/mL) was prepared in our company (KOKEN Co., Ltd., Yamagata, Japan). N,N-dimethylacrylamide (DMAAm) was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Glutaraldehyde (GA), N,N’-methylenebisacrylamide (MBAA), 2-oxoglutaric acid (OGA), penicillin-streptomycin solution (×100), and sodium cyanoborohydride (NaBH3CN) were purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Primary Normal Human Dermal Fibroblast (NHDF) and FibroLife comp kit as culture medium for NHDF cells were purchased from KURABO (Osaka, Japan). The V79 cell line, which is a lung fibroblast derived from Chinese hamsters, was purchased from the JCRB cell bank (Osaka, Japan). Calcein-AM was purchased from Dojindo (Kumamoto, Japan). MEM and L-glutamine were purchased from Life Technologies Corporation (Carlsbad, CA, USA). Fetal bovine serum (FBS) was purchased from Cytiva (Tokyo, Japan). Falcon tissue culture plate, 48 wells (flat bottom with low evaporation lid), was purchased from Corning Inc. (Corning, New York, NY, USA).




2.2. Preparation of GA Cross-Linked Atelocollagen Gel (GC-ACG) as First Network


Pre-gel aqueous solutions containing 2 wt% atelocollagen and GA as cross-linkers were prepared. The solutions were prepared at various ratios (mol/mol) of GA concentration against those of lysine (Lys) and hydroxylysine (Hyl) residues, which react with the aldehyde group in GA. The solution was degassed under reduced pressure, and the bubbles were removed using a centrifuge machine. It was filled into the 1 mm space between two glasses and baked at 30 °C for 24 h to cross-link atelocollagen with GA. The formed GC-ACGs were immersed in water.




2.3. Preparation of DN Gels Composed of Atelocollagen and PDMAAm


GC-ACG, prepared using the method described in Section 2.2 under specific GA concentrations, was soaked in a PDMAAm pre-gel aqueous solution containing 3 M DMAAm as a monomer, MBAA as a cross-linker, and 1 mol% OGA as the UV initiator (the molar percentages are relative to the monomer) at 4 °C for 1 d. This solution was degassed under reduced pressure and purged with N2 to remove the dissolved oxygen. The gel was then irradiated with UV light for an hour using an irradiation apparatus (λ = 365 nm, UV cross-linker CL-1000, UVP, Upland, CA, USA) to initiate free radical polymerization of DMAAm and MBAA. After irradiation, the samples were immersed in water. DN gels were prepared with various MBAA concentrations (mol%).




2.4. Tensile Tests


Both the GC-ACG and DN gels were cut out in a dumbbell shape standardized according to the JIS-K6251-8 size. Tensile tests were performed using a mechanical testing instrument (EZ-S, Shimazu Co., Ltd., Kyoto, Japan) with a tensile velocity of 100 mm/min in air at room temperature. All gel samples were glued to two polyethylene terephthalate (PET) films, as illustrated in Figure 2a, and they were measured after immersion in water for 1 d. The tensile fracture stress was determined to be the nominal stress at the breaking point. The toughness, which is the energy required for fracture, was determined from the area under the stress–strain curve.




2.5. Measurement of Water Content of Gels


The surface water of the hydrogels was wiped off, and the weight (Ws) of the swollen gels was measured. Next, the swollen gels were freeze-dried at −80 °C for 1 d, and the weight (Wd) of the dried gels was measured. Water content was determined using Equation (1):


Water content (%) = (Ws − Wd)/Ws × 100



(1)








2.6. Observation of Polymer Network Structure in Gel Using Scanning Electron Microscope


The cross-sectional morphology of each gel was observed using a scanning electron microscope (JCM-6000, JEOL, Tokyo, Japan). GC-ACG and DN gels were prepared and freeze-dried at −80 °C to volatilize water. The samples were then cut and sputtered with a thin gold layer. Their morphologies were detected at 15 kV.




2.7. Reductive Amination for GC-ACG


In order to restrain reversible formation and dissociation of Schiff base, GC-ACG was soaked in a 1.5 M aqueous solution of NaBH3CN at 30 °C for 24 h for reductive amination (RA) to convert the Schiff base into the corresponding amine in the gel. After the RA treatment, the gel was immersed in water for 1 d to remove unreacted NaBH3CN and its by-products. Then, the PDMAAm network was formed in this gel using the method described in Section 2.3.




2.8. Examination of Cell Adhesion on Gels


The V79 cell line was cultured in MEM containing 10% inactivated FBS, 2 mM L-glutamine, and ×1 Penicilin/Streptomycin. NHDF cells were cultured in the FibroLife comp kit. The V79 cell line is used within five passages, and NHDF cell is used within three passages.



