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Unconventionally fast transport through
sliding dynamics of rodlike particles in
macromolecular networks

Xuanyu Zhang1,2,5, Xiaobin Dai1,2,5, Md Ahsan Habib 3,5, Lijuan Gao1,2,
Wenlong Chen1,2, Wenjie Wei1,2, Zhongqiu Tang3, Xianyu Qi4, Xiangjun Gong4,
Lingxiang Jiang 3 & Li-Tang Yan 1,2

Transport of rodlike particles in confinement environments of macro-
molecular networks plays crucial roles inmany important biological processes
and technological applications. The relevant understanding has been limited
to thin rods with diametermuch smaller than networkmesh size, although the
opposite case, of which the dynamical behaviors and underlying physical
mechanisms remain unclear, is ubiquitous. Here, we solve this issue by com-
bining experiments, simulations and theory. We find a nonmonotonic
dependence of translational diffusion on rod length, characterized by length
commensuration-governed unconventionally fast dynamics which is in strik-
ing contrast to the monotonic dependence for thin rods. Our results clarify
that such a fast diffusion of thick rods with length of integral multiple of mesh
size follows sliding dynamics and demonstrate it to be anomalous yet Brow-
nian. Moreover, good agreement between theoretical analysis and simulations
corroborates that the sliding dynamics is an intermediate regime between
hopping and Brownian dynamics, and provides a mechanistic interpretation
based on the rod-length dependent entropic free energy barrier. The findings
yield a principle, that is, length commensuration, for optimal design of rodlike
particles with highly efficient transport in confined environments of macro-
molecular networks, andmight enrich the physics of the diffusion dynamics in
heterogeneous media.

The transport of guest particles in confinement environments of
macromolecular networks holds significant importance in various
fields, including biological science, materials science, and soft matter
physics1–8. It serves as a fundamental problem that underlies the
behavior of diverse systems. For instance, in biological systems, the
selective permeation of bacteria or antibiotics across mucus is influ-
enced by the transport dynamics occurring in confined spaces1–3.

Besides, it determines the organization of nanoparticles within
polymer-network-based nanocomposites, enabling the development
of advanced materials with characteristic properties4,5. Developing
efficient drug delivery systems that target tissues covered with extra-
cellular matrix also relies on understanding and manipulating guest
particle transport in such environments6–8. Thus, understanding the
dynamics of particle transport is essential for advancements in
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nanocomposite design, medical treatments, and drug delivery strate-
gies with improved efficiency and specificity. Physically, the dynamics
is governed by the corresponding effective free energy landscape
contributed by the interaction between particle and networks strands
as well as the elastic deformation of network strands5,9–13. For spherical
particles, the interplay of these two factors strongly depends on the
size ratio between the networkmesh and particles, resulting in various
diffusion regimes including Brownian, hopping and trapped
dynamics10–13. However, this simple picture breaks down for rodlike
particles because anisotropic shape gives rise to additional competing
length scales14–17. As a matter of fact, numerous particles in biological
systems, such as bacteria, viruses, nucleic acids, proteins, and poly-
peptides, hold rodlike geometry18. As various length scales associated
with the structure significantly increase the complexity of the
dynamics, the fundamental dynamics of such systems is far from
established.

In most studies on the transport of rodlike particles in macro-
molecular networks, rod diameters are much smaller than typical
length scales of network mesh19–24; the elastic energy due to strand
deformation thereby plays a minor role in the effective free energy
landscape. However, the opposite limit, with roddiameter comparable
with or even larger than the latter, is ubiquitous. For example, to
demonstrate this point, we perform a statistical analysis of the ratio of
diameter d of rodlike bacteria to averagedmesh size ax, d/ax, for many
experiments of typical bacteria in different types of mucus consisting
of biomacromolecular networks24–34. As demonstrated in Fig. S1 and
listed in Table S1, surprisingly, d/ax ranges from about 0.8 to almost
2.0. In this case, the entropic free energy barrier due to the con-
formational penalty of strands deformed by particles may overwhelm
the interactions, leading to new dynamical regimes35. Unfortunately,
little is known about the diffusionmechanisms regarding the transport
of such thick rodlike particles inmacro-molecular networks, leaving an
urgent and critical issue to be addressed.

Here, by combiningexperiment, simulation and theory,weprovide,
for thefirst time, the systematical exploration of the dynamics of rodlike
particles of diameters comparable to mesh size in a cross-linked mac-
romolecular network, in order to unravel the fundamental mechanisms
underlying the transport in the essential systems. The merits of the
results are listed as follows: (1) It reports the nonmonotonic dependence
of translational diffusionon rod length,where exceptional fast dynamics
occurs once rod length reaches around an integral multiple of network
mesh size, in stark contrast to the monotonic dependence reported
previously for thin rods20. (2) It not only reveals that the fast transport
follows sliding dynamics but also gives the analytical expressions of the
time-displacement distribution of sliding dynamics, clarifying its physi-
cal relationship with hopping and Brownian dynamics. (3) This work
provides new principles for the optimal design of particle transport in
various networks, biological or synthetic.

