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Abstract

:

Hydrogels are soft materials constructed of physically or chemically crosslinked polymeric net-works with abundant water. The crosslinkers, as the mechanophores that bear and respond to mechanical forces, play a critical role in determining the mechanical properties of hydrogels. Here, we use a polyprotein as the crosslinker and mechanophore to form covalent polymer hydrogels in which the toughness and fatigue fracture are controlled by the mechanical unfolding of polyproteins. The protein Parvimonas sp. (ParV) is super stable and remains folded even at forces > 2 nN; however, it can unfold under loading forces of ~100 pN at basic pH values or low calcium concentrations due to destabilization of the protein structures. Through tuning the protein unfolding by pH and calcium concentrations, the hydrogel exhibits differences in modulus, strength, and anti-fatigue fracture. We found that due to the partially unfolding of ParV, the Young’s modulus decreased at pH 9.0 or in the presence of EDTA (Ethylene Diamine Tetraacetic Acid), moreover, because partially unfolded ParV can be further completely unfolded due to the mechanically rupture of ester bond, leading to the observed hysteresis of the stretching and relaxation traces of the hydrogels, which is in line with single-molecule force spectroscopy experiments. These results display a new avenue for designing pH- or calcium-responsive hydrogels based on proteins and demonstrate the relationship between the mechanical properties of single molecules and macroscopic hydrogel networks.
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1. Introduction


Hydrogels are three-dimensional networks of polymer chains formed through physical or chemical crosslinking and contain abundant water. Due to their unique properties, such as high water content, flexible texture, and biocompatibility, hydrogels have a wide range of applications in various fields, including soft robotics [1,2], contact lenses [3,4], drug-delivery systems [5,6], and tissue-engineering scaffolds [7,8]. These applications are mainly determined by the mechanical properties of hydrogels (e.g., modulus and anti-fatigue fracture). Thus, the rational design of hydrogels with proper mechanical properties from bottom to top is of prime importance.



As the scaffold of a hydrogel is composed of polymers and crosslinking molecules, the crosslinkers serve to physically hold the polymer chains in place, which provides the hydrogel with unique mechanical and chemical properties. Crosslinkers can be classified into two main types: physical and chemical. Physical crosslinkers rely on noncovalent interactions to hold the polymer chains together [9,10,11,12]. Chemical crosslinkers [13,14,15], on the other hand, form covalent bonds or dynamic bonds [16,17] between the polymer chains, which are much stronger and more durable. The properties of the crosslinker can have a significant impact on the properties of the resulting hydrogel [18,19]. For example, [the length of the crosslinker can affect the density of the network [20,21], with shorter crosslinkers resulting in a more tightly packed network. Similarly, the concentration of the crosslinker can affect the porosity and water content of the hydrogel [22,23]. Moreover, by incorporating mechanophores that contain specific chemical bonds or groups that can undergo a mechanical reaction when subjected to forces into the polymer network of a hydrogel, researchers can create materials that can respond to mechanical stimuli such as stretching or compression by undergoing a specific chemical or physical change [24]. These molecular events, such as bond cleavage or conformational change, provide a molecular-scale reading of the local mechanical state or transformation of material properties in response to the local mechanical environment. However, how to connect the molecular behavior and the macroscopic properties is challenging.



In recent years, there has been a growing interest in understanding the role of DNA [25,26,27,28] and proteins [29,30] in determining the mechanical properties of hydrogels. The precise base pairing of DNA allows it to become a versatile building block for rationally designing hydrogels with programmable response and function. For example, Liu et al. incorporated polymetric multiple-unit linker into a polymeric backbone to reinforce the mechanical properties of DNA supramolecular hydrogels [31]. Proteins are known to be key players in the mechanical properties of biological tissues through conformational change [32,33,34], and their incorporation as crosslinkers or mechanophores into hydrogels has been shown to significantly tune the mechanical performance [35]. This has led to the development of protein-based hydrogels that can be tailored to mimic the properties of specific tissues, making them a promising platform for various biomedical applications [36,37]. Thanks to the development of single-molecule force spectroscopy (SMFS) [38,39,40], we can precisely obtain the mechanical unfolding/folding forces of proteins and coiled coils interactions [41]. Therefore, it is a good way to study the connection between the two different-length scales, molecular scale and bulk, by incorporating proteins into hydrogels.



Here, we use the ester-containing protein ParV from the gram-positive bacterium Parvimonas sp. as the model system (Figure 1a) [42]. Combining protein engineering and SMFS, we found that protein ParV is super mechanically stable and maintains folding even at a pulling force > 2 nN. However, the basic pH and low calcium concentration can destabilize the protein structure, resulting in unfolding forces of ~100 pN. These results are comparable to our previous study of another ester-containing protein, Cpe0147. Then, we used the pH- or calcium-dependent mechanical unfolding of protein ParV as a crosslinker and mechanophore to form a covalent hydrogel. The results show that the reactivity of the protein dictates the modulus and anti-fatigue fracture of the hydrogel. We anticipate that this can be used as a guideline for the rational design of hydrogels.




2. Results and Discussion


To investigate the mechanical stability of protein ParV, we engineered a chimeric protein, Fgβ-(GB1-ParV)2-cys (Figures S1 and S2), for SMFS experiments (Figure 1b), following our previous experimental protocol [43]. In brief, the polyprotein is covalently linked to the substrate through the thiol group of C-terminal Cys and then picked up by the cantilever modified with protein SdrG via strong noncovalent interactions between Fgβ and SdrG. The unfolding of the GB1 domain was characterized by a contour length increment of ~18 nm, and an unfolding force of ~200 pN at a pulling speed of 1.6 μm/s acted as a fingerprint in SMFS [38,44]. The protein ParV contains an ester bond and two calcium ions, similar to the protein Cpe0147 we previously studied, whose mechanical stability is modulated by pH and calcium concentration [43]. Therefore, we performed SMFS experiments under different physiological conditions.



