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Hydrogels based on renewable resources are a promising class of materials for future applications in pharmaceutics, drug delivery and personalized medicine. Thus, optional adjustments of mechanical properties such as swelling behavior, elasticity and network strength are desired. In this context, hydrogels based on the biological raw materials bovine serum albumin and casein were prepared by dityrosine-crosslinking of their tyrosine residues through visible light-induced photopolymerization. Changing the tyrosine accessibility by urea addition before photopolymerization increased the storage modulus of the hydrogels by 650% while simultaneously being more elastic. Furthermore, contributions of the buffer system composition, variation of protein concentration and storage medium towards mechanical properties of the hydrogel such as storage moduli, elasticity, fracture strain, compressive strength and relative weight swelling ratio are discussed. It could be shown, that changes in precursor solution and storage medium characteristics are crucial parameters towards tuning the mechanical properties of protein-based hydrogels.
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1 INTRODUCTION
Hydrogels are three-dimensional (3D) polymer networks with the ability to expand their volume in aqueous solutions (Alemán et al., 2007). Since the first hydrogel formulation was published, the number of publications on hydrogel formulations and applications in the field of pharmaceutics and medicine steadily grew over the years (Wichterle and Lím, 1960; Elzoghby et al., 2011; Van Vlierberghe et al., 2011; Ullah et al., 2015). In this context, renewable and naturally occurring resources like proteins and peptides, which show high biocompatibility and biodegradability, represent potential raw material sources for hydrogel formulations (Jonker et al., 2012; Abaee et al., 2017).
Hydrogel formulations can be classified by different properties, such as the crosslinking mechanism, physical properties, external stimuli behavior, and monomer or polymer chain source (Khan et al., 2016). Protein- or peptide-based hydrogels can either self-aggregate after denaturation by heat, salt-, urea- or acid-induced gelation as described for hen egg white lysozyme (Yan et al., 2006), soy proteins (Maltais et al., 2009; Chien et al., 2014), and whey proteins including β-lactoglobulin (Remondetto et al., 2002; Gosal et al., 2004; Akkermans et al., 2008) and bovine serum albumin (BSA) (Lu et al., 2020). Other than those, enzymatic crosslinking or chemical crosslinkers - with the drawback of the need of added functional groups for crosslinking or the use of potentially toxic initiators - are commonly applied to obtain hydrogels (Totosaus et al., 2002; Elzoghby et al., 2011). Recently, the potential of visible-light induced hydrogelation mediated by tris(2,2′-bipyridyl)dichlororuthenium (II) (Ru (bpy)3Cl2) in the development of 3D printable bio-based materials was shown (Sakai et al., 2018). Thereby, phenolic hydroxy groups–which are naturally present in tyrosine residues of proteins–are crosslinked to dityrosine finally inducing gelation (Fancy and Kodadek, 1999; Fancy et al., 2000).
Dityrosine crosslinks are found to be contributing to the elastic properties of natural materials such as resilin and elastin (Andersen, 1964; Partlow et al., 2016). So far, studies focus on dityrosine crosslinking of different peptide sequences include elastin-like proteins (Elvin et al., 2005a; Ding et al., 2013; Jeon et al., 2015; Camp et al., 2020), mussel adhesive proteins (Jeon et al., 2015), unmodified proteins (e.g., gelatin, fibrinogen, and maltose binding protein) (Elvin et al., 2010; Hughes et al., 2020) and unmodified proteins at different folding states (I27, Protein L, BSA, maltose binding protein) (Da Silva et al., 2017; Khoury et al., 2018; Hughes et al., 2022). Recently, the influence of the reaction rate towards the viscoelasticity of folded protein hydrogels was further assessed (Aufderhorst-Roberts et al., 2020). However, there is a lack of knowledge on the influence of the type of protein and reaction conditions. Likewise, processing parameters, such as the formulation buffer and storage medium impact mechanical properties and storability of hydrogels before the actual application.
In this manuscript, we assessed dityrosine-crosslinked hydrogels—crosslinked by ruthenium-mediated photopolymerization—derived from two naturally occurring proteins, the globular BSA and a conjugated casein. To allow tailor-made development of intelligent materials, key processing parameters such as buffer composition and characteristics during precursor solution preparation, the presence of urea and protein concentration as well as different storage media were described towards their influence on mechanical properties.
2 MATERIALS AND METHODS
2.1 Precursor solution formulation
2.1.1 Buffer stock solution
If not stated otherwise, all chemicals were purchased from Merck KGaA (Darmstadt, DE). 20 mM sodium phosphate buffer (SPB) or a 25 mM multi-component buffer (MCB) containing different urea concentrations (0–4 M) were prepared with ultrapure water (PURELAB Ultra, ELGA LabWater, Lane End, United Kingdom), while Gibco® Dulbecco’s phosphate-buffered saline (DPBS, Life Technologies Corporation, Grand Island, US-NY) was used as purchased. The MCB had a global capacity of 25 mM in the range of pH 6 to pH 9 and consisted of 47 mM N-[tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid (TAPS), 11 mM 3-morpholino-2-hydroxypropanesulfonic acid (MOPSO) and 38 mM sodium citrate. At a buffer temperature of 22°C, the buffer was pH-adjusted using 4 M sodium hydroxide solution and filtered through a 0.45 µm cellulose acetate membrane (Pall Corporation, New York, NY, United States).
2.1.2 Protein stock solutions
Protein stock solutions of bovine serum albumin (BSA) and casein (EMD Millipore Corporation, Billerica, MA, United States) were prepared with a concentration of 120 mg/ml in the respective buffer solution using a dual asymmetric centrifuge (DAC) at 2,500 rpm (SpeedMixer® DAC 150.1 FVZ-K, Hauschild GmbH & Co., KG, Hamm, DE). Protein concentrations were determined with a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Fischer Scientific, Waltham, MA, United States) using the extinction coefficients εBSA,280nm = 0.67 L/(g * cm) (Amrhein et al., 2015) and εCasein,280nm = 0.73 L/(g * cm) (experimentally determined).
Protein purification to reduce impurities (e.g., production buffer salts) was either performed by dialysis or ultrafiltration. Dialysis of protein stock solution was performed using SnakeSkin™ dialysis tubing (Thermo Fisher Scientific, Waltham, MA, United States) with a 10 kDa molecular weight cut off (MWCO) and 100-fold buffer excess. Two buffer exchanges were performed, the first after >2 h, the second after > 2 more hours. Alternatively, Vivaspin® ultrafiltration units (Sartorius Stedim Biotech, Göttingen, DE) were used according to the manufacturer’s recommendation for protein purification or subsequent dialysis to reach higher stock solution concentrations (MWCOBSA = 30 kDa; MWCOCasein = 10 kDa).