Results
Single-particle tracking of rods in synthetic networks
We begin by examining the diffusion behavior of rods with different
lengths in a synthetic macromolecular network, where the diameters of
rods d are comparable with the mesh size ax of the network. The
experimental network is polyethylene glycol diacrylate (PEGDA) net-
work, which possesses excellent biocompatibility36. The PEGDA network
is synthesized under ultraviolet (UV) irradiation (see “Methods” section
andSupplementary Information I formoredetails)37.axof this network is
estimated to be 21.0 ± 1.8 nm (Table S2)38,39. The experimental rods are
PEG-capped Au nanorods (Au-NRs), with lengths L ranging from
30.6 ± 3.4 nm to 61.4 ± 7.7 nm and diameters, including grafted-layer
thickness, of around 19.1 nm. Rod sizes are measured from TEM images
(Fig. S2), and the averaged values are listed in Table S3. The images of
trajectories are taken by using dark field techniques, as schemed in
Fig. 1a40–43. Particularly, in the confinement environment due to the

scales of such large diameter and length of the rods considered in the
current work, the waiting time for a rotating event possesses a period
much larger than the observation time, underscoring that the rotational
dynamics plays a trivial role in the transport of rods in the experiments
(see Supplementary Information V for more details). Thus, in the fol-
lowing discussion, we focus on the transitional dynamics of the rods.

To detect the particles in the image stack, the Crocker-Grier algo-
rithm is applied in the experiments44,45. Representative snapshots of rods
are illustrated in Fig. 1b, where the initial and spontaneous positions of
the rod centers are marked by the dashed cyan and magenta lines,
respectively. Through measuring the displacement between magenta
and cyandashed lines, it can be found that the rodwith L/ax= 2.63 ±0.31
manifests the discontinuous “hopping” motion punctuated by waiting
periods; that is, the rod remains almost stationary for ~ 300 s and then
hops to a new position. However, the rod with L/ax= 2.97 ±0.35 exhibits
the continuous diffusion, yielding an exceptional situation where dif-
ferent dynamic behaviors appear. Strikingly, such a change of the
dependence of diffusivity on rod length for the thick rod is distinct from
themonotonic situation for the thin rod, as reported inpreviousworks20.
This can be confirmed through examining the trajectories obtained by
Nearest Neighbor Search tracker45 (Fig. S3). Figure 1c presents the
representative trajectories for rodswithdifferent lengths corresponding
to the hop and continuous motions. Specifically, one can identify that
the trajectories of the rods with L/ax= 2.02 ±0.18 and L/ax=2.97 ±0.35
undergo remarkably faster diffusion than that with 2.51 ±0.27 where the
“hop” canbedefinitelyobserved, indicatingunconventional dynamicsof
the thick rods with lengths of integral multiple mesh size.

For amore quantitative analysis,wefirst examine themean square
displacement (MSD), hΔz2ðtÞi= h½zðt + t0Þ � zðt0Þ�2i, where z(t) is the
displacement of the center of mass along the direction of the rod
contour that is determined by the eigendecomposition algorithm46

(see section I of the Supplementary Information). The typicalMSDs for
a set of L/ax, at d/ax = 1.0 ± 0.1 are shown in Figs. 1d and S447. Indeed,
the diffusivity of rods significantly depends on the rod length for these
thick rods. It can be identified that, when the rod length L reaches
around an integral multiple of the network mesh size ax, i.e.,
L/ax = 2.02 ±0.18 and 2.97 ± 0.35, they exhibit a faster diffusion than
the rods with lengths noncommensurate with the mesh size, i.e.,
L/ax = 1.46 ±0.16, 2.51 ± 0.27 and 2.63 ±0.31. This indicates that the
unconventionally fast dynamics occurs upon that L reaches around an
integral multiple of ax, that is, a commensurate length. To further
examine this length-dependent fast diffusive behavior, we calculate
the D/D0, i.e., the ratio between the diffusion coefficients in the net-
work and neat solvent (Fig. 1e). Indeed, D/D0 reaches a maximum for a
rod with commensurate length, clarifying this unique dynamical
behavior. Furthermore, we calculate the displacement probability
distribution function (DPDF) Gs(z, t) corresponding to the diffusion
dynamics of noncommensurate (L/ax = 2.51 ± 0.27) and commensurate
(L/ax = 2.97 ± 0.35) rods, as shown in Figs. 1f and S5 and Figs. 1g and S6,
respectively. For the noncommensurate rod, Gs(z, t) lines exhibit reg-
ular peaks, indicating that the rod transport undergoes hopping-like
dynamics. In contrast, Gs(z, t) lines of the commensurate rod become
shallow and irregular peaks. Such an exceptional dependence of
the dynamics clarifies that the length commensuration is critical for
the dynamical behaviors of thick rods, yielding new principles for the
optimal design of rodlike particles with highly efficient transport in
macromolecular networks. For instance, as the networks and surface
chemistry of rods used in the experiments possess excellent bio-
compatibility, it can be anticipated that the findings provide useful
guidelines for designing the shape of drug delivery systems36,48.