First, we stretched the polyprotein in Tris buffer at pH 7.4, and the typical sawtooth-like force-extension curves are shown in Figure 1c, in which each individual sawtooth peak corresponds to the force-induced unfolding of individual domains in the polyprotein chain. As expected, there are only three peaks, two of which showed the same contour length increments (ΔLc) of 18 nm, which can be attributed to the unfolding of the two GB1 domains. The last peak of more than 2 nN arises from the unbinding of the Fgβ/SdrG interaction. There was no other peak observed. The initial contour length is 32.6 ± 12.3 nm (Figure S3), corresponding well to the theoretically estimated value that includes the contour length of the PEG(Polyethylene glycol) linker (~30 nm), the two folded GB1 (~5 nm), and two folded ParV (~5 nm). These results indicated that ParV did not fully unfold even under a force > 2 nN. Next, we performed pulling experiments in Tris buffer at pH 9.0. Different from that at pH 7.4, the force-extension curves displayed five sawtooth peaks, as shown in Figure 1d. Two peaks with contour length increments of 46 nm occur first, followed by two peaks with ΔLc ~ 18 nm for GB1. The additional peak of ΔLc at 46 nm is consistent with the theoretical calculation (134 aa × 0.36 nm/aa–1.32 nm, the number of caged residues by ester bond is 134 and the distance between the residues forming ester bond is 1.32 nm), which is attributed to the unfolding of ParV. The mechanical stability of ParV was reduced, and the unfolding force of ParV was reduced at pH 9.0. In addition, we added 10 mM EDTA to Tris buffer at pH 7.4 to conduct SMFS experiments. The force-extension curves also displayed five sawtooth peaks, as shown in Figure 1e, the same as that of pH 9.0. The calcium chelation of EDTA destabilized the structure of ParV, resulting in unfolding forces of ~100 pN. The histograms of the contour length increments and the rupture forces at pH 9.0 and pH 7.4 with EDTA are shown in Figure S4. The frequency of the ester bond rupture is ~33.5% (91/268) and 15.3% (37/242) at pH 9.0 and pH 7.4 with EDTA, respectively. These results demonstrate that pH and calcium can modulate the mechanical stability of the ester-containing protein ParV, which is in accordance with the underlying mechanism of unfolding of Cpe0147. Our results confirmed that the mechanical stability of ester bond-containing proteins of this type is a conserved feature in cell-surface proteins of bacteria. After all, the mechanically adjustable protein of ParV should be a good candidate to study the relationship between molecular scale and macroscopic scale in hydrogel materials.



After characterizing the mechanical properties of ParV, we employed it as a crosslinker and mechanophore to form a hydrogel. To directly probe the role of protein in determining the mechanical properties of macroscopic hydrogels, we incorporated the dimer of ParV into covalent polymer networks, as shown in Figure 2a. The hydrogels were prepared by the polymerization of cys-ParV2-cys and four-armed norbornene-terminated polyethylene glycol (4-arm-PEG-NB) through thiol-norbornene photoclick chemistry in Tris buffer at pH 7.4 for 30 min using lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as the photoinitiator [45,46]. Then, the hydrogels were dialyzed against Tris buffer at pH 7.4 for 24 h to completely remove all undesired byproducts or unreacted reactants. In the following, the hydrogels were soaked in three different kinds of solutions, Tris buffer at pH 7.4, Tris buffer at 9.0, and Tris buffer at pH 7.4 with 10 mM EDTA. By doing so, these hydrogels should exhibit different mechanical characteristics due to the pH/EDTA-modulated unfolding of proteins.



The scanning electron microscopy (SEM) images revealed that the PEG-protein conjugates formed highly porous networks at the nanoscale in all three conditions, as shown in Figure 2b–d. Large pores were visible on the surface of the hydrogel at pH9.0 or with EDTA. The change of the pore size might be the result of conformational change of the polyprotein crosslinkers. However, how such nanometer-scale molecular change affect the micrometer-scale hydrogel structural change remains unknown. When subjected to high pH or EDTA, the structure of protein ParV became unstable and unfolded under the swelling forces of hydrogels, resulting in an increase in crosslinking length, which led to pore enlargement. The previous results indicated that the fragments of fully unfolding ester bond-containing protein in the presence of EDTA or at pH 9.0 are 20% or 38%, respectively [43]. The swelling ratio test verified this variation. The swelling ratios of these hydrogels are different: 101% ± 5%, 203% ± 4%, and 131% ± 5%, respectively (Figure S5a). These results suggested that there must be differences in the mechanical properties that are related to the behavior of protein unfolding.



