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DNA crystals are macroscopic crystalline structures made of nanoscale DNA motifs. These motifs may be tensegrity triangles with 6 protruding sticky ends in 3 directions, as illustrated in Fig. 1(a). The units can self-assemble into a 3D crystal larger than 100 microns via sticky-end-association. The structural and mechanical properties of such a 3D crystal depend on several parameters including motif design and edge length. Additionally, the crystal may also be reinforced by DNA ligation. This ligated macroscopic crystal may serve as an excellent platform to study structural mechanics of DNA assemblies.

Here we have investigated the mechanical properties of 3D ligated DNA crystals. We constructed macroscopic crystals via triangular motifs of 4 full turns in each direction (Fig. 1(a)) and then strengthened the structures using DNA ligase enzymes. In parallel, we performed molecular dynamics (MD) simulations based on the coarse grained model. Given the computational capacity and time, we built a model of a fully ligated DNA crystal made of 5×5×5 motifs (with a length of 4 full turns in each direction, like in experiment), as shown in Fig. 1(b). Tensile force was applied by immobilizing one surface (bottom) and pulling the other (top). As the top and bottom surfaces moved away from each other (with increased tensile forces), the crystal deformed. We extracted stress-strain curve shown in Fig. 1(c). We further analyzed structural properties such as Young's modulus, yield strength, and various deformation modes. Nanoindentation experiments were performed using AFM (Fig. 1(d)). From the experiment and simulation, we concluded that the DNA crystal has a structural Young's modulus of about 1 MPa, which is 2 orders of magnitude lower than dsDNA components. This may be attributed to (1) the porosity of the crystal and (2) initial relaxation of the structure. This work shed detailed insights into the mechanics of DNA crystals. The advanced understanding from this work could be critical for constructing biomolecular crystals with desired mechanical properties.
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Figure 1. (a) A 4-turn DNA motif composed of 7 strands. The center (cyan) connects all three directions (red, green, and blue) together. The other 3 strands (yellow, orange, and purple) hybridize with two adjacent directions, forming the tensegrity triangle. (b) A MD simulation model of a ligated DNA crystal made of 5×5×5 motifs. (c) Stress-strain plot from the MD simulations. The fraction of associated hydrogen bonds in the ds-region along the loading direction is also plotted. The structure is in a relaxed mode at the beginning of the external loading (i). Then, the crystal expands linearly with tensile forces, showing the elastic behavior (ii). Up to this point, the ds-region is almost intact. As the loading continues, dsDNA strands dissociate, and the structure shows a plastic deformation (iii). Ultimately, ssDNA stretch becomes the main deformation mechanism (iv). (d) Nanoindentation measurement on a DNA crystal using AFM. The separation is defined as the displacement from the lowest indented point.