Detailed microscopic dynamics revealed by molecular
simulations
To elucidate the physical origin of the unconventionally fast dynamics,
we turn to the detailed microscopic dynamics of thick rods in
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macromolecular networks. We simulate the transport of a rodlike
particle in a cross-linked network using dissipative particle dynamics
(DPD)49. Full technical details on the simulationmodel are described in
theMethods and Supplementary Information II and briefly introduced
here. The configuration of the network is taken to be a hexa-functional
network50, as illustrated in Fig. 2a. A general particle-buildingmodel51 is
adopted to build a set of rod particles fabricated by numbers of beads,
which move as rigid bodies52. To bring out the entropic nature of the
interplay between rods and network strands, the rod-strand interac-
tion is set to be the same as that between like beads, capturing the
physical nature of the interaction in this system where the free energy
change is predominately contributed by the entropy53. For all systems,
the average network mesh size is at around ax = 3.35rc, while various
values ofd and L are set to consider their roles in the roddynamics. rc is
the cutoff radius of the soft potentials and is used as the length unit of

the system. Particularly, d is set to be comparable to the mesh size,
ranging from 1.3ax to 1.9ax, and L ranges from 1.5ax to 4.4ax to avoid
the effect of rod rotation. The normalized sizes d/ax and L/ax are used,
representing the size matching between a rod and a network mesh.
Typical MSDs for a set of L/ax at d/ax = 1.4 are shown in Fig. 2b. At short
time scales, all rodsmoveballistically and hΔz2ðtÞi scales as t2. At longer
time scales, for rods with a length noncommensurate with L/ax = 1.5,
2.6 and 3.5, a plateau apparently emerges between the short- and long-
time diffusion regimes, indicating that the rod transport undergoes
slow hopping-like dynamics10. In striking contrast, at L/ax = 2.1, 3.1 and
4.1, they evolve directly from the ballistic regime to the Fickian regime
with hΔz2ðtÞi∼ t demonstrating that fast transport dynamics occurs
upon that L reaches around an integral multiple of ax. The diffusion
coefficients corresponding to theMSDs are illustrated in Fig. 2c, which
also demonstrates the nonmonotonic dependenceof the diffusivity on

Fig. 1 | Single-particle tracking of rods in synthetic networks. a Schematic
illustration of dark-field microscopy (DFM) technique to track the nanorod dif-
fusion. b Representative time series of snapshots of nanorods diffusing in PEGDA
network, where L/ax: (I) 2.51 ± 0.27 and (II) 2.97 ± 0.35. The edge length of each
snapshot is 0.5 μm. The cyan dashed lines mark the spontaneous position of the
center of the nanorod, while the magenta dashed line denotes the initial position
of the rod center (t = 0 s). c Typical trajectories of rods with different L/ax:

2.02 ± 0.18, 2.51 ± 0.27 and 2.97 ± 0.35 from top to the bottom, corresponding
respectively to the fast, hopping and fast dynamics. The color and scale bars on
the left top indicate the values of the temporal and spatial scales of the trajec-
tories. d 〈Δz2(t)〉 for different L/ax in experiments. eD/D0 as a function of L/ax. The
error bars represent the standard deviation. ExperimentalGs(z, t) of rods with f. L/
ax = 2.51 ± 0.27 and g. L/ax = 2.97 ± 0.35, where solid lines represent smoothed
results of circles.
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L. This yields optimal values for the fast diffusion of such thick rods in
macromolecular networks.

In order to provide a detailed insight into the fast transport
mentioned above, we compare dynamical behaviors in the regimes of
hopping and fast dynamics through calculating different parameters,
i.e., typical trajectories in the direction of z-axis (Fig. 2d) and the cor-
respondingGs(z, t) (Fig. 2e, f). The trajectoryof the rod in the regime of
hopping dynamics shows that the rod undergoes constrained motion
punctuated by significant large-scale full hops (the red line in Fig. 2d).
This can be confirmed from the Gs(z, t) lines where regular peaks
emerge and the distance between adjacent peaks is around 1.0ax,
indicating that the rod hops from a network cell to its neighboring one
(Fig. 2e). By contrast, in the regime of fast dynamics, the rod that
experiences the fast transport dynamics does not exhibit hopping-
type events as sharp as those observed for the noncommensurate
rods. Instead, only random and local waiting intervals of small scales
appear in the trajectory (the green line in Fig. 2d), resulting in shallow
and irregular peaks in lines ofGs(z, t) (Fig. 2f). By comparing Fig. 2e, f to

Fig. 1f, g respectively, a good agreement between simulation and
experimental results is identified, corroborating the hopping and fast
dynamics for the noncommensurate and commensurate rods. Clearly,
the Gs(z, t) for the commensurate rod is non-Gaussian, but is different
from those of hopping dynamics with regular peaks or Brownian
dynamics with Gaussian distribution (Fig. S7). For the purpose of
evaluating the non-Gaussianity, we further calculate the correspond-
ing non-Gaussian parameter α1(t) = (1/3)〈Δz4(t)〉/〈Δz2(t)〉2 − 1 in the
direction of z-axis as displayed in Fig. 2g. Indeed, the dynamics in the
fast regime presents the weak non-Gaussianity intermediating
between the strong dynamical heterogeneity of hopping diffusion and
the Gaussian behavior of Brownian dynamics.