Next, we evaluated the effect of embedded polyprotein on the mechanical properties of hydrogels using tensile test experiments (Figure 3a). All mechanical properties were tested in air at room temperature at a constant tensile rate of 5 mm/min unless otherwise noted. The stress–strain curves of these three kinds of hydrogels are shown in Figure 3b. The hydrogel at pH 7.4 can only be extended ~1.5 times its original length, while the other two hydrogels displayed lengths of over two or even three times over initial length. The tangent Young’s modulus at 5% strain also exhibits a difference, as shown in Figure 3c. The hydrogels at pH 9.0 or with EDTA became soft, and the modulus declined by half compared to that at pH 7.4. Noted that, unfolding proteins can lead to dramatic decrease in the Young’s modulus of protein hydrogels in our previous study [47]. However, this is not the case of ParV hydrogels. The ester bonds lock the protein ParV to partially unfolded conformation and prevent complete unfolding of ParV. This is also different from those reported by Li and coworkers [48] showing that the completely unfolded proteins can aggregate to increase the stiffness of the hydrogels. The stretchability and Young’s modulus are both associated with the crosslinking density of the hydrogels, in which the heavily crosslinked hydrogels are typically stiff but poorly stretchable. In our system, the hydrogels maintained the same components; however, the crosslinking was tuned. The crosslinker polyprotein bears the loading force as a mechanophore when stretching the hydrogel. In Tris at pH 7.4, the protein ParV is super stable, which is equal to covalent bonding, and is hard to unfold (Figure 1c). In contrast, the mechanical stability of protein ParV is decreased in Tris at pH 9.0 or with EDTA, which results in the unfolding and release of chain length (Figure 1d,e) when subjected to stretch in hydrogels. Thus, the crosslinking density decreased due to tuning of the basic pH or EDTA. For comparison, we used a pH-independent polyprotein cys-GB12-cys to replace cys-ParV2-cys to form hydrogels. As shown in the Figure S5b, there were no significant differences in the swelling ratios. The tensile test experiments indicated that the mechanical properties of cys-GB12-cys hydrogels in different environments were almost identical (Figure S6).



To further investigate the role of mechanical unfolding of polyproteins in hydrogels, we performed the load/unload cyclic test on all three hydrogels to different strains. Because there is no unfolding of ParV domains in Tris at pH 7.4, the stretching–relaxation cycles showed almost no hysteresis (Figure 3d). In contrast, the hydrogels in Tris at pH 9.0 or with EDTA showed clear hysteresis, which increased with increasing strain (Figure 3e,f). The hysteresis is mainly due to the unfolding of protein ParV. This further confirmed the regulation of protein unfolding at the molecular level in determining the mechanical properties of macroscopic hydrogels.



In addition, we measured the anti-fatigue fracture properties of the hydrogels under different conditions in cyclic load/unload experiments following previously published test procedures [19]. Figure 4a shows the extension of cracks per cycle as a function of the energy release rate. The fatigue thresholds of the hydrogels under different conditions are 2.16, 0.64 and 1.12 J m−2, respectively. The difference in fatigue thresholds is merely attributed to the molecular mechanophore present in each linker. Typically, the fracture threshold can be described by using the well-known Lake–Thomas theory [49]:


  Γ = σ W =   1   2     ν   0     R   0   n U ,  








where     R   0     is the average end-to-end distance of an elastically active network strand in its undeformed state,     ν   0     is the number density of such elastically active subchains, n is the average number of repeat units along the bridging strand, and U is the energy that is stored in each repeat unit when the bridging strand breaks. The prefactor of 1/2 comes from the projection of the end-to-end vectors of subchains onto the normal of the crack plane. Further studies indicated that the original Lake–Thomas theory is not completed and expanded by considering complexity [50,51,52]. It underestimates the threshold due to the lack of effects such as the energy stored in multiple layers of polymer chains adjacent to the crack or viscoelastic dissipation.



However, the existing theory cannot depict the fracture threshold in our system. For the hydrogel at pH 7.4, due to the super mechanical stability of protein ParV, it would not unfold until the chain breaks, resulting in crack propagation. The polyprotein can be regarded as a covalent bond in the hydrogel network. For the hydrogels at pH 9.0 or with EDTA, the protein ParV was destabilized because of ester bond hydrolysis and could be unfolded when stretching. According to the Lake–Thomas theory, the number density     ν   0     decreased while the end-to-end distance     R   0     increased as well as the repeat number n, tuned by the high pH and EDTA. The intuition told us that the fracture threshold could be increased greatly owing to the energy release of protein unfolding. In fact, Stephen L. Craig et al. designed a toughening hydrogel through force-triggered chemical reactions by using a mechanophore in which the process is similar to protein unfolding upon stretching [24]. The hydrogels exhibited an extreme fatigue threshold compared to the control. In contrast, in the hydrogel with unfolded protein at pH 9.0 or with EDTA in our system, the fracture threshold decreased. This might also be related to the mechanical unfolding kinetics of the protein. Protein mechanical folding/unfolding is a Markovian process that depends on the loading rates. Thus, the destabilized protein in pH 9.0 or with EDTA will unfold during swelling of the hydrogel, which results in networks with topological “defects” (shown in Figure 4b). This inactive “defect” led to an increase in the swelling ratio and decreased the overall intrinsic fracture energy of the hydrogel network [50,53].



To study the defect effect in the hydrogel, we prepared covalent hydrogels by using 4-arm-PEG-NB, dithiothreitol (DTT) and SH-PEG-SH through a thiol-norbornene photoclick chemistry with various ratios, as shown in Figure 5a. The monomer molar ratios of 4-arm-PEG-NB, DTT and SH-PEG-SH are 1:2:0, 1:1.4:0.6 and 1:0.6:1.4, respectively. DTT can be regarded as the folded protein and SH-PEG-SH as the unfolded protein in our system. In this way, the crosslinker SH-PEG-SH can be regarded as a defect in the hydrogel network. The stress–strain curves of these three hydrogels are shown in Figure 5b, and the fatigue fracture energies are shown in Figure 5c. As expected, the fatigue of the hydrogel with a ratio of 1:2:0 is much higher than that of the others, and the fatigue decreased with the addition of SH-PEG-SH. This result is similar to that of the protein-based hydrogels in our system and confirms the defect effect in determining the fatigue fracture energy.