2.1.3 Photoinitiator and co-factor
The photoinitiator tris(2,2′-bipyridyl)dichlororuthenium (II) hexahydrate (Ru(bpy)3Cl26H2O) was diluted in the corresponding buffer to a concentration of 5 mM and stored at 4°C. The co-factor ammonium persulfate [APS, chemical formula: (NH4)2S2O8] was diluted with a concentration of 2 M in the corresponding buffer, stored as aliquots at −20°C and thawed directly prior to usage.
2.1.4 Precursor solution
Formulation buffer, protein and photoinitiator stock solutions were mixed using the DAC (2,500 rpm, 5 min). Afterwards, APS stock solution was added and mixed in a light-protected container (2,500 rpm, 2 min) to generate a uncrosslinked precursor solution (Figure 1 Formulation). The concentration of Ru(bpy)3Cl2 (0.25 mM) and APS (100 mM) was kept constant, while protein source, protein concentration and formulation buffer composition were varied (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Schematic overview of the experimental workflow. Pre-processed protein, photoinitiator and co-factor stock solution were mixed to generate a precursor solution. Polymerization was achieved through illumination in a mold. Hydrogels were stored under different conditions and mechanical properties were determined either by oscillatory rheometry, swelling studies or uniaxial compression tests.
2.2 Hydrogel formation
The precursor solution was transferred into a dedicated mold (Figure 1 Hydrogel formation). We used the following molds: A cylindrical polytetrafluoroethylene (PTFE) mold (diameter 10 mm, height 3 mm), a cylindrical silicone mold (diameter 12.5 mm, height 3 mm) and a cuboidal silicone mold (side lengths 5 mm, height 3 mm). The mold was covered on top and bottom with transparent acrylic glass and a hydrophobic layer in between and irradiated for 5 min from atop and below using a blue emitter at 457 nm (LZ4-00B208, LED Engin Inc., San Jose, CA, United States) with a radiant flux of 3.9 W in a distance of 7 cm.
2.3 Storage and analytics
2.3.1 Hydrogel storage
Before mechanical characterization, polymerized hydrogels were stored under different storage conditions as stated in Supplementary Table S1 in the supplementary information. Subsequently, rheometric analysis or uniaxial compression analysis were performed as analytical methods.
2.3.2 Oscillatory frequency sweeps
Oscillatory measurements were performed with hydrogel discs at 22°C on a Physica MCR 301 plate rheometer (Anton Paar GmbH, Graz, AT) equipped with a plate-plate geometry (10 mm diameter). The linear viscoelastic region (LVR) was determined using amplitude sweeps for angular frequencies ω = 1 and 25 rad s−1 and shear stress τ between 5 and 10.000 Pa (n = 2). Frequency sweeps were performed within the LVR using τ = 10 Pa and ω = 1–25 rad s−1 (n = 3).
2.3.3 Uniaxial compression analysis
Uniaxial compression tests were performed with hydrogel discs on a universal testing machine (zwickiLine Z0.5TN, ZwickRoell GmbH & Co., KG, Ulm, DE) equipped with a load cell Xforce HP 100 N and stainless-steel compression platens (30 mm diameter) at a uniform velocity of 2 mm/min until sample breakdown after a pre-force of 0.2 N was reached (n = 3). Two parameters were determined, the engineered stress σ = F/A0, where F is the force applied and A0 is the original cross-sectional area and the engineered strain ε = (L−L0)/L0, where L is the sample length and L0 is the original sample length at the applied pre-force. The fracture strain εmax refers to the engineered strain at sample fracture. Accordingly, the compressive strength σmax refers to the engineered stress at sample fracture.
2.3.4 Swelling studies
Swelling studies were performed with hydrogel cuboids which were stored in DPBS and MCB with the production pH without urea. The cuboids were weighed directly after polymerization and subsequently after 1, 2, 3, 7, 10, and 14 days. The relative weight swelling ratio mrel of the hydrogels was calculated as mrel = m/mo, where m and mo are the masses of the hydrogel specimen at time points t and t0 respectively (n = 3). The storage medium was renewed after each measurement up to a final 60-fold buffer excess compared to the hydrogel volume.
2.3.5 Statistical analysis
All experiments were performed in triplicates and data have been given as mean ± standard deviation. Statistical analysis for oscillatory frequency sweeps was performed using the two-sided Wilcoxon ranksum test with a p-value below 0.05 being classified as statistically significant and marked with a single asterisk (*). Statistical analysis for uniaxial compression tests were compared using a paired Student’s t-test with p-values less than 0.05 being considered significant and marked with a single asterisk (*). Beforehand, distribution normality was assessed with a Shapiro-Wilk test with a maximum significance level α = 0.05.
3 RESULTS AND DISCUSSION
3.1 Buffer components
In order to evaluate potential factors influencing the mechanical properties of protein-based hydrogels, varying formulation buffer compositions, proteins and protein concentrations as well as storage condition were examined. Initially, hydrogels prepared by visible light-induced chemical crosslinking of 100 mg/ml BSA were polymerized in a sodium phosphate buffer (SPB) at pH 8 containing up to 3 M urea. When using the SPB at pH 8, the generation of the required protein stock solutions containing higher urea concentrations, was prevented by urea-induced gelation (Totosaus et al., 2002). The influence of buffer pH was analyzed subsequently, applying a multi-component buffer system (MCB), which was used for all further experiments. Buffer components known to stabilize the native structure of BSA - here MOPSO and TAPS (Taha et al., 2011; Gupta et al., 2013) - enabled the preparation of 100 mg/ml BSA gels at pH 7 and pH 8 and urea concentrations up to 4 M. The third buffer component, sodium citrate is known to increase the solubility of casein (Haller and Pallansch, 1960; Udabage et al., 2000) which was used as a second protein.
3.2 Network density of bovine serum albumin-based hydrogels
Network failure of polymerized BSA-based hydrogels was analyzed using stress-dependent oscillatory rheology. It is indicated by an increasing loss modulus (G”) until a sudden breakdown of the storage modulus (G’) during amplitude sweeps (Figure 2A). Network failure at strains above 88 Pa was observable as indicated by the linear viscoelastic region (LVR), whereby the hydrogel network prepared with 2 and 3 M urea present in the SPB were more stable compared to the one prepared without urea (Supplementary Information S2).