DN gels before and after reductive amination (RA) treatment were cut out in a round column using a biopsy punch (φ8 mm KAI Medical, Gifu, Japan). Each was placed individually on a well of a 48-well plate. Cells (2.5 × 104) of V79 cell line or NHDF were seeded on each gel and cultured at 37 °C in an incubator (humidified 95% air, 5% CO2). After 24 h, the culture medium was replaced with another medium containing 1 μM calcein-AM, and the cells were incubated for 20 min. Fluorescent images of living cells were obtained using imaging software (cellSens Standard ver1.13, OLYMPUS Co., Tokyo, Japan) and a fluorescence microscope (IX71, OLYMPUS Co.).




2.9. Statistical Analysis


Data are expressed as mean ± standard deviation. Statistical comparisons were performed using Student’s t-test. Differences were statistically significant at p < 0.05. All error bars represent standard deviations.





3. Results and Discussion


3.1. Mechanical Properties of GC-ACG


First, we prepared GC-ACG and evaluated its mechanical properties using a tensile test. Figure 2a shows a representative photograph of the tensile test setup. The stress–strain curve of GC-ACG prepared with various GA concentrations is shown in Figure 2b. The major mechanical values were calculated from this stress–strain curve (Figure 2c–e). Young’s modulus was determined from the initial slope of this stress–strain curve. These results indicate that both the fracture stress and Young’s modulus increased, and the fracture strain decreased as the GA concentration in the pre-gel solution increased. The observed changes in the mechanical properties are consistent with those arising from typical chemically cross-linked hydrogels. Although stiffer gels can be prepared by increasing the cross-linking density, the distances between the cross-linked points in the polymer network become shorter, and the mechanical properties become brittle. Therefore, stiff and brittle gels were prepared by varying the cross-linker content in the pre-gel solution; however, a tough hydrogel, which improved both the fracture stress and strain, could not be developed through simple changes in the cross-linker content. Upon increasing the concentration of GA, the fracture stress increased, and the fracture strain decreased; however, the values did not increase or decrease significantly at molar ratios (GA/(Lys and Hyl)) higher than 30 (Figure 2c,d). This result indicates that all reactive residues in atelocollagen molecules reacted with the aldehyde group in GA at GA/(Lys and Hyl) = 30, and no further change in the mechanical properties was observed even when the GA content was higher. As mentioned in the Introduction, we selected GC-ACG as a stiff and brittle polymer network to develop a tough composite gel based on the DN gel principle. Thus, for the pre-gel solution, we chose GA/(Lys and Hyl) = 30, which is 0.2 M GA, and prepared DN gels in the subsequent section.




3.2. Comparison of Characteristics between GC-ACG and Composite Gel


According to the scheme illustrated in Figure 1, we prepared composite gels by combining the GC-ACG and cross-linked PDMAAm gels. First, we measured the water content of both the GC-ACG and composite gels to clarify the water swelling capacity of the gel. We prepared GC-ACG using a pre-gel solution containing 2 wt% atelocollagen and 0.2 M GA, as mentioned above, and subsequently formed the PDMAAm network in this gel. As shown in Figure 3a, the water content of the composite gel was lower than that of the GC-ACG. Previous research on DN gels also revealed that the water content was diminished by combining with another polymer network [22]. Atelocollagen and PDMAAm are highly hydrophilic polymers; therefore, the composite gel can swell in water. Considering the interaction in the composite gel between the hydrophilic group of atelocollagen molecules and PDMAAm, dipole interactions such as hydrogen bonds and van der Waals attraction can occur because the two polymer networks are interpenetrated and their distance becomes closer compared to a single network. Therefore, we speculated that the number of water molecules interacting with atelocollagen or PDMAAm decreased, lowering the water content retained in the composite gel, even though these polymers are hydrophilic. Moreover, the water content of the composite gel prepared using 0.3 mol% MBAA was lower than that prepared using 0.01 mol% MBAA. Generally, it is well known that the water content decreases as the cross-linking density increases based on the rubber elasticity of the gel. Thus, the water content of the composite gel decreases as the MBAA concentration increases. The change in water content of the gel by combining PDMAAm is consistent with the characteristics of the DN gel. Moreover, we observed cross-sectional morphology using a scanning electron microscope to visualize the internal microstructure of the prepared composite gel. Figure 3b–d show scanning electron microscopy (SEM) images of GC-ACG and DN gels prepared using 0.01 or 0.3 mol% MBAA. Several large pores were observed in the cross-section of GC-ACG, and the skeleton of the atelocollagen network was very thin with a porous structure. In contrast, in the composite gel prepared using 0.01 mol% MBAA, the skeleton was thicker. This result is similar to the SEM images reported in previous DN gel studies [34]. Moreover, in the composite gel prepared using higher MBAA, 0.3 mol%, such pores were not observed, and a smooth surface appeared, indicating that a dense structure was formed in the gel. This structure seems to be aggregated not only in atelocollagen but also in the PDMAAm network. Considering the results of the water content depicted in the former together, these SEM images indicate that the two polymer networks combined as expected, and the objective composite gel is considered to be strongly identical to the DN gel, as reported in previous research. In the subsequent section, we use the word “DN gel” as the objective composite gel.