3. Materials and Methods


3.1. Materials


(3-Aminopropyl)triethoxysilane (APTES) was purchased from Sigma-Aldrich. (Merck KGaA, Darmstadt, Germany) Maleimide-PEG-NHS(MAL-PEG-NHS, MW 5 kDa) was purchased from Nanocs, Inc. (New York, NY, USA). 4-arm-PEG-NB (MW 20 kDa) was purchased from Shanghai ToYongBio Tech. Inc. (Shanghai, China) Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was purchased from Tokyo Chemical Ind. (Tokyo, Japan) All the other chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).




3.2. Protein Expression and Purification


The genes encoding the SdrG-cys and Fgβ-(GB1-ParV)2-cys proteins were cloned into the pET22b vector and the genes encoding the cys-GB12-cys and cys-ParV2-cys proteins were cloned into the pQE80L vector. All the proteins were expressed in E. coli BL21 and purified with Co2+ affinity chromatography. The purified cys-ParV2-cys and cys-GB12-cys protein were dialyzed against pure water and then freeze-dried for preservation until use. The purified Fgβ-(GB1-ParV)2-cys and SdrG-cys proteins were stored in Tris-HCl buffer for SMFS experiments.




3.3. Single-Molecule Force Spectroscopy (SMFS) Experiments


SMFS experiments were performed by using a commercial atomic force microscopy (NanoWizard-IV, JPK, Berlin, Germany). The MLCT-D cantilever was used to conduct experiments. The experiments were carried out at a speed of 1.6 μm/s at room temperature in different buffers, including Tris-NaCl-pH 7.4 buffer (50 mM Tris, 10 mM NaCl, pH 7.4), Tris-NaCl-pH 9.0 buffer (50 mM Tris, 10 mM NaCl, pH 9.0), and Tris-EDTA-pH 7.4 buffer (50 mM Tris, 10 mM EDTA, pH 7.4). To efficiently obtain force-extension curves during pulling experiments, the glass substrates and cantilevers were chemically modified.



Glass substrate modification: 1 × 1 cm2 glass substrates were placed in chromic acid solution overnight to hydroxylate the surface. Then, the glass substrates were washed successively with water and ethanol, and blown dry with N2. Next, the cleaned glass substrates were immersed in a toluene solution containing 1% APTES for 1 h. After washing the substrates with toluene and ethanol, the substrates were placed in an oven at 80 °C for 0.5 h. The substrates were cooled to room temperature and dipped in dimethyl sulfoxide (DMSO) solution with 1 mg/mL MAL-PEG-NHS for 1 h. Finally, the maleimide-modified glass substrates were washed with DMSO and ethanol and stored in a sealed pot with argon after blowing dry with N2 until use in SMFS experiments. For SMFS experiments, typically 100 μL of 2 mg/mL Fgβ-(GB1-ParV)2-cys solution was pipetted onto the glass surface to incubate for 1 h and then the substrates were washed with Tris-HCl buffer. Substrates modified with proteins were prepared.



Cantilever modification: The cantilever was exposed to chromic acid solution at 80 °C for 0.5 h and washed successively with water and ethanol. Then, the cantilever was immersed in the APTES solution (1% APTES in toluene) for 1 h. After that, the cantilevers were washed successively with toluene and ethanol and incubated at 80 °C for 0.5 h. Next, the cantilevers were transferred into DMSO solution with 1 mg/mL MAL-PEG-NHS for 1 h. After washing with DMSO and ethanol, the cantilevers were dipped in 4 mg/mL SdrG-cys solution for 1 h and then washed with Tris-HCl buffer. The cantilevers were prepared for use.




3.4. Preparation of the Hydrogels


To prepare the hydrogels, 4-arm-PEG-NB (30 mg/mL) and polyprotein cys-ParV2-cys or cys-GB12-cys were mixed with a molar ratio of 1:2 in the presence of 1 mg/mL LAP. After centrifugation, the mixture was transferred to a custom-made transparent glass mold with a thickness of 1 mm. Photoclick chemistry was performed under UV (365 nm, 7.526 mW/cm2) illumination for 0.5 h at room temperature, which is unlikely to introduce the conformational change of proteins according to literature [54]. Subsequently, the formed hydrogels were removed from the mold and soaked in Tris buffer at pH 7.4 and 4 °C for 24 h to reach the equilibrium–swollen state. Then, the hydrogels were immersed in different solutions, Tris buffer at pH 7.4, Tris buffer at pH 9.0, and Tris buffer at pH 7.4 with 10 mM EDTA, for 24 h.




3.5. Tensile Test


The tensile stress–strain measurements were performed using a tensile tester (Instron 5944 with a 10 N sensor) in air at room temperature. For the tensile test, the samples had a rectangle shape, typically 8.0 mm in length and 10.0 mm in width. In the tensile tests, the velocity of stretching is 5 mm min−1. The nominal strain was measured through the distance between clamps (typically 2.0 mm) and the nominal stress was calculated as the measured load divided by the original cross-sectional area vertical to the load. The fatigue behaviors of the hydrogels were measured upon cyclic load/unload tests, as shown in Figure S7. The energy release rate G of the notched hydrogel can be calculated by G = HW(λ), where H is the distance between the clamps when the hydrogel is undeformed, and W(λ) is obtained by integrating the area below the stress–stretch curve of the unnotched sample. The fatigue threshold of the hydrogel can be described as Γ = HW(λc); λc is defined as the stretch just when the crack begins to propagate noticeably. During the load/unload test with different stretch λ, we controlled the frequency as 1 Hz and the total cycle number is 5000 for all tests. Then, we recorded the pictures of the hydrogel every 100 cycles to calculate the extension of crack per cycle under specific λ. Through the approach method, we obtained the critical stretch λc and the fatigue threshold is calculated.