[image: Figure 2]FIGURE 2 | Characterization of hydrogels containing 100 mg/ml bovine serum albumin prepared in SPB. (A) Shear stress dependent (ω = 25 rad s−1, 22°C) and (B) frequency-dependent [τ = 10 Pa, highlighted by a vertical line in (A), 22°C] oscillatory shear test of hydrogels prepared and stored in a 20 mM SPB at pH 8 without urea and with 3 M urea present in the precursor solution and storage medium. (n = 3) (C) Hydrogel storage modulus (G’) and loss factor (tan δ) in dependency of the urea content in the precursor solution and storage medium. (n = 3) Abbreviations: n.s, not significant, *p < 0.05.
G’, which is used as a measure for the network density, was determined by frequency sweeps. These were carried out at a constant shear stress of 10 Pa, being in the LVR for all hydrogels discussed in this manuscript. For all hydrogels tested, G’ dominates G” across the whole frequency range applied (1–25 rad s−1) confirming gel-like behavior (Almdal et al., 1993) as exemplarily depicted in Figure 2B. For BSA-based hydrogels prepared in SPB, a significant increase in G’ for increasing urea concentrations occurred for samples containing more than 1 M urea (Figure 2C). In numbers, G’ was increased by 650% from 2.47 ± 0.18 kPa of the 0 M urea samples to 16.04 ± 0.72 kPa for 3 M urea, while G” was increased by 313% from 0.14 ± 0.03 kPa to 0.45 ± 0.14 kPa.
The addition of urea disrupts intramolecular hydrophobic interactions and the protein unfolds (partially). Intermolecular interaction, such as those leading to urea-induced gelation, therefore may increase, resulting in a higher network strength. In addition, due to their amphiphilic nature, tyrosines can be located both, on the protein surface or inaccessibly in the hydrophobic core of native proteins (Joshi et al., 2004). Thus, solvent accessibility for the tyrosine residues is altered upon addition of urea (Nnyigide et al., 2018; Moinpour et al., 2020), potentially allowing the formation of different network strengths under otherwise constant polymerization conditions. Previously, weaker hydrogels for dityrosine-crosslinked BSA, I27 and protein L were reported for protein unfolding using 6 M guanidine hydrochloride (Da Silva et al., 2017), while increased entanglements resulted in a higher Young’s modulus for a dityrosine-crosslinked ferredoxin-like globular protein which was previously unfolded with 7 M guanidine hydrochloride (Fu et al., 2021). In contrast to the uncharged chaotropic agent urea, the salt guanidine hydrochloride ionizes in aqueous solutions masking electrostatic interactions (Monera et al., 1994). This indicates, that the used protein and protein unfolding mechanism is crucial towards the resulting mechanical properties of dityrosine-crosslinked hydrogels.
As for the polymerization in SPB, hydrogel discs were stored in their preparation buffer (Figure 2) to exclude external stimuli effects by changes of the environmental conditions (e.g., urea concentration) during storage. Therefore, based on these results, it remained unclear whether an increase in dityrosine crosslinks, entanglements, urea-induced gelation reactions or storage medium characteristics are causing the increasing storage modulus.
3.3 Elasticity of bovine serum albumin-based hydrogels
In addition, hydrogel elasticity was evaluated with regard to the loss factor (tan δ = G”/G’) determined by a frequency sweep analysis (Figure 2C), whereby a loss factor of 0 corresponds to ideal elastic behavior. Hydrogel elasticity significantly increased upon increasing concentration of urea being present in SPB. Since dityrosine crosslinks are known to contribute to the high elastic properties of structural proteins (Andersen, 1964), this finding may point towards an increase of dityrosine crosslinks being created during hydrogel formation with an increasing urea content. However, no significant change could be observed for the addition of urea at lower concentrations. Several conceivable possibilities could explain this finding, for example protein unfolding altering the number of formed entanglements and/or intermolecular interactions during hydrogel formation or in the formed hydrogel, or the exposure of tyrosine residues being caused by protein unfolding may depend on a threshold concentration of urea. To gain a further understanding of the mechanical properties and the influence of urea, dityrosine quantification by taking advantage of its autofluorescence as reported by Elvin et al. (2005b) and advanced material characterization techniques such as protein structural analysis by circular dichroism spectroscopy or hydrogel structure analysis by small-angle scattering should be conducted prospectively.
3.4 Effect of bovine serum albumin concentration on rheological properties
In order to investigate the influence of the protein concentration on the resulting mechanical properties, hydrogels with varying BSA concentrations were prepared. Thereby, an optimized buffer system enabled photopolymerization of hydrogels containing between 20 and 100 mg/ml even with 4 M urea being present in MCB pH 7. Hydrogel discs which were stable in their shape could only be obtained for all concentrations above 40 mg/ml. By variation of the BSA and urea concentration in the precursor solution, the storage modulus G’ of the generated hydrogels could be tuned in a range of 0.38 ± 0.02 kPa to 3.93 ± 0.29 kPa (0 M urea) and 0.99 ± 0.14 kPa to 30.05 ± 1.12 kPa (4 M urea) when stored in formulation buffer (Figure 3A).
[image: Figure 3]FIGURE 3 | Characterization of hydrogels containing 40, 60, 80, and 100 mg/ml bovine serum albumin prepared in MCB pH 7 with 0 or 4 M urea. All samples were stored in formulation buffer prior analysis. (A) Storage modulus (G’) and (B) loss factor (tan δ) determined by frequency-dependent oscillatory shear rheology. (n = 3) (C) Fracture strain (εmax) and (D) compressive strength (σmax) of those hydrogels determined by uniaxial compression tests. Abbreviations: n.s, not significant, *p < 0.05.
As for BSA-hydrogels prepared in SPB, for all tested BSA concentrations, G’ (Figure 3A) and elasticity (Figure 3B) were significantly increased when urea was added to the precursor and storage solution. With the exception of the step from 60 to 80 mg/ml prepared without urea (p = 0.83, Z = 0.21), an increase in BSA concentration increased G’ significantly (Figure 3A). Interestingly, even though having the lowest network strength, hydrogels containing 40 mg/ml were the least elastic for both urea concentrations tested, while being most elastic for a BSA concentration of 60 mg/ml (Figure 3B). The increase in molecules leads to simultaneous effects such as increasing intermolecular interactions, more surface available and therefore crosslinkable tyrosine residues, more possible chain entanglements—which all are expected to increase the network density—combined with a possibly introduced steric hinderance—all influencing the hydrogel elasticity. Prospective work in material characterization to understand the correlation between these effects has to be conducted to gain a further understanding of the formed hydrogel networks.