To evaluate the generality of such dynamic dependence on the
length scales of rod and network, we systematically explore the dif-
fusion behaviors of thick rods as a function of L/ax and d/ax, allowing
us to construct a diagram of diffusion dynamics in the two-parameter
space, as depicted in Fig. 2h. It can be found that for each size ratio
interval L/ax∈[n, n + 1] with n =0, 1, 2,…, the diffusion of rod possesses

Fig. 2 | Detailed microscopic dynamics revealed by molecular simulations.
a Schematic of a rodlike particle of diameter d and length L in a macromolecular
network with mesh size ax. b 〈Δz2(t)〉 for different L/ax at d/ax = 1.4. c D for different
L/ax at d/ax = 1.4. d Typical trajectories of the center of mass of the corresponding
rods with L/ax = 2.6 (red) and L/ax = 3.1 (green) at d/ax = 1.4 along z-axis, where thin
lines represent unsmoothed original displacement while thick lines represent
smoothed displacement determined by a wavelet-based method71. Simulated Gs(z,
t) of rods with (e) L/ax = 2.6 and (f) L/ax = 3.1 at d/ax = 1.4 along z-axis, showing

hopping-type diffusion and fast diffusion respectively. g α1 for Brownian dynamics
(cyan), fast dynamics (blue) and hopping dynamics (red). h Diagram of rod
dynamics interrelating to L/ax and d/ax. Circles: simulation results of (red) hopping,
(cyan) fast, and (purple) trapped diffusion beheviors. The contourmap: theoretical
results of Ubwith various d/ax and L/ax. The green lines: boundary (whereUb = kBT)
between the fast and hopping regimes, determined by a theoretical model. The
color bar at the upper right corner indicates the value of Ub. i 〈Δz 2(t)〉 and D for
different L/ax at d/ax =0.18.
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similar dynamic types. That is, three characteristic regimes can be
discriminated as denoted by the colored circles in Fig. 2h: when L is
noncommensurate with ax, the rod diffusion is featured by hopping
between neighboring network cells for small d/ax while it turns to the
trapped dynamics10 characterized by slight fluctuation around its
equilibrium position upon about d/ax > 1.6; interestingly, between two
neighboring hopping regimes there indeed exists the regime of faster
longitudinal dynamics, where L reaches around an integral multiple of
ax, corresponding to Fig. 2b. The result in the diagram clearly corro-
borates the nonmonotonic dependence of the diffusivity on L for thick
rods as well as the regime of the unconventionally fast dynamics. The
more random fluctuation in the displacement of the faster dynamics
implies that the rod undergoes a lower free energy barrier, and the
thermal noise as well as the strong effect of the local environmentmay
thereby play a nontrivial role.

Entropic effect examined through evaluating diverse factors
In order to explore the physical mechanism underlying the non-
monotonic dependence of the diffusivity of such thick rods, we con-
duct comprehensive investigations into the influence of diverse
factors attributed to the large diameters of rods. To this end, first, the
diameter is reduced and thereby representative thin rods, with d/
ax =0.18, are considered. Figure 2i illustrates the dependence of MSDs
anddiffusion coefficients on the lengthof the thin rods.The simulation
results demonstrate that increasing the rod length monotonically
reduces the diffusion coefficient, which is consistent with some pre-
vious studies20 but in sharp contrast to the nonmonotonically
decreased diffusivity with respect to the increase of rod length for
thick rods (Fig. 2c). This implies that the entropic contribution,

originated from the conformational penalty of loops, which consist of
a group of end-to-end connected polymer strands9, deformed by the
thick rods with large diameter, plays a key role in the free energy
barrier. Basically, the number of loops around a thick rod is deter-
mined by the rod length, leading to the rod-length-dependent free
energy barrier for thick rods.

Next, to further examine the aforementioned entropic nature of
the length-dependent, nonmonotonic diffusion dynamics of thick
rods, we evaluate the influence of the enthalpy contributions through
performing simulations by fixing d/ax and varying the particle-strand
interaction parameter, arp, whichmeasures the relative strength of the
interaction between rod and network strand (see Supplementary
Information II for more details). A larger arp corresponds to a stronger
repulsion between these both species, while between like species it is
chosen to be 2549. As shown in Figs. 3a, c and S8, the faster longitudinal
dynamics continues once the rod length reaches around an integral
multiple of ax for both attractive (arp = 20) and repulsive (arp = 30)
particle-strand interactions, resembling the above results for the sys-
tems governed by almost purely entropic effects. It underscores that
the entropic contribution still dominates the behaviors over a wide
range of the energetic interactions.

Last, we quantify the distribution of mesh sizes for some typical
biological networks and thereby examine the entropic effect regarding
the fast dynamicsof thick rods in them, in viewof the fact that there is a
distribution of mesh sizes in a real network which causes the poly-
dispersity of molecular structures of the networks. Specifically, the
distribution of mesh sizes is quantified through calculating the coef-
ficient of variation of mesh sizes, defined as CV = σax/ax, where σax is
the standarddeviation ofmesh sizes. TheCVof some typical biological