4. Conclusions


In summary, we employed an ester bond-containing protein as a crosslinker and mechanophore in a covalent hydrogel network to reveal the relationship between mechanical properties on the molecular scale and macroscopic scale. The protein ParV remains folded at pH 7.4 even at a loading force equal to the covalent bond (>2 nN); however, it unfolds at a much lower force (~100 pN) when subjected to high pH or with EDTA. By tuning the mechanical protein unfolding through high pH or the addition of EDTA, the mechanical properties of the hydrogel were significantly altered, such as the swelling ratio, Young’s modulus, hysteresis, and fracture energy. Hydrogels with tunable mechanical properties can be promising materials for many applications, including healthcare, soft robots, and environmental science. Our results suggest the important role of molecules in determining the mechanical properties of bulk hydrogels, especially for the incorporation of mechanophores. Therefore, developing an effective theory to predict the mechanical properties is of critical importance. However, accurately evaluating the fracture energy is challenging. Experimental and theoretical efforts are currently under way to address this important challenge.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms241310778/s1.





Author Contributions


Conceptualization, Y.C. and H.L.; data curation, D.Z., L.L., Y.F. and Q.M.; formal analysis, D.Z., L.L. and Y.F.; funding acquisition, Y.C. and H.L.; investigation, D.Z., L.L., Y.F. and Q.M.; methodology, D.Z., L.L. and Y.F.; project administration, Y.C. and H.L.; resources, Y.C. and H.L.; software, D.Z., L.L. and Y.F.; supervision, Y.C. and H.L.; validation, D.Z. and L.L.; visualization, D.Z. and H.L.; writing—original draft, D.Z. and H.L.; writing—review and editing, Y.C. and H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research is supported mainly by the National Natural Science Foundation of China (grant nos. T2222019, 11974174, and 11934008), the National Key R&D Program of China (grant no. 2020YFA0908100) and the Postdoctoral Science Foundation of China (grant no. 2022M722910).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wu, B.Y.; Xue, Y.T.; Ali, I.; Lu, H.H.; Yang, Y.M.; Yang, X.X.; Lu, W.; Zheng, Y.F.; Chen, T. The Dynamic Mortise-and-Tenon Interlock Assists Hydrated Soft Robots Toward Off-Road Locomotion. Research 2022, 2022, 0015. [Google Scholar] [CrossRef]

	



Zhu, Q.L.; Du, C.; Dai, Y.H.; Daab, M.; Matejdes, M.; Breu, J.; Hong, W.; Zheng, Q.; Wu, Z.L. Light-steered locomotion of muscle-like hydrogel by self-coordinated shape change and friction modulation. Nat. Commun. 2020, 11, 5166. [Google Scholar] [CrossRef] [PubMed]

	



Salih, A.E.; Elsherif, M.; Alam, F.; Yetisen, A.K.; Butt, H. Gold Nanocomposite Contact Lenses for Color Blindness Management. ACS Nano 2021, 15, 4870–4880. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Yao, H.Y.; Zhao, G.N.; Ameer, G.A.; Sun, W.; Yang, J.; Mi, S.L. Flexible, wearable microfluidic contact lens with capillary networks for tear diagnostics. J. Mater. Sci. 2020, 55, 9551–9561. [Google Scholar] [CrossRef]

	



Fischer, A.; Lilienthal, S.; Vazquez-Gonzalez, M.; Fadeev, M.; Sohn, Y.S.; Nechushtai, R.; Willner, I. Triggered Release of Loads from Microcapsule-in-Microcapsule Hydrogel Microcarriers: En-Route to an “Artificial Pancreas”. J. Am. Chem. Soc. 2020, 142, 4223–4234. [Google Scholar] [CrossRef] [PubMed]

	



Zong, S.Y.; Wen, H.K.; Lv, H.; Li, T.; Tang, R.L.; Liu, L.J.; Jiang, J.X.; Wang, S.P.; Duan, J.F. Intelligent hydrogel with both redox and thermo-response based on cellulose nanofiber for controlled drug delivery. Carbohydr. Polym. 2020, 278, 118943. [Google Scholar] [CrossRef] [PubMed]

	



Sun Han Chang, R.A.; Shanley, J.F.; Kersh, M.E.; Harley, B.A.C. Tough and tunable scaffold-hydrogel composite biomaterial for soft-to-hard musculoskeletal tissue interfaces. Sci. Adv. 2020, 6, abb6763. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.B.; Dai, J.J.; Huang, Y.F.; Li, X.M.; Yang, J.M.; Zheng, Y.Q.; Shi, X.A. Extracellular matrix mimicking dynamic interpenetrating network hydrogel for skin tissue engineering. Chem. Eng. J. 2023, 457, 141362. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhu, L.; Chen, H.; Yan, H.L.; Huang, L.; Yang, J.; Zheng, J. A Novel Design Strategy for Fully Physically Linked Double Network Hydrogels with Tough, Fatigue Resistant, and Self-Healing Properties. Adv. Funct. Mater. 2015, 25, 1598–1607. [Google Scholar] [CrossRef]