3.5 Fracture strain and compressive strength of bovine serum albumin-based hydrogels
Fracture strain εmax and compressive strength σmax were determined by uniaxial compression until sample fracture for hydrogels prepared with varying BSA concentrations in MCB pH 7. The stress-strain curve thereby showed an unusual curve shape with multiple drops of the measured stress before increasing again (Supplementary Information S3). During compression, parts of the network are collapsing at lower stresses than the overall hydrogel fracture resulting in this unusual curve shape. However, rheological characteristics showed a high reproducibility of mechanical properties of the intact network structure. Since undirected photopolymerization is used as crosslinking mechanism without aimed crosslinking sites, the reason for the non-reproducible compression curves might be an inhomogeneous network.
The fracture strain increases significantly for both urea concentrations until a concentration of 80 mg/ml BSA without a further significant increase if the concentration is further raised (Figure 3C). Thereby, at least two effects contribute to the fracture strain. Firstly, the increase in protein molecules enables more intermolecular interactions and chemical crosslinks, thus being able to withstand higher stress. Secondly, a large number of these intermolecular interactions and chemical crosslinks reduces the mobility of amino acid chains and concentrates the stress on weak chains within the inhomogeneous network. While the first effect seems to be dominant up to a concentration of 80 mg/ml, the second seems to become more important with increasing protein concentration.
Hydrogels prepared without urea showed a significantly higher maximum strain up to 57.2% ± 2.3%/63.9% ± 1.3% (80/100 mg/ml, 0 M urea) compared to the samples prepared in the presence of urea with 45.0% ± 1.4%/46.5% ± 1.3% for 80/100 mg/ml (Figure 3C). By the addition of urea, no significant change in maximum strain could be observed for 40 mg/ml BSA (p = 0.2303). This might be attributed to synergistic effects of an increased crosslinking density and changes in the protein hydrophobicity affecting the surface charge of BSA and thus electrical repulsion between proteins–with the latter being reported as a method for strain-stiffening of protein-based hydrogels (Gu et al., 2022). Since both conditions were stored without external stimuli in their formulation buffer, the influence of the presence of urea in the hydrogel network has to be further investigated.
Interestingly, the compressive strength of the hydrogels shows linear dependency with the protein concentrations for BSA-based hydrogels prepared without urea in the range from 60 to 100 mg/ml (R2 = 0.9998) and the whole concentration range tested when urea was present in the precursor solution (R2 = 0.9956—Figure 3D). The same trend was observed for the hydrogel toughness (Supplementary Information S4). This linearity could not be seen for any other mechanical property assessed. Further enhancement of the compressive strength and toughness can be achieved by addition of 4 M urea in the precursor solution and storage medium, increasing the compressive strength between 154% from 0.093 to 0.143 MPa (100 mg/ml) and 328% from 0.017 to 0.057 MPa (60 mg/ml) and the toughness between 136% from 4.1 to 5.5 kJ/m³ (100 mg/ml) and 239% from 0.9 to 2.2 kJ/m³ (60 mg/ml). This indicates that the compressive strength and toughness can be modulated in a wide range depending on the specific conditions of hydrogel composition, urea content in the precursor solution and storage conditions.
3.6 Influence of preparation and storage buffer
To exclude effects caused by the presence of urea during storage, a buffer exchange to a dedicated storage buffer prior to storage and analysis was performed following hydrogel formation (Figure 4). DPBS was chosen as a frequently used physiological buffer for sample storage, which exerts a change in environmental conditions on the hydrogels through pH value, type and concentration of ions. For this evaluation, 100 mg/ml BSA- and casein-based hydrogels were produced in MCB containing 0, 2, and 4 M urea. All resulting BSA-based hydrogels showed higher storage moduli in a range from 17.29 ± 2.19 kPa to 63.39 ± 6.42 kPa (Figure 4A) compared to those prepared and stored in SPB (Figure 2A). Increasing urea concentrations in the precursor solution of the BSA-based hydrogels resulted in a significant increase of all storage moduli (302% increase for the formulation buffer pH 8 and 232% for pH 7, respectively, when gels prepared with 4 M urea are compared to urea-free gels). Since the increase in G’ could be observed following a buffer exchange to a similar dedicated storage buffer prior to hydrogel storage, the increasing storage moduli seem not to be related to the different storage medium characteristics discussed before.
[image: Figure 4]FIGURE 4 | Characterization of hydrogels containing 100 mg/ml bovine serum albumin (pH 7 and 8) or casein (pH 6) prepared in MCB containing 0, 2 or 4 M urea. (A) Storage modulus (G’) and (B) loss factor (tan δ) as determined by frequency-dependent oscillatory shear rheology. All samples were stored in DPBS (n = 3) (C,D): Relative weight swelling ratio (mrel) of BSA- and casein-based hydrogels stored in (C) DPBS or (D) MCB without urea at formulation buffer pH. (n = 3).
3.7 Preparation pH of bovine serum albumin-based hydrogels
To vary the intermolecular interactions during hydrogel preparation in the presence and absence of urea, the protein surface charge was altered for hydrogels stored in DPBS. Therefore, BSA-based hydrogels were prepared at two different pH values known not to induce structural transitions to neglect changes in the amount of surface available tyrosines.
A significant higher network density—even in the presence of urea during formulation and hydrogel formation—was achieved when the hydrogels were polymerized closer to their pI, as being previously reported for albumin hydrogels produced by heat-induced denaturation (Park et al., 1998) (Figure 4A). The net surface charge of a protein mainly corresponds to the pH value of protein solutions and increases with an increasing distance to the isoelectric point (pI). Globular BSA with a pI around pH 5.0 to 5.2 (Brown et al., 2004) and a theoretical pI based on its amino acid sequence of pH 5.82 (P02769, UniProtKB/Swiss-Prot), has a net surface charge of −30 (pH 7) and −46 [pH 8, both calculated using Prot pi and ProMoST as pKa database (Josuran, 2022)]. Thus, a lower protein-protein repulsion was expected at pH 7 compared to pH 8 in the formulation buffer and during hydrogel formation explaining the higher network density at pH 7 due to more intermolecular interactions.
For BSA-based hydrogels prepared at pH 7, elasticity was decreased comparing 0 and 2 M urea, while upon addition of 4 M urea a significant increase (p = 6·10−13, Z = 7.19) compared to 2 M urea could be shown (Figure 4B). In comparison to the preparation at different pH values for gels prepared without urea, elasticity increased significantly at pH 8 (tan δ = 0.163 ± 0.017) compared to pH 7 (tan δ = 0.181 ± 0.017, p = 2·10−10, Z = 6.34). As those gel specimens were produced with the same protein concentration, stored in the same buffer system and the dityrosine content was assumed to be similar, changes intermolecular interactions, here induced by formulation buffer pH, showed to significantly influence the hydrogel elasticity and network density.