Fig. 3 | Entropic effect examined through evaluating diverse factors. a 〈Δz2(t)〉
for different L/ax at d/ax = 1.4 when arp = 20. b 〈Δz2(t)〉 for different L/ax at d/ax = 1.4
andCV=0.3. cD for different L/ax atd/ax = 1.4whenarp = 20 (red) and 30 (blue).dD

for different L/ax at d/ax = 1.4, CV=0.3 (red); d/ax = 1.4, CV =0.7 (green); and d/
ax = 1.5, CV =0.8 (blue).
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mucus approximately ranges from0.1 to 0.823,54–56, as listed inTable S4.
Thus, we perform simulations to study the thick rod diffusion in the
macromolecular network with the similar distribution of mesh sizes.
Based on the analysis of CV in mucus, we set CV =0.3, 0.7 and 0.8 by
varying the distribution of strand lengths in our simulations. As shown
in Fig. 3b, d and S9, for d/ax = 1.4, the fast dynamics indeed occurs
when the commensurate rods at CV =0.3 and 0.7. Even at CV = 0.8, the
fast dynamics emerges for the thicker rods with d/ax = 1.5, indicating
that the thicker the rod, the wider pore size distribution permitted.
Nevertheless, the simulation results of the macromolecular networks,
whose polydispersity approximates to those of typical biological net-
works, can basically fall to the physical principles revealed based on
the regular network, underscoring that the neat model can be applied
to mimic the dynamical behaviors in mucus, especially for the thick
rods concerned in our work. Moreover, this indicates again that the
entropic effect induced by the thick rods accounts for the unconven-
tionaldynamicbehaviors, as the influenceof themeshpolydispersity is
significantly impaired upon the remarkable structural deformation.

Physical origin established by theoretical analysis
To further confirm the entropic nature and thereby pinpoint the
physical origin behind the unconventionally fast transport of a rod in a
macromolecule network, we develop a theoretical model to analyze
the free energy landscape and dynamical regimes depending on the
length scales of rod and network. More details regarding this theore-
tical model can be found in Supplementary Information III. Consider-
ing a canonical ensemble of a rod in a macromolecule network, it is
specified by (1) the set of crosslinks k = frigMi= 1, with M cross-links
between the efficiently bridged Gaussian chains; (2) the collection of
linker connections marked as the tuple (i, j); (3) the continuous curve
path of linked strands Rij(s) with contour variable s ∈ [0,1]. For a
Gaussian chain of N bonds of Kuhn length b, the network mesh size10,
ax= bN1/2= 1 is the unit length of the system. Through coupling the
particle effect into the renowned theory of network elasticity57,58, the
partition function of the rod-network system takes the form:

Z ðrrod, lrodÞ=
Y
k

Z
drk

Y
ði,jÞ

Z
DRijδðri � Rijð0ÞÞδðrj � Rijð1ÞÞ

exp �
X
ði,jÞ

Z 1

0

3

2Nb2 jjuijjj2 +UmrðRij , rrod, lrodÞ
" # ð1Þ

where uij =dRij=ds is the tangent direction of a network strand, rrod
and lrod give the position and direction of the rod, δ is the delta
function, β = 1 / kBT, is the Boltzmann constant, and T is temperature.

Umr represents the hard-core monomer-rod interaction, which takes
the form,

Umrðrij , rrod, lrodÞ=
1 jjr0ij � lrodjj< L=2,jjr0ij � r0ij � lrodjj< L=2
0 else

�
ð2Þ

where r0ij = rij � rrod. The free energy of the rod-network systemhas the
form,

Fðrrod,lrodÞ= � kBT lnZ ðrrod, lrodÞ ð3Þ

Toquantitatively examine the free energy experienced by the rod,
the free energy change is defined as ΔFð~zÞ= Fð~zÞ � Fminð~zÞ, where ~z is
the position of rod center as denoted by the coordinate in Fig. 4b, and
Fminð~zÞ represents the minimum free energy along z-axis.

We calculate some typical profiles of ΔF as a function of ~z=ax for
various d/ax at L/ax= 1.5 and 2.0, corresponding respectively to the
noncommensurate and commensurate rods (Fig. 4a). As illustrated by
the schematic in Fig. 4b, ΔF reaches the maximum at the network cell
center with ~z =0, and the minimum at the network cell edge with
~z =0:5ax . Then, the height of the free energy barrier for the transition of
the rod is Ub =ΔF

maxð~zÞ � ΔFminð~zÞ, where ΔFmaxð~zÞ is the maximum of
ΔFð~zÞ. In view of the Kramers’ escape theory59, the noncommensurate
rod facing a barrier of Ub> kBT (Fig. 4a) should possess hopping
dynamics, consistent with simulation results in Fig. 2e. However, it is
emphasized that the commensurate rod cannot give rise to hopping
dynamics but a fast dynamics due to much lower barrier of 0 <Ub< kBT,
asmarked by the shaded region in Fig. 4a. To further assess how the free
energy barrier Ub relates to the dynamical regimes of hopping and fast
dynamics, we systematically calculateUb for the same ranges of d/ax and
L/ax with those in Fig. 2h, allowing us to construct Ub landscape plotted
by the colored contour map in the d/ax-L/ax plane. As indicated by the
color map in Fig. 2h, the landscape clarifies a strong dependence of
dynamical regimes on Ub: hopping and trapped regimes take place
within the range of Ub> kBT, for noncommensurate rods; between two
neighboring hopping regimes, there is a valley of 0 <Ub< kBT for com-
mensurate rods, corresponding to the fast dynamics. Moreover, the
definite boundary of Ub= kBT is plotted, distinguishing the detailed
ranges of fast dynamics around an integral multiple of L/ax. This
demonstrates that the fast dynamics is attributable to the anomalous
“faster-than-expected” behavior of the sliding dynamics while the length
of a thick rod reaches around an integral multiple of the network mesh
size, and the emergence of sliding dynamics can be ascribed to such low
free energy barrier, with which thermal noisemay remarkably thrust the
dynamical process. Moreover, the diffusion coefficients obtained in the