	



Liu, X.Y.; He, X.; Yang, B.; Lai, L.; Chen, N.X.; Hu, J.G.; Lu, Q.Y. Dual Physically Cross-Linked Hydrogels Incorporating Hydrophobic Interactions with Promising Repairability and Ultrahigh Elongation. Adv. Funct. Mater. 2021, 31, 2008187. [Google Scholar] [CrossRef]

	



Luo, Y.C.; Yu, M.L.; Zhang, Y.T.; Wang, Y.Y.; Long, L.; Tan, H.H.; Li, N.; Xu, L.J.; Xu, J.X. Highly sensitive strain sensor and self-powered triboelectric nanogenerator using a fully physical crosslinked double-network conductive hydrogel. Nano Energy 2022, 104, 107955. [Google Scholar] [CrossRef]

	



Tang, L.; Wu, S.J.; Xu, Y.; Cui, T.; Li, Y.H.; Wang, W.; Gong, L.; Tang, J.X. High toughness fully physical cross-linked double network organohydrogels for strain sensors with anti-freezing and anti-fatigue properties. Mater. Adv. 2021, 2, 6655–6664. [Google Scholar] [CrossRef]

	



Huynh, N.T.; Jeon, Y.S.; Kim, D.; Kim, J.H. Preparation and swelling properties of “click” hydrogel from polyaspartamide derivatives using tri-arm PEG and PEG-co-poly(amino urethane) azides as crosslinking agents. Polymer 2013, 54, 1341–1349. [Google Scholar] [CrossRef]

	



Lee, S.; Park, Y.H.; Ki, C.S. Fabrication of PEG-carboxymethylcellulose hydrogel by thiol-norbornene photo-click chemistry. Int. J. Biol. Macromol. 2016, 83, 1–8. [Google Scholar] [CrossRef]

	



Wang, L.Y.; Shan, G.Y.; Pan, P.J. A strong and tough interpenetrating network hydrogel with ultrahigh compression resistance. Soft Matter 2014, 10, 3850–3856. [Google Scholar] [CrossRef]

	



Cao, Y.; Yao, Y.Q.; Li, Y.; Yang, X.X.; Cao, Z.J.; Yang, G. Tunable keratin hydrogel based on disulfide shuffling strategy for drug delivery and tissue engineering. J. Colloid Interface Sci. 2019, 544, 121–129. [Google Scholar] [CrossRef]

	



Meng, H.; Zheng, J.; Wen, X.F.; Cai, Z.Q.; Zhang, J.W.; Chen, T. pH- and Sugar-Induced Shape Memory Hydrogel Based on Reversible Phenylboronic Acid-Diol Ester Bonds. Macromol. Rapid Commun. 2015, 36, 533–537. [Google Scholar] [CrossRef]

	



Gupta, B.; Anjum, S.; Ikram, S. Physicochemical studies of crosslinked thiolated polyvinyl alcohol hydrogels. Polym. Bull. 2013, 70, 2437–2450. [Google Scholar] [CrossRef]

	



Lei, H.; Dong, L.; Li, Y.; Zhang, J.S.; Chen, H.Y.; Wu, J.H.; Zhang, Y.; Fan, Q.Y.; Xue, B.; Qin, M.; et al. Stretchable hydrogels with low hysteresis and anti-fatigue fracture based on polyprotein cross-linkers. Nat. Commun. 2020, 11, 4032. [Google Scholar] [CrossRef] [PubMed]

	



Liu, R.; Cui, L.; Wang, H.Z.; Chen, Q.B.; Guan, Y.; Zhang, Y.J. Tough, Resilient, Adhesive, and Anti-Freezing Hydrogels Cross-Linked with a Macromolecular Cross-Linker for Wearable Strain Sensors. ACS Appl. Mater. Interfaces 2021, 13, 42052–42062. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.D.; Xiang, L.; Diaz-Dussan, D.; Zhang, J.W.; Yang, W.S.; Gong, L.; Chen, J.S.; Narain, R.; Zeng, H.B. Dynamic Flexible Hydrogel Network with Biological Tissue-like Self-Protective Functions. Chem. Mater. 2020, 32, 10545–10555. [Google Scholar] [CrossRef]

	



Li, X.Y.; Cui, K.P.; Kurokawa, T.; Ye, Y.N.; Sun, T.L.; Yu, C.T.; Creton, C.; Gong, J.P. Effect of mesoscale phase contrast on fatigue-delaying behavior of self-healing hydrogels. Sci. Adv. 2021, 7, abe8210. [Google Scholar] [CrossRef] [PubMed]

	



Chavda, H.; Patel, C. Effect of crosslinker concentration on characteristics of superporous hydrogel. Int. J. Pharm. Investig. 2011, 1, 17–21. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Beech, H.K.; Bowser, B.H.; Kouznetsova, T.B.; Olsen, B.D.; Rubinstein, M.; Craig, S.L. Mechanism Dictates Mechanics: A Molecular Substituent Effect in the Macroscopic Fracture of a Covalent Polymer Network. J. Am. Chem. Soc. 2021, 143, 3714–3718. [Google Scholar] [CrossRef]

	



Creusen, G.; Schmidt, R.S.; Walther, A. One-Component DNA Mechanoprobes for Facile Mechanosensing in Photopolymerized Hydrogels and Elastomers. ACS Macro Lett. 2021, 10, 671–678. [Google Scholar] [CrossRef]