3.8 Casein-based hydrogels
Besides the globular protein BSA, with casein a conjugated protein was introduced for hydrogel formation. Casein consists of four subunits without a stable secondary or tertiary structure (Fox, 2003). In order to fulfill their biological function of calcium and phosphate transportation, these subunits are forming micelles, whose detailed structure and organization are still under investigation (De Kruif et al., 2012). Casein-based hydrogels prepared at pH 7 and 8 showed sample shrinking and macroscale ruptures directly after polymerization (not shown).Possibly, the chain rearrangements after the introduction of a constrained structure into the typically less structured casein subunits in combination with possible entanglements of chains within these structures lead leads to tensions with the ability to disrupt the entire hydrogel structure, however this was not further assessed. For casein-based hydrogels prepared in MCB at pH 6, these macroscale fractures were not observed and mechanical properties after storage in DPBS were determined. Consistent with the results discussed for BSA, an increasing storage modulus could be observed for increasing urea concentrations in the precursor solution—with the difference that significant changes could only be observed for 4 M urea being present in the precursor solution while elasticity seems to be independent of the urea concentration (Figure 4B). Protein unfolding as discussed for BSA cannot be a suitable explanation since casein subunits do not have a stable secondary or tertiary structure. Though, by the addition of urea micelle integrity will be disrupted, while even at concentrations of 6 M urea, particles in the original micelle size can be traced (De Kruif and Holt, 2003). To evaluate whether the disruption of casein micelles enabled the formation of more dityrosine crosslinks due to an enhanced surface accessibility of tyrosine residues or whether other increased inter- or intramolecular interaction are causing the increased network density, dityrosine quantification and structural analysis of casein and the resulting hydrogels should be conducted prospectively.
3.9 Swelling behavior of casein- and bovine serum albumin-based hydrogels
Hydrogel swelling behavior is influenced by the competition between the Donnan osmotic pressure and the elasticity of the hydrogel network (Chang et al., 2011). In general, a swelling medium without added urea was chosen, as the presence of urea is known to lead to a collapse of hydrogel structures (Goh et al., 2017). The latter was confirmed during initial experiments where hydrogels were stored in DPBS (Figure 4C). All hydrogels lost weight after preparation and storage for the first 24 h compared to their initial weight at t = 0 to which the liquid volume and buffer substances dissolved in it also contribute in addition to the actual hydrogel network. While hydrogel formation in the absence of urea resulted in a weight loss between 19% (BSA pH 7, 0 M urea) and 23% (Casein pH 6, 0 M urea) of their weight, adding urea enhanced this effect up to a weight decrease of 55% (Casein pH 6, 4 M urea). After the first (t = 24 h) and second (t = 48 h) buffer exchange, all hydrogels are gaining weight. For hydrogels formulated and prepared without urea, the preparation weight is reached or surpassed at the second day up to a weight increase of 41% (BSA pH 7), 39% (BSA pH 8) and 9% (Casein pH 6) after 14 days. All other conditions do not reach their starting weight in the considered time period. The weight loss after 14 days for 2 M urea is in a range of 5% (BSA pH 8) to 7% (Casein pH 6), while being with 19% (BSA pH 7) to 24% (Casein pH 6) higher for 4 M urea. Thus, the swelling behavior of hydrogels formed in the presence of urea (preparation stage) correlates with the urea concentration used during network formation.
As all hydrogels were stored in a dedicated storage buffer system with a change in ionic strength (from 96 mM salts in the MCB to 150 mM in DPBS), pH (pH 6,7 or 8 in MCB to pH 7 to 7.3 in DPBS) and urea concentration, multiple external stimuli were applied independently or simultaneously. To exclude the influence of changing salt concentrations when altering the pH—normally associated with common buffer systems—the corresponding hydrogel was stored at different pH values was tested in MCB without urea for all conditions (Figure 4D). Thereby, BSA-based hydrogels stored in their formulation buffer directly swelled by 7% (pH 7) to 16% (pH 8), while the casein-based hydrogel still lost 2% of its weight. Hydrogels prepared with urea being present showed a urea concentration-dependent weight loss during storage, high urea concentrations (c = 4 M) resulted in a shrinkage of up to 29% for casein and 18% for both BSA-based hydrogels. From day 2 on, all hydrogels showed a swelling behavior, while the swelling degree until the second day was urea-dependent (3%–8% for hydrogels prepared at 4 M urea compared to a swelling degree of 11%–12% for hydrogels prepared without urea).
In summary, four findings concerning the swelling behavior can be highlighted. Firstly, an increasing ionic strength decreases the Donnan osmotic pressure due to more ionic interactions between mobile ions and fixed charges inside the hydrogel network (Chang et al., 2011), resulting in shrinking or lower swelling by pushing liquid out of the hydrogel network as seen for DPBS. Secondly, as for the hydrogels prepared in the presence of urea - which makes up as much as 20% of the initial hydrogel weight -, urea diffuses out of the hydrogel leading to a weight decrease and simultaneously to an increase in hydrophobic interactions in the hydrogel network, explaining the overall shrinking and weight loss of these hydrogels. Thirdly, all hydrogels subject to any external stimulus showed a shrinking behavior following the first buffer exchange and then started to swell again. Thereby, the urge of the hydrogel to swell indicated by an increasing weight is opposed to shrinking effects and weight loss due to the decreasing urea content and/or increasing salt concentration inside the hydrogel network, as discussed before. As for the first day, the shrinking effect seems to be dominant, indicating that either the diffusion of urea out of/salts into the hydrogel network takes more time or the osmotic pressure not being sufficiently due to a too small buffer excess. Fourthly, the protein and formulation buffer pH influence the relative swelling ratio to a certain degree. This may be related to different protein characteristics such as surface charge distribution which is also known to affect swelling ratio in heat-induced BSA-hydrogels (Park et al., 1998). As discussed before, these properties are also responsible for the hydrogel network density requiring further experiments to gain a deeper understanding on the swelling behavior of protein-based hydrogels.
Overall, the protein-based hydrogels presented in this manuscript showed stimuli-responsive swelling behavior. Thereby, hydrogel and buffer characteristics showed to be influencing the relative weight swelling behavior with the more pronounced the differences between swelling medium and formulation buffer, the more shrinking was observed independent of formulation buffer pH or protein.