3.3. Mechanical Properties of DN Gels Composed of Atelocollagen and PDMAAm


We evaluated their mechanical properties using the method described in Section 3.1 to confirm the enhanced toughness of the prepared DN gels. The representative stress–strain curves of DN gels composed of PDMAAm and atelocollagen prepared at various MBAA concentrations are shown in Figure 4a. From this result, each mechanical value is calculated (Figure 4b–e). Toughness is the energy required to fracture a material and is normalized by its volume. Compared with GC-ACG, the fracture stress, Young’s modulus, and toughness of the DN gels were much higher for all MBAA concentrations. This enhancement of mechanical properties is attributed to effective energy dissipation through the combination of two polymer networks, which has been reported in previous research on DN gels [22,23,25]. The fracture strain on less than 0.03 mol% MBAA was lower than that on GC-ACG, whereas it was higher on more than 0.1 mol% MBAA. Moreover, between less than 0.03 mol% and more than 0.1 mol% MBAA, a significant difference was confirmed in fracture stress, fracture strain, and toughness. The result suggests that enough cross-linking density of the PDMAAm network is essential to enhance the toughness of DN gels. As shown in Figure 3, water content in the DN gel at MBAA 0.3 mol% was lower than that at MBAA 0.01 mol%; in other words, the polymer density was higher at MBAA 0.3 mol%. This difference in polymer density may affect the internal microstructure observed by SEM and consequently enhance toughness. As shown in Figure 4b, the fracture stress at MBAA 0.3 mol% was 0.8 MPa. Other recent reports on tough gels showed that their tensile fracture stress was several hundred kPa [30,31] or more than 1 MPa [18], which is comparable to that of our developed DN gels. Furthermore, the latest studies on tough gels focus on physical polymer entanglement in gels, aiming to enhance the viscous characteristics for energy dissipation [30,31,32]. Norioka et al. showed that tough poly-(acrylamide) hydrogels can be prepared by free radical polymerization with a high monomer concentration and low cross-linker content to induce polymer chain entanglements for energy dissipation. This method can be applied to our developed DN gels for toughness enhancement because the PDMAAm network forming the DN gels was also prepared by free radical polymerization. In the future, we will clarify the mechanical properties of DN gels prepared with higher DMAAm concentrations and lower MBAA concentrations.




3.4. Cell Adhesion on DN Gels Treated via RA


Finally, we evaluated the cell adhesive properties of DN gels to consider their in vivo and in vitro research of the objective. GA is known as a cross-linking agent with high cytotoxicity, although it has been the most widely used in collagen gel research. It is because the Schiff base formed between GA and the amino group in collagen can be reversibly hydrolyzed in the presence of water, and the free GA exhibits cytotoxic effects. Therefore, a method for preventing the hydrolysis of the Schiff base is essential for its bio-application. We then selected the RA approach via lysine residues of atelocollagen and the aldehyde groups of GA using the method described in Section 2.7. This treatment can prohibit cytotoxic GA from diffusing into the culture medium, which allows cells to adhere and grow on the gel. This process is very simple, and the reaction can be generated in water. The RA-treated GC-ACG needs to be washed sufficiently to remove unreacted NaBH3CN and its by-products existing in the gel because the NaBH3CN itself is a toxic substance. However, NaBH3CN, which is a water-soluble substance, can be removed easily with water. We prepared GC-ACGs treated with RA and DN gels by combining the PDMAAm network. We further confirmed that the cells adhered on the DN gel-treated RA. As shown in Figure 5, RA did not cause significant changes in the mechanical properties and microstructures of the DN gels.