	



Cui, J.H.; Wu, D.; Sun, Q.; Yang, X.Z.; Wang, D.D.; Zhuang, M.; Zhang, Y.H.; Gan, M.Z.; Luo, D. A PEGDA/DNA Hybrid Hydrogel for Cell-Free Protein Synthesis. Front. Chem. 2020, 8, 28. [Google Scholar] [CrossRef]

	



Gačanin, J.; Synatschke, C.V.; Weil, T. Biomedical Applications of DNA-Based Hydrogels. Adv. Funct. Mater. 2019, 30, 1906253. [Google Scholar] [CrossRef]

	



Kandatsu, D.; Cervantes-Salguero, K.; Kawamata, I.; Hamada, S.; Nomura, S.M.; Fujimoto, K.; Murata, S. Reversible Gel-Sol Transition of a Photo-Responsive DNA Gel. ChemBioChem 2016, 17, 1118–1121. [Google Scholar] [CrossRef]

	



Li, H.B.; Kong, N.; Laver, B.; Liu, J.Q. Hydrogels Constructed from Engineered Proteins. Small 2016, 12, 973–987. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Liu, Y.; Yang, G.Z.; Kong, H.; Guo, L.; Wei, G. Recent advances in protein hydrogels: From design, structural and functional regulations to healthcare applications. Chem. Eng. J. 2023, 451, 138494. [Google Scholar] [CrossRef]

	



Li, Y.J.; Ding, Y.Q.; Yang, B.; Cao, T.Y.; Xu, J.F.; Dong, Y.C.; Chen, Q.; Xu, L.J.; Liu, D.S. Reinforcing DNA Supramolecular Hydrogel with Polymeric Multiple-Unit Linker. CCS Chem. 2023, 5, 434–444. [Google Scholar] [CrossRef]

	



Ikebe, M. Regulation of the function of mammalian myosin and its conformational change. Biochem. Biophys. Res. Commun. 2008, 369, 157–164. [Google Scholar] [CrossRef]

	



Lv, S.S.; Dudek, D.M.; Cao, Y.; Balamurali, M.M.; Gosline, J.; Li, H.B. Designed biomaterials to mimic the mechanical properties of muscles. Nature 2010, 465, 69–73. [Google Scholar] [CrossRef]

	



Martinez, M.G.; Bullock, A.J.; MacNeil, S.; Rehman, I.U. Characterisation of structural changes in collagen with Raman spectroscopy. Appl. Spectrosc. Rev. 2019, 54, 509–542. [Google Scholar] [CrossRef]

	



Wang, R.; Yang, Z.G.; Luo, J.R.; Hsing, I.M.; Sun, F. B12-dependent photoresponsive protein hydrogels for controlled stem cell/protein release. Proc. Natl. Acad. Sci. USA 2017, 114, 5912–5917. [Google Scholar] [CrossRef] [PubMed]

	



Bian, Q.Y.; Fu, L.L.; Li, H.B. Engineering shape memory and morphing protein hydrogels based on protein unfolding and folding. Nat. Commun. 2022, 13, 137. [Google Scholar] [CrossRef]

	



Kim, S.H.; Hong, H.; Ajiteru, O.; Sultan, M.T.; Lee, Y.J.; Lee, J.S.; Lee, O.J.; Lee, H.; Park, H.S.; Choi, K.Y.; et al. 3D bioprinted silk fibroin hydrogels for tissue engineering. Nat. Protoc. 2021, 16, 5484–5532. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Li, H.B. Polyprotein of GB1 is an ideal artificial elastomeric protein. Nat. Mater. 2007, 6, 109–114. [Google Scholar] [CrossRef]

	



Lei, H.; Guo, Y.; Hu, X.; Hu, C.G.; Hu, X.T.; Li, H.B. Reversible Unfolding and Folding of the Metalloprotein Ferredoxin Revealed by Single-Molecule Atomic Force Microscopy. J. Am. Chem. Soc. 2017, 139, 1538–1544. [Google Scholar] [CrossRef]

	



Neuman, K.C.; Nagy, A. Single-molecule force spectroscopy: Optical tweezers, magnetic tweezers and atomic force microscopy. Nat. Methods 2008, 5, 491–505. [Google Scholar] [CrossRef]

	



Tunn, I.; de Leon, A.S.; Blank, K.G.; Harrington, M.J. Tuning coiled coil stability with histidine-metal coordination. Nanoscale 2018, 10, 22725–22729. [Google Scholar] [CrossRef]

	



Kwon, H.; Squire, C.J.; Young, P.G.; Baker, E.N. Autocatalytically generated Thr-Gln ester bond cross-links stabilize the repetitive Ig-domain shaft of a bacterial cell surface adhesin. Proc. Natl. Acad. Sci. USA 2014, 111, 1367–1372. [Google Scholar] [CrossRef]

	



Lei, H.; Ma, Q.; Li, W.F.; Wen, J.; Ma, H.B.; Qin, M.; Wang, W.; Cao, Y. An ester bond underlies the mechanical strength of a pathogen surface protein. Nat. Commun. 2021, 12, 5082. [Google Scholar] [CrossRef]

	



Zheng, P.; Wang, Y.Y.; Li, H.B. Reversible Unfolding-Refolding of Rubredoxin: A Single-Molecule Force Spectroscopy Study. Angew. Chem. Int. Ed. 2014, 53, 14060–14063. [Google Scholar] [CrossRef]

	