3.10 Predictability of the mechanical properties
The two proteins used in this manuscript show several different characteristics. Just to name some, their amino acid composition, molecular structures and molecular weight differ. For example, 17 disulfide bonds - which are not affected by urea–are stabilizing the molecular structure of the BSA backbone, while there a none in casein. While BSA has a total of 20 tyrosine residues, which corresponds to a tyrosine content of 3.4% (P02769, UniProtKB/Swiss-Prot), the overall tyrosine content in casein is expected to be between 3.9% and 4.2% depending on the exact proportion of its subunits (Kunz and Lönnerdal, 1990; Fox, 2003; Swaisgood, 2003). Due to the loose structure and a higher tyrosine content, a higher surface availability of tyrosine and therefore dityrosine crosslinks content compared to BSA would thus be expected. In contrast, just looking at the adiabatic compressibility, native BSA is with 10.5 10−11 Pa−1 more compressible than the prevalent casein subunit α-casein with 5.68 10−11 Pa−1, suggesting more elastic hydrogels being derived from BSA (Gekko and Hasegawa, 1986).
Thus, the resulting mechanical properties of photopolymerized, dityrosine-crosslinked hydrogels derived from proteins are difficult to be foreseen as multiple factors such as the protein characteristics, as well as its folding state and formulation dependent intermolecular interactions during hydrogel formation showed to be crucial process parameters. To compare different proteins with the aim to tune or predict these hydrogel properties, a much deeper understanding of the underlying hydrogel network and its formation will be necessary prospectively.
4 CONCLUSION
BSA and casein were crosslinked through visible light-induced photopolymerization mediated by a ruthenium-based photoinitiator in the presence of urea concentrations up to 4 M. Even though their different protein characteristics, protein-based hydrogels were obtained with significantly different rheological properties, showing the potential of more peptide-constructs or unmodified proteins as prospective material source for hydrogel formation. Depending on the protein, protein concentration, formulation buffer and storage conditions, storage moduli were varied in a range between 0.4 and 63 kDa. The chaotropic agent urea, which is known to weaken hydrophobic interactions, was used as a tool for changing the hydrogel properties. Possibly, urea-induced gelation reactions, or an enhanced surface accessibility of tyrosines or an increasing number of chain entanglements by unfolding BSA and disrupting casein micelles result in higher network densities with simultaneous increase in hydrogel elasticity. As the choice of formulation buffer pH and buffer components are influencing protein characteristics, such as the surface net charge, the individual parameters of the formulation buffer composition as well as the used storage medium have to be chosen carefully in accordance to the desired mechanical properties of polymerized hydrogels.
For the design of bio-based hydrogels or materials for a specific application, characterization of the hydrogel network structure, e.g., by determination of dityrosine content in polymerized hydrogels or small-angle scattering has to be conducted to gain a further understanding of the parameters influencing the mechanical properties. Using this reaction mechanism, naturally occurring, unmodified proteins may be used in future as bio-based materials with potential for biomedical applications, potentially including 3D-printing for the custom design of scaffolds for personalized medicine.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript. SH was responsible for conceptualization, methodology, investigation, formal analysis, visualization, supervision and writing of the manuscript. LZ and SK contributed to the methodology, investigation, formal analysis and reviewed the manuscript. JH supervised the project and reviewed the manuscript.
FUNDING
This project received funding from the Baden-Württemberg Stiftung under the grant number BWS BioUltraSpring GB1001 GG653.
ACKNOWLEDGMENTS
The authors are thankful for the thorough review of the manuscript by Barbara Schmieg, David Grijalva and Lukas Wenger. We acknowledge support by the KIT-Publication Fund of the Karlsruhe Institute of Technology.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.1006438/full#supplementary-material
REFERENCES
 Abaee, A., Mohammadian, M., and Jafari, S. M. (2017). Whey and soy protein-based hydrogels and nano-hydrogels as bioactive delivery systems. Trends Food Sci. Technol. 70, 69–81. doi:10.1016/j.tifs.2017.10.011
 Akkermans, C., Venema, P., van der Goot, A. J., Gruppen, H., Bakx, E. J., Boom, R. M., et al. (2008). Peptides are building blocks of heat-induced fibrillar protein aggregates of β-lactoglobulin formed at pH 2. Biomacromolecules 9, 1474–1479. doi:10.1021/bm7014224
 Alemán, J., Chadwick, A. V., He, J., Hess, M., Horie, K., Jones, R. G., et al. (2007). Definitions of terms relating to the structure and processing of sols, gels, networks, and inorganic-organic hybrid materials (IUPAC recommendations 2007). Pure Appl. Chem. 79, 1801–1829. doi:10.1351/pac200779101801
 Almdal, K., Dyre, J., Hvidt, S., and Kramer, O. (1993). Towards a phenomenological definition of the term “gel. Polym. Gels Netw. 1, 5–17. doi:10.1016/0966-7822(93)90020-I
 Amrhein, S., Bauer, K. C., Galm, L., and Hubbuch, J. (2015). Non-invasive high throughput approach for protein hydrophobicity determination based on surface tension. Biotechnol. Bioeng. 112, 2485–2494. doi:10.1002/bit.25677
 Andersen, S. O. (1964). The cross-links in resilin identified as dityrosine and trityrosine. Biochimica Biophysica Acta - General Subj. 93, 213–215. doi:10.1016/0304-4165(64)90289-2
 Aufderhorst-Roberts, A., Hughes, M. D. G., Hare, A., Head, D. A., Kapur, N., Brockwell, D. J., et al. (2020). Reaction rate governs the viscoelasticity and nanostructure of folded protein hydrogels. Biomacromolecules 21, 4253–4260. doi:10.1021/acs.biomac.0c01044