Fig. 4 | Physical origin established by theoretical analysis. a ΔF as a function of ez
for various d/ax, where L/ax = 1.5 (left) and 2.0 (right). The color bar indicates the
value of d/ax. Typical positions of rod center for various L/ax are schematically

illustrated inb. A. ~z=ax =0, L/ax = 1.5; B. ~z=ax = 0, L/ax = 2.0; C. ~z=ax = 0.5, L/ax = 2.0.
cTheoretical results ofGs(~z, t) for (red) hopping, (blue) sliding and (cyan) Brownian
dynamics.
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diffusive regime show nonmonotonic dependence on the rod length
(Figs. 1c and 2d), indicating the changes of the free energy landscape.

The fairly smooth landscape reveals that the fast dynamics really
follows the sliding dynamics characterized by the energy barrier of
order of kBT and emerging predominantly in the diffusion of proteins
along DNA60,61. Our simulations demonstrate that in such unique
dynamics,MSD is simply proportional to time (Fickian), yet theDPDF is
not Gaussian as shouldbe expected of a classical randomwalk, bearing
great resemblance to the “anomalous yet Brownian” diffusion as found
in some crowded fluids containing colloidal particles,macromolecules
and filaments62,63.

Based on the calculations of the free energy landscape, we extend
the theoretical analysis to microscopic dynamics to provide a refined
pictureof these dynamical regimes (see Supplementary Information IV
for more details). Fundamentally, its microscopic dynamics can be
described by the generalized Fokker-Planck equation64,

DαGsð~z, tÞ=
ΔF ’ð~zÞ

γ
∂
∂~z

+ κ
∂2

∂~z2

" #
Gsð~z, tÞ ð4Þ

where α is the anomalous coefficient. γ = 2πηL/ln(L/d) denotes the
longitudinal friction coefficient of the rod, where η is the viscosity, and
γκ = kBT. The distribution of the total number of network cells tra-
versed can be obtained in Fourier-Laplace space from the Montroll-
Weiss equation65,

Sðk, sÞ= 1� ~ψðsÞ
s 1� ϕ̂ðkÞ~ψðsÞ
h i ð5Þ

where S(k,s) is the Fourier-Laplace transform of Gsð~z,tÞ, ϕ̂ðkÞ and ~ψðsÞ
are the respective Fourier and Laplace transforms of ϕðzÞ and ψðtÞ,
denoting the waiting time and jump length distribution, respectively.
The detailed forms of Gsð~z,tÞ in the dynamical regimes are different,
depending on Ub. Our following discussions are thereby based on the
aforementioned regimes of Ub.

For high barriers of Ub > kBT, we choose
ψðtÞ= ð1=τhopÞ expð�t=τhopÞ, and ϕð~zÞ=CPðnÞδðj~zj � naxÞ derived by
Mel’nikov66,67, where τhop is the characteristic hopping time,
PðyÞ= expð�4βU0y

2=a2
xÞ gives the Boltzmann distribution of the par-

ticle at stationary state, n is an integral number, and C is the normal-
ization constant such that

P1
n=0CPðnÞ= 1. Thus, one can deduce that

for large time scales, it takes the form,

Gsð~z, tÞ= τhop=4πa
2
xt

� �1=2
exp �τhop~z

2
=4ta2

x

� �
ϕ ~zð Þ ð6Þ

where the exponential tails prevail. As the red curve in Fig. 4c, the plot
of Gsð~z,tÞ exhibits an identical shape as expected to the hopping
dynamics shown in Figs. 1f and 2e.

For low barriers of 0 <Ub < kBT, a master equation is applied to
respect the nonlocal nature of irregular peaks in Gsð~z,tÞ, which takes
the form,

Gsð~z, tÞ=Gsð~z,0Þ+
Z t

0

X
~z0

ωð~z � ~z0ÞGsð~z0, t0Þdt ð7Þ

where the kernelω has the standard Poisson randommeasure68. Then,
the DPDF gives,

Gsð~z, tÞ=4 expð�2j~zj=axÞ expð�2t=τhopÞZ 1

0
dx expð�4x=axÞI0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8tðj~zj+ xÞ
axτhop

s !
I0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8tx

axτhop

s !
ð8Þ

where I0 is the modified Bessel function of the first kind. Here we plot
the blue curve of Gsð~z,tÞ in the inset of Fig. 4c, demonstrating the
random distribution of peaks resembling the sliding dynamics shown
in Figs. 1g and 2f.

For no barrier of Ub=0, the solution of Eq. 2 takes the Gaussian
form

Gsð~z, tÞ= τ0=4πa
2
xt

� �1=2
exp �τ0~z

2
=4ta2

x

� �
ð9Þ

where τ0 is the characteristic waiting time in solvents. As shown by the
cyan curve in Fig. 4c the theoretical result is consistent with the
simulated curve at the late stage (Fig. S7), reflecting the Gaussian dis-
tribution of Brownian dynamics.