Fairbanks, B.B.D.; Schwartz, M.P.; Halevi, A.E.; Nuttelman, C.R.; Bowman, C.N.; Anseth, K.S. A Versatile Synthetic Extracellular Matrix Mimic via Thiol-Norbornene Photopolymerization. Adv. Mater. 2009, 21, 5005–5010. [Google Scholar] [CrossRef] [PubMed]

	



Gramlich, W.M.; Kim, I.L.; Burdick, J.A. Synthesis and orthogonal photopatterning of hyaluronic acid hydrogels with thiol-norbornene chemistry. Biomaterials 2013, 34, 9803–9811. [Google Scholar] [CrossRef]

	



Wu, J.H.; Li, P.F.; Dong, C.L.; Jiang, H.T.; Xue, B.; Gao, X.; Qin, M.; Wang, W.; Chen, B.; Cao, Y. Rationally designed synthetic protein hydrogels with predictable mechanical properties. Nat. Commun. 2018, 9, 620. [Google Scholar] [CrossRef] [PubMed]

	



Fang, J.; Mehlich, A.; Koga, N.; Huang, J.Q.; Koga, R.; Gao, X.Y.; Hu, C.G.; Jin, C.; Rief, M.; Kast, J.; et al. Forced protein unfolding leads to highly elastic and tough protein hydrogels. Nat. Commun. 2013, 4, 2974. [Google Scholar] [CrossRef] [PubMed]

	



Lake, G.J.; Thomas, A.G. The strength of highly elastic materials. Proc. Math. Phys. Eng. Sci. 1967, 300, 108–119. [Google Scholar] [CrossRef]

	



Lin, S.T.; Zhao, X.H. Fracture of polymer networks with diverse topological defects. Phys. Rev. E 2020, 102, 052503. [Google Scholar] [CrossRef] [PubMed]

	



Slootman, J.; Waltz, V.; Yeh, C.J.; Baumann, C.; Göstl, R.; Comtet, J.; Creton, C. Quantifying Rate- and Temperature-Dependent Molecular Damage in Elastomer Fracture. Phys. Rev. X 2020, 10, 041045. [Google Scholar] [CrossRef]

	



Wang, S.; Panyukov, S.; Rubinstein, M.; Craig, S.L. Quantitative Adjustment to the Molecular Energy Parameter in the Lake–Thomas Theory of Polymer Fracture Energy. Macromolecules 2019, 52, 2772–2777. [Google Scholar] [CrossRef]

	



Arora, A.; Lin, T.S.; Beech, H.K.; Mochigase, H.; Wang, R.; Olsen, B.D. Fracture of Polymer Networks Containing Topological Defects. Macromolecules 2020, 53, 7346–7355. [Google Scholar] [CrossRef]

	



Xie, J.B.; Qin, M.; Cao, Y.; Wang, W. Mechanistic insight of photo-induced aggregation of chicken egg white lysozyme: The interplay between hydrophobic interactions and formation of intermolecular disulfide bonds. Proteins 2011, 79, 2505–2516. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 10778 g001 550] 





Figure 1. Mechanical unfolding of ParV by using AFM-based single-molecule force spectroscopy experiments. (a) Structure of the ParV protein, ester bond is shown in red; calcium ions are shown as orange spheres; (b) schematic of the AFM-based SMFS experiments. Fgβ-(GB1-ParV)2-cys was covalently linked to the substrate through a polymer linker via thiol-maleimide chemistry and picked up by a SdrG-cys-modified cantilever; (c) representative single-molecule force-extension curves with a pulling speed of 1.6 μm s−1 at pH 7.4 showing the unfolding of GB1 domains but no unfolding events of ParV up to the dissociation of the Fgβ-SdrG complex (>2 nN). The curves are fitted by the worm-like chain model; (d,e) representative force-extension curves at pH 9.0 and with 10 mM EDTA, respectively. Except for the two GB1 unfolding events, there are two additional peaks with ΔLc 46 nm corresponding to the unfolding of ParV. 
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Figure 2. Responsive covalent hydrogel formed by polyprotein cys-ParV2-cys with 4-arm-PEG-NB. (a) Schematic illustration of the preparation of the covalent hydrogel. The hydrogel is prepared by the photoclick reaction of polyprotein and PEG using UV illumination and LAP as initiators in Tris buffer at pH 7.4. After sufficient swelling, the hydrogels were soaked in different conditions: Tris buffer at pH 7.4, Tris buffer at pH 9.0, and Tris buffer at pH 7.4 with 10 mM EDTA; (b–d) SEM images of the lyophilized hydrogels. 
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Figure 3. The bulk mechanical properties of the hydrogels. (a) Tensile test experiments. The yellow rectangles indicate the hydrogel; (b) stress–strain curves for hydrogels under different conditions; (c) Young’s modulus of hydrogels in all three conditions; the numbers of hydrogels in all conditions are 3. (d–f) Representative stretching-relaxation curves at different strains for hydrogels. The curves are horizontally offset for clarity. *** indicates p < 0.05. 
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Figure 4. (a) Extension of crack per cycle as a function of the energy release rate; (b) schematic of the protein hydrogel network sample in pH 9.0 or with EDTA, having a topological defect induced by the unfolding of protein. 
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Figure 5. (a) Schematic illustrations of the synthesis and structures of hydrogels with different ratios in 4-arm-PEG-NB, DTT and SH-PEG-SH through the thiol-norbornene photoclick chemistry; (b) stress–strain curves of the hydrogels in different ratios; and (c) extension of crack per cycle as a function of the energy release rate. 
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