 Brown, P. R., Grushka, E., and Lunte, S. (2004). Advances in chromatography. Boca Raton, FL: CRC press. doi:10.1201/9780203996959
 Camp, C. P., Peterson, I. L., Knoff, D. S., Melcher, L. G., Maxwell, C. J., Cohen, A. T., et al. (2020). Non-cytotoxic dityrosine photocrosslinked polymeric materials with targeted elastic moduli. Front. Chem. 8, 173. doi:10.3389/fchem.2020.00173
 Chang, C., He, M., Zhou, J., and Zhang, L. (2011). Swelling behaviors of pH- and salt-responsive cellulose-based hydrogels. Macromolecules 44, 1642–1648. doi:10.1021/ma102801f
 Chien, K. B., Chung, E. J., and Shah, R. N. (2014). Investigation of soy protein hydrogels for biomedical applications: Materials characterization, drug release, and biocompatibility. J. Biomater. Appl. 28, 1085–1096. doi:10.1177/0885328213497413
 Da Silva, M. A., Lenton, S., Hughes, M., Brockwell, D. J., and Dougan, L. (2017). Assessing the potential of folded globular polyproteins as hydrogel building blocks. Biomacromolecules 18, 636–646. doi:10.1021/acs.biomac.6b01877
 De Kruif, C. G., and Holt, C. (2003). “Casein micelle structure, functions and interactions,” in Advanced dairy chemistry---1 proteins: Part A/Part B ed . Editors P. F. Fox, and P. L. H. McSweeney (Boston, MA: Springer US), 233–276. doi:10.1007/978-1-4419-8602-3_5
 De Kruif, C. G., Huppertz, T., Urban, V. S., and Petukhov, A. V. (2012). Casein micelles and their internal structure. Adv. Colloid Interface Sci. 171–172, 36–52. doi:10.1016/j.cis.2012.01.002
 Ding, Y., Li, Y., Qin, M., Cao, Y., and Wang, W. (2013). Photo-cross-Linking approach to engineering small tyrosine-containing peptide hydrogels with enhanced mechanical stability. Langmuir 29, 13299–13306. doi:10.1021/la4029639
 Elvin, C. M., Carr, A. G., Huson, M. G., Maxwell, J. M., Pearson, R. D., Vuocolo, T., et al. (2005a). Synthesis and properties of crosslinked recombinant pro-resilin. Nature 437, 999–1002. doi:10.1038/nature04085
 Elvin, C. M., Carr, A. G., Huson, M. G., Maxwell, J. M., Pearson, R. D., Vuocolo, T., et al. (2005b). Synthesis and properties of crosslinked recombinant pro-resilin. Nature 437, 999–1002. doi:10.1038/nature04085
 Elvin, C. M., Vuocolo, T., Brownlee, A. G., Sando, L., Huson, M. G., Liyou, N. E., et al. (2010). A highly elastic tissue sealant based on photopolymerised gelatin. Biomaterials 31, 8323–8331. doi:10.1016/j.biomaterials.2010.07.032
 Elzoghby, A. O., Abo El-Fotoh, W. S., and Elgindy, N. A. (2011). Casein-based formulations as promising controlled release drug delivery systems. J. Control. Release 153, 206–216. doi:10.1016/j.jconrel.2011.02.010
 Fancy, D. A., Denison, C., Kim, K., Xie, Y., Holdeman, T., Amini, F., et al. (2000). Scope, limitations and mechanistic aspects of the photo-induced cross-linking of proteins by water-soluble metal complexes. Chem. Biol. 7, 697–708. doi:10.1016/S1074-5521(00)00020-X
 Fancy, D. A., and Kodadek, T. (1999). Chemistry for the analysis of protein-protein interactions: Rapid and efficient cross-linking triggered by long wavelength light. Proc. Natl. Acad. Sci. U. S. A. 96, 6020–6024. doi:10.1073/pnas.96.11.6020
 Fox, P. F. (2003). “Milk proteins: General and historical aspects,” in Advanced dairy chemistry---1 proteins: Part A/Part B ed . Editors P. F. Fox, and P. L. H. McSweeney (Boston, MA: Springer US), 1–48. doi:10.1007/978-1-4419-8602-3_1
 Fu, L., Li, L., Xue, B., Jin, J., Cao, Y., Jiang, Q., et al. (2021). Converting muscle-mimetic biomaterials to cartilage-like materials. bioRxiv 2021, 444710. doi:10.1101/2021.05.18.444710
 Gekko, K., and Hasegawa, Y. (1986). Compressibility-structure relationship of globular proteins. Biochemistry 25, 6563–6571. doi:10.1021/BI00369A034/ASSET/BI00369A034
 Goh, K. B., Li, H., and Lam, K. Y. (2017). Development of a multiphysics model to characterize the responsive behavior of urea-sensitive hydrogel as biosensor. Biosens. Bioelectron. X. 91, 673–679. doi:10.1016/j.bios.2017.01.023
 Gosal, W. S., Clark, A. H., and Ross-Murphy, S. B. (2004). Fibrillar β-lactoglobulin gels: Part 1. Fibril formation and structure. Biomacromolecules 5, 2408–2419. doi:10.1021/bm049659d
 Gu, J., Guo, Y., Li, Y., Wang, J., Wang, W., Cao, Y., et al. (2022). Tuning strain stiffening of protein hydrogels by charge modification. Int. J. Mol. Sci. 23, 3032. doi:10.3390/IJMS23063032
 Gupta, B. S., Taha, M., and Lee, M. J. (2013). Interactions of bovine serum albumin with biological buffers, TES, TAPS, and TAPSO in aqueous solutions. Process Biochem. 48, 1686–1696. doi:10.1016/j.procbio.2013.08.018
 Haller, H. S., and Pallansch, M. J. (1960). The solubility in aqueous urea solutions of the micellar caseinates of milk and milk products subjected to various sterilizing heat treatments. J. Dairy Sci. 43, 1407–1413. doi:10.3168/JDS.S0022-0302(60)90342-8
 Hughes, M. D. G., Cussons, S., Mahmoudi, N., Brockwell, D. J., and Dougan, L. (2020). Single molecule protein stabilisation translates to macromolecular mechanics of a protein network. Soft Matter 16, 6389–6399. doi:10.1039/C9SM02484K
 Hughes, M. D. G., Cussons, S., Mahmoudi, N., Brockwell, D. J., and Dougan, L. (2022). Tuning protein hydrogel mechanics through modulation of nanoscale unfolding and entanglement in postgelation relaxation. ACS Nano 16, 10667–10678. doi:10.1021/ACSNANO.2C02369
 Jeon, E. Y., Hwang, B. H., Yang, Y. J., Kim, B. J., Choi, B. H., Jung, G. Y., et al. (2015). Rapidly light-activated surgical protein glue inspired by mussel adhesion and insect structural crosslinking. Biomaterials 67, 11–19. doi:10.1016/j.biomaterials.2015.07.014
 Jonker, A. M., Löwik, D. W. P. M., and van Hest, J. C. M. (2012). Peptide- and protein-based hydrogels. Chem. Mat. 24, 759–773. doi:10.1021/cm202640w
 Joshi, N. S., Whitaker, L. R., and Francis, M. B. (2004). A three-component Mannich-type reaction for selective tyrosine bioconjugation. J. Am. Chem. Soc. 126, 15942–15943. doi:10.1021/ja0439017
 Josuran, R. (2022). Prot pi. Release 2.2.29.150Available at: https://www.protpi.ch/Calculator/ProteinTool.
