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Figure 1 (a) Stokes-Einstein violation ratio versus the ratio of the
nanoparticle-to-tube diameter [3]. (b) Illustration of a large probe
particle hop from one network cage to a neighboring cage with only one
network loop slipping around the particle [4]. (c) A schematic depiction
of a nanoparticle in a cross-linked polymer network [5]. (d) Schematic
illustration of the diffusion of nanorods in unentangled and entangled
polymer melts [6] (color online).
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Figure 2 (a) Schematic of a nanoparticle in a tetra-functional network, with strands and loops highlighted in red and yellow, respectively. Schematic
diagrams of elementary network cages with the cross-link connectivity: (b) /=4, (c) /=6, and (d) f=8. (e) At [,=23.6r, with L=28.3r,, representative
trajectory of nanoparticle diffusion dynamics in the polymer network (left) and the corresponding displacement probability distribution, 4nr2GS(r,t) and
G(r.t) (inset) (middle). <Ar2(t)> and o (inset) for different /, at L =28.3r. (right). (f) Diagram of nanoparticle dynamics interrelating to L. and /,. The
contour map: energy barrier for the nanoparticle hopping AU, derived from the network deformation energy (Eq. (7)), in the L .-/, plane. The pink and
yellow lines: theoretically upper and lower bounds of the hopping region, predicted by Eq. (7). Representative experimental results: polyacrylamide
(Ref. [7], orange star), Hyaluronan (Ref. [14], yellow star), fd-virus (Ref. [15], wine star), and Actin and Microtubules (Ref. [16], pink star). (g) 7. as a
function of ¢ for various Z,. (h) AUj, as a function of ¢ in the log-log scale. The solid lines in the panels are theoretical predictions [11] (color online).
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Figure 3 (a) Schematic representation of a particle in a network cell
with topological parameters: genus g, degree n, and functionality k.
(b) Schematic diagram of the scaling parameters of a network cell at
g=4, where arrows shown in yellow, green and red denote respectively
inradius r;,, midradius 74 and circumradius r,, of the cell from
different views. (c) Isosurfaces of the free energy change AF of a
particle in network cells with different topologies marked at the right
bottom, where the scaled diameter d/a,=1.4. The color bar on the top
right corner encodes the value of AF. (d) Dependence of AF(z) on the
position z for various d in the log-log scale, obtained from the
theoretical model of a network-particle system with g=6. The upper left
inset shows the axes of the system, where z axis is along the mean
energy path (MEP). The dashed lines represent the theoretical
boundaries separating different regimes. (e) Free energy barrier of the
particle between neighboring cells U, against d for various cell
topologies. MC results are also plotted for topologies of g=6 (blue), and
20 (yellow) [23] (color online).
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Figure 4 (a) Illustration of “shutter effect”. (b) Diffusion coefficient of the protein as a function of 2R, in the DNA and PAAm networks, where solid
scatters represent the results obtained from the DOSY experiment, hollow scatters are the simulation results, and solid lines give the theoretical
predictions. Constants C,=1.00, C,=1.01, and C; =1.58. Error bars represent the standard deviation. (¢) Schematic of the crossover of proteins through
“shutter gates”. (d) Representative trajectories of intracage (red circle) and intercage motions in the DNA networks. R, values of the proteins are 1.5 nm
(left), 3.0 nm (middle), and 4.5 nm (right). Time is color-coded at the right corner, and the length scales of each plot locate at the bottom-right corner
[29] (color online).
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Dynamical mechanism of anomalous diffusion in macromolecular
networks
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Abstract: Biomolecular networks composed of hydrated biomolecules are one of the most common structural bases of
various biological systems. A thorough understanding of the diffusion behavior of nanoparticles in macromolecular
networks is thereby of great significance to elucidate the physical origin behind many biological phenomena and to
design and manufacture new materials with improved properties. The movement of guest particles in macromolecular
networks may be hindered by the surrounding network chains. From a physical point of view, the main difference
between the various biological or synthetic polymer chains is their intrinsic physical properties, which can significantly
alter the free energy experienced by the nanoparticles and thus determine the diffusion dynamics of the nanoparticles.
Based on the intrinsic physical properties of network chain flexibility, network cell topology and dynamic bonding in the
networks, this paper summarizes the research progress of our group based on polymer condensed matter physics theory
in recent years, and explains the entropy effect behind these phenomena. Finally, the future perspective of particle
diffusion in macromolecular networks is discussed.
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