Figure 6 shows the images of the V79 cell line and NHDF cells on cell culture-treated PS substrate and DN gels before and after RA treatment. We used the V79 cell line and NHDF cells in this study because the V79 cell line has been used to evaluate the cytotoxicity of medical equipment [43,44,45], and NHDF cells are dermal fibroblasts derived from humans. As shown in Figure 6, the V79 cell line is suspended above the gel before RA treatment without sufficient cell adhesion. Conversely, they adhered and spread on the gel after RA treatment, likewise on the PS substrate. Moreover, no significant difference in cell morphology was observed between cell culture-treated PS substrate and DN gel after RA treatment. A similar result was obtained when NHDF cells were seeded. These results indicate that RA treatment can relieve the cytotoxicity of GA. Consequently, regardless of the cell species, RA treatment enables cells to adhere and spread on the toughness-enhanced DN gel almost as much as on typical PS-based cell culture substrates. RA treatment overcame the problem of GA’s cytotoxicity, which has been a concern for a long time, and the result is worthwhile for biomedical applications using collagen materials. The developed DN gel, composed of atelocollagen and a biocompatible polymer, has the potential to be applied as an artificial alternative material to soft tissues in the human body. Especially because the DN gel showed tensile fracture stress of sub-MPa, as represented in Figure 4, it can be applied to soft tissues whose fracture stress value is similar, such as the aorta [46]. However, representative soft tissues having high demand and difficulty for their alternative materials are tendons and ligaments owing to their high tensile strength. Indeed, a previous report shows that fracture stress of the human anterior cruciate ligament was approximately 24 MPa [47]. In order to enhance the mechanical properties of the DN gel, the construction of uniform orientation of collagen fibrils using a microfluidic system [48] is a useful technique for imitation of actual tendon or ligament internal structure. Aiming for the realization of alternative materials for such tough tissues, further investigation of the mechanical and biochemical properties of the DN gel needs to be conducted in the future to improve the feasibility of the DN gel.





4. Conclusions


In this study, we developed composite gels composed of atelocollagen with reduced immunogenicity and PDMAAm, a biocompatible polymer based on the DN gel principle. Compared to GC-ACG, the water content decreased, and the internal structure became denser, suggesting that DN gel was formed in the same way as previous research. Tensile tests revealed that the toughness of the DN gel was approximately 30 times higher than that of GC-ACG, and the fracture stress was comparable to that of some recently reported tough gels. Moreover, both V79 and NHDF cells adhered and spread on the DN gel after RA treatment, even though they did not adhere on the gel before RA treatment. Above all, this tough gel material using atelocollagen is thought to be a promising biomaterial, such as an artificial alternative material to soft tissue in the human body.
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Figure 1. Schematic illustration for preparation of double-network (DN) gel composed of atelocollagen and poly-(N,N-dimethylacrylamide). 
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Figure 2. Mechanical tensile properties of glutaraldehyde (GA) cross-linked atelocollagen gels (GC-ACGs) under various ratios of GA/(Lys & Hyl). (a) Manner of tensile tests; (b) stress–strain curve; (c) fracture stress; (d) fracture strain; (e) Young’s modulus (n = 3; N.S: not significant; * p < 0.05; *** p < 0.001). 
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Figure 3. Characteristics of composite gels. (a) Water content in atelocollagen gel (GC-ACG) and composite gels prepared by two N,N’-methylenebisacrylamide (MBAA) concentrations (0.01 and 0.3 mol%, n = 3, ** p < 0.01, *** p < 0.001). (b–d) Scanning electron microscopy (SEM) images of GC-ACG (b) and DN gels prepared by two MBAA concentrations (0.01 mol% (c) and 0.3 mol% (d)). 
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Figure 4. Mechanical tensile properties of DN atelocollagen gels: (a) stress–strain curve; (b) fracture stress; (c) fracture strain; (d) Young’ modulus; (e) toughness (n = 3; * p < 0.05; ** p < 0.01). 
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Figure 5. Characteristics of the developed double-network (DN) gel after reductive amination (RA) treatment. (a) Tensile stress–strain curve of DN gels prepared using 0.3 mol% N,N’-methylenebisacrylamide (MBAA) before or after RA treatment. (b) Scanning electron microscopy (SEM) image of atelocollagen gel. (c) SEM image of the DN gel prepared using 0.3 mol% MBAA after RA treatment. 
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Figure 6. Images of cell adhesion on cell culture treated polystyrene (PS) substrate and DN gels ((a–c): V79 cell line; (d–f): Primary Normal Human Dermal Fibroblast (NHDF) cell). (a,d) cell culture-treated PS substrates; (b,e) the DN gel before reductive amination (RA) treatment; (c,f) the DN gel after RA treatment. 
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