 Khan, S., Ullah, A., Ullah, K., and Rehman, N. U. (2016). Insight into hydrogels. Des. Monomers Polym. 19, 456–478. doi:10.1080/15685551.2016.1169380
 Khoury, L. R., Nowitzke, J., Shmilovich, K., and Popa, I. (2018). Study of biomechanical properties of protein-based hydrogels using force-clamp rheometry. Macromolecules 51, 1441–1452. doi:10.1021/acs.macromol.7b02160
 Kunz, C., and Lönnerdal, B. (1990). Casein and casein subunits in preterm milk, colostrum, and mature human milk. J. Pediatr. Gastroenterol. Nutr. 10, 454–461. doi:10.1097/00005176-199005000-00007
 Lu, S., Zhu, L., Wang, Q., Liu, Z., Tang, C., Sun, H., et al. (2020). High-strength albumin hydrogels with hybrid cross-linking. Front. Chem. 8, 106. doi:10.3389/fchem.2020.00106
 Maltais, A., Remondetto, G. E., and Subirade, M. (2009). Soy protein cold-set hydrogels as controlled delivery devices for nutraceutical compounds. Food Hydrocoll. 23, 1647–1653. doi:10.1016/j.foodhyd.2008.12.006
 Moinpour, M., Barker, N. K., Guzman, L. E., Jewett, J. C., Langlais, P. R., and Schwartz, J. C. (2020). Discriminating changes in protein structure using tyrosine conjugation. Protein Sci. 29, 1784–1793. doi:10.1002/pro.3897
 Monera, O. D., Kay, C. M., and Hodges, R. S. (1994). Protein denaturation with guanidine hydrochloride or urea provides a different estimate of stability depending on the contributions of electrostatic interactions. Protein Sci. 3, 1984–1991. doi:10.1002/PRO.5560031110
 Nnyigide, O. S., Lee, S. G., and Hyun, K. (2018). Exploring the differences and similarities between urea and thermally driven denaturation of bovine serum albumin: Intermolecular forces and solvation preferences. J. Mol. Model. 24, 75–15. doi:10.1007/s00894-018-3622-y
 Park, H. Y., Song, I. H., Kim, J. H., and Kim, W. S. (1998). Preparation of thermally denatured albumin gel and its pH-sensitive swelling. Int. J. Pharm. X. 175, 231–236. doi:10.1016/S0378-5173(98)00289-0
 Partlow, B. P., Applegate, M. B., Omenetto, F. G., and Kaplan, D. L. (2016). Dityrosine cross-linking in designing biomaterials. ACS Biomater. Sci. Eng. 2, 2108–2121. doi:10.1021/acsbiomaterials.6b00454
 Remondetto, G. E., Paquin, P., and Subirade, M. (2002). Cold gelation of β-lactoglobulin in the presence of iron. J. Food Sci. 67, 586–595. doi:10.1111/j.1365-2621.2002.tb10643.x
 Sakai, S., Kamei, H., Mori, T., Hotta, T., Ohi, H., Nakahata, M., et al. (2018). Visible light-induced hydrogelation of an alginate derivative and application to stereolithographic bioprinting using a visible light projector and acid red. Biomacromolecules 19, 672–679. doi:10.1021/acs.biomac.7b01827
 Swaisgood, H. E. (2003). “Chemistry of the caseins,” in Advanced dairy chemistry---1 proteins: Part A/Part B ed . Editors P. F. Fox, and P. L. H. McSweeney (Boston, MA: Springer US), 139–201. doi:10.1007/978-1-4419-8602-3_3
 Taha, M., Gupta, B. S., Khoiroh, I., and Lee, M. J. (2011). Interactions of biological buffers with macromolecules: The ubiquitous “smart” polymer PNIPAM and the biological buffers MES, MOPS, and MOPSO. Macromolecules 44, 8575–8589. doi:10.1021/ma201790c
 Totosaus, A., Montejano, J. G., Salazar, J. A., and Guerrero, I. (2002). A review of physical and chemical protein-gel induction. Int. J. Food Sci. Technol. 37, 589–601. doi:10.1046/j.1365-2621.2002.00623.x
 Udabage, P., McKinnon, I. R., and Augustin, M. A. (2000). Mineral and casein equilibria in milk: Effects of added salts and calcium-chelating agents. J. Dairy Res. 67, 361–370. doi:10.1017/S0022029900004271
 Ullah, F., Othman, M. B. H., Javed, F., Ahmad, Z., and Akil, H. M. (2015). Classification, processing and application of hydrogels: A review. Mater. Sci. Eng. C 57, 414–433. doi:10.1016/j.msec.2015.07.053
 Van Vlierberghe, S., Dubruel, P., and Schacht, E. (2011). Biopolymer-based hydrogels as scaffolds for tissue engineering applications: A review. Biomacromolecules 12, 1387–1408. doi:10.1021/bm200083n
 Wichterle, O., and Lím, D. (1960). Hydrophilic gels for biological use. Nature 185, 117–118. doi:10.1038/185117a0
 Yan, H., Saiani, A., Gough, J. E., and Miller, A. F. (2006). Thermoreversible protein hydrogel as cell scaffold. Biomacromolecules 7, 2776–2782. doi:10.1021/bm0605560
GLOSSARY
Abbreviations
3D three-dimensional
APS ammonium persulfate
BSA bovine serum albumin
DAC dual asymmetric centrifuge
DPBS Dulbecco’s phosphate-buffered saline
LVR linear viscoelastic region
MCB multi-component buffer
pI isoelectric point
PTFE Polytetrafluoroethylene
TAPS N-[Tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid
MOPSO 3-Morpholino-2-hydroxypropanesulfonic acid
MWCO molecular weight cut off
SPB sodium phosphate buffer
Greek letters
α significance level of Shapiro-Wilk-Normality test
tan δ loss factor
ε engineered strain in %
εmax engineered strain at sample fracture in %
εi,280 nm molar extinction coefficient of the protein i at 280 nm
σ engineered stress in Pa
σmax engineered stress at sample fracture in Pa
τ shear stress in Pa
ω angular frequency in rad·s−1
Latin letters
A0 original cross section area before compression in m2
F force in Pa
G’ storage modulus in kPa
G” loss modulus in kPa
L0 hydrogel length at applied pre-force during compression in m
Lmax hydrogel length at maximum load during compression in m
m0 hydrogel weight as-prepared
mrel relative weight swelling ratio in g/g
mt hydrogel weight after t days in g
n number of replicates
R2 coefficient of determination
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