Discussion
Through conducting the experiments of single-particle tracking,
performing molecular simulations and developing new theories, the
transport dynamics of thick rods in macromolecular networks have
been comprehensively investigated. We found that by tuning the rod
length with respect to the averaged mesh size relatively fast long-
itudinal dynamics occurs once the rod length reaches around an
integral multiple of the mesh size. We identified that the unconven-
tionally fast transport follows sliding dynamics, which is demon-
strated to be anomalous yet Brownian. We further gave the analytical
expression of time-displacement distribution of sliding dynamics
and clarified its physical relationship with hopping and Brownian
dynamics. Our results revealed that the transition of these dynamical
regimes is fundamentally attributed to the rod-length dependent
free energy barrier originated predominantly from the entropic
contribution due to the conformational penalty of strands deformed
by thick rods, in contrast to the rigorous periodic potential. The
findings might be of immediate interest to the optimal design of
particle transport in various networks, biological or synthetic. As
similar landscape of free energy is experienced by both passive and
active rods in the confined environment of macromolecular net-
works, we speculate that the dependence of transport dynamics on
size commensuration could be extended to the active case, sug-
gesting the fundamental cornerstone for the further understanding
of these nonequilibrium phenomena as well as the dissipative self-
assembly of diverse building blocks35,69.

Methods
Single-particle tracking of rods in synthetic networks
Full details are described in the Supplementary Information I and
briefly introduced here. The PEGDA network was prepared under UV
irradiation37,70. 4% wt/vol solution of PEGDA (20 kDa, JenKem Tech-
nology USA) was prepared in distilled water and 0.02 g/ml lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photo initiator was
added. The solution was cast on a 40nm × 20 nm × 2nm silicone slide
with holes and cured under theUV light (wavelength 365 nm, 30W) for
10min. After the curing process, the PEGDA network was immersed
under the distilled water for 48 h to remove the unreacted PEGDA
monomers and allow the network to swell sufficiently. To obtain the
diameter and length of Au-NRs, around 2.5μL Au-NR sample was first
diluted by dissolving in around 0.2mL ethanol, sonicated for at least
20min, and then dropped 3–6μL solution on the transmission elec-
tron microscopy (TEM) copper grid. After evaporating any solvent on
copper grids, we can obtain Au-NR images by TEM with 120 kV accel-
eration voltage. Au-NR sizes were measured from the TEM images by
Fiji (ImageJ) software40.

To determine the trajectories of Au-NR in PEGDA network, we
filled the network with 30μL Au-NR solution, which was kept for
10–15min on an optical microscope stage (Olympus BX51) at room
temperature before observing the Au-NR diffusion into the PEGDA
network. For analyzing the trajectories of Au-NR in both water and
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network, the images were taken by using dark field techniques40, as
schemed in Fig. 1a. For thewatermedium400 imageswere recorded at
a frequency of 20Hz for 20 s time. For rods in the network, images
were taken at a frequency of 10 Hz11. To detect the participles in the
image stack, Crocker-Grier algorithm was used44,45, and particles tra-
jectories were then obtained by Nearest Neighbor Search tracker45, as
shown in Fig. S3. The tracking data was then exported in a CSV file
format, and time-averaged MSDs, ensemble-averaged MSDs and dif-
fusion coefficients were calculated, as shown in Figs. S4 and 1b, c,
respectively.

Coarse-grained molecular simulations
We simulate the transport of a rodlike particle in a cross-linked
network using DPD simulations49. Full technical details on the simu-
lation model are described in the Supplementary Information II and
briefly introduced here. In the simulations, a bead represents a
cluster of molecules, and a set of interacting beads are considered.
The time evolution is governed by Newton’s equations of motion.
The force contains three parts: the conservative force, the dissipative
force and the random force. In the conservative force, aij represents a
maximum repulsion between bead i and bead j. Particularly, the
interaction between like species aii is set as 2549. Since all of these
forces conserve momentum locally, hydrodynamic behavior emer-
ges. The equations of motion are integrated in time with a modified
velocity-Verlet algorithm. The factor kBT is taken as the characteristic
energy scale. In our simulations, kBT = 1. The characteristic time scale
is then defined as τ = (mrc2/kBT)1/2 = 1. The remaining simulation
parameter are γ = 4.5 and Δt = 0.02τ with a total bead number
density of ρ = 3r�3

c . To demonstrate the dynamics of a rod-like par-
ticle in the network, we choose a cubic box with dimensions of
42.76rc × 42.76rc × 42.76rc.

Data availability
The data supporting the findings of this work are available within the
paper and the Supplementary Information files. Source data are pro-
vided with this paper.

Code availability
The code developed for this paper is made available at https://doi.org/
10.5281/zenodo.10374051.

References
1. Button, B. et al. Periciliary brushpromotes lunghealthby separating

themucus layer fromairway epithelia.Science337, 937–941 (2012).
2. Orell, A., Fröls, S. & Albers, S. V. Archaeal Biofilms: the great

unexplored. Annu. Rev. Microbiol. 67, 337–356 (2013).
3. Lieleg, O. & Ribbeck, K. Biological hydrogels as selective diffusion

barriers. Trends Cell Biol. 21, 543–551 (2011).
4. Gardel, M. L. et al. Elastic behavior of cross-linked and bundled

actin networks. Science 304, 1301–1305 (2004).
5. Bailey, E. J. & Winey, K. I. Dynamics of polymer segments, polymer

chains, and nanoparticles in polymer nanocomposite melts: a
review. Prog. Polym. Sci. 105, 101242 (2020).

6. Theocharis, A. D., Skandalis, S. S., Gialeli, C. & Karamanos, N. K.
Extracellular matrix structure. Adv. Drug Deliv. Rev. 97, 4–27 (2016).

7. Thorne, R. G., Lakkaraju, A., Rodriguez-Boulan, E. & Nicholson, C. In
vivo diffusion of lactoferrin in brain extracellular space is regulated
by interactions with heparan sulfate. Proc. Natl Acad. Sci. USA 105,
8416–8421 (2008).

8. Fröhlich, E. & Roblegg, E. Mucus as physiological barrier to intra-
cellular delivery. Adv. Drug Deliv. Rev. 61, 158–171 (2009).

9. Cai, L.-H., Panyukov, S. & Rubinstein, M. Hopping diffusion of
nanoparticles in polymer matrices. Macromolecules 48,
847–862 (2015).

10. Xu, Z. et al. Enhanced heterogeneous diffusion of nanoparticles in
semiflexible networks. ACS Nano 15, 4608–4616 (2021).

11. Wong, I. Y. et al. Anomalous diffusion probes microstructure
dynamics of entangled F-actin networks. Phys. Rev. Lett. 92,
178101 (2004).

12. Dell, Z. E. & Schweizer, K. S. Theory of localization and activated
hopping of nanoparticles in cross-linked networks and entangled
polymer melts. Macromolecules 47, 405–414 (2014).

13. Dai, X., Zhang, X., Gao, L., Xu, Z. & Yan, L.-T. Topology mediates
transport of nanoparticles in macromolecular networks. Nat.
Commun. 13, 4094 (2022).

14. Chiappini, M., Grelet, E. & Dijkstra, M. Speeding up dynamics by
tuning the noncommensurate size of rodlike particles in a smectic
phase. Phys. Rev. Lett. 124, 087801 (2020).

15. Han, Y. et al. Brownian motion of an ellipsoid. Science 314,
626–630 (2006).

16. Bhattacharjee, T. & Datta, S. S. Bacterial hopping and trapping in
porous media. Nat. Commun. 10, 2075 (2019).

17. Alvarez, L., Lettinga, M. P. & Grelet, E. Fast Diffusion of long guest
rods in a lamellar phase of short host particles. Phys. Rev. Lett. 118,
178002 (2017).

18. 25w?>Tirado, M. M., Martínez, C. L. & de la Torre, J. G. Compar-
ison of theories for the translational and rotational diffusion
coefficients of rod-like macromolecules. J. Chem. Phys. 81,
2047–2052 (1984).

19. Choi, J. et al. Fast nanorod diffusion through entangled polymer
melts. ACS Macro Lett. 4, 952–956 (2015).

20. Wang, J. et al. Diffusion of thin nanorods in polymer melts. Macro-
molecules 54, 7051–7060 (2021).

21. Brochard Wyart, F. & de Gennes, P. G. Viscosity at small scales in
polymer melts. Eur. Phys. J. E 1, 93–97 (2000).

22. Karatrantos, A., Composto, R. J., Winey, K. I. & Clarke, N. Nanorod
diffusion in polymer nanocomposites by molecular dynamics
simulations. Macromolecules 52, 2513–2521 (2019).

23. Yu, M. et al. Rotation-facilitated rapid transport of nanorods in
mucosal tissues. Nano Lett. 16, 7176 (2016).

24. Durack, J. et al. Features of the bronchial bacterial microbiome
associated with atopy, asthma, and responsiveness to inhaled
corticosteroid treatment. J. Allergy Clin. Immunol. 140,
63–75 (2017).

25. Vijay, S. et al. Ultrastructural analysis of cell envelope and accu-
mulation of lipid inclusions in clinical mycobacterium tuberculosis
isolates from sputum, oxidative stress, and iron deficiency. Front.
Microbiol. 8, 2681 (2018).

26. Duncan, G. A. et al. Microstructural alterations of sputum in cystic
fibrosis lung disease. JCI Insight 1, e88198 (2016).

27. Yamada, K. et al. Azithromycin inhibits MUC5AC induction via
multidrug-resistant acinetobacter baumannii in human airway epi-
thelial cells. Pulm. Pharmacol. Ther. 28, 165–170 (2014).

28. Fahy, J. V. &Dickey, B. F. Airwaymucus function anddysfunction.N.
Engl. J. Med. 363, 2233–2247 (2010).

29. Matsui, H. et al. Reduced three-dimensional motility in dehy-
drated airway mucus prevents neutrophil capture and killing
bacteria on airway epithelial surfaces. J. Immunol. 175,
1090–1099 (2005).

30. Smith, M., Poling-Skutvik, R., Slim, A. H., Willson, R. C. & Conrad, J.
C. Dynamics of flexible viruses in polymer solutions. Macro-
molecules 54, 4557–4563 (2021).

31. Yildiz, H. M., Carlson, T. L., Goldstein, A. M. & Carrier, R. L. Mucus
barriers tomicroparticles andmicrobes are altered in hirschsprung.
Macromol. Biosci. 15, 712–718 (2015).

32. Nhu, N. T. Q., Lee, J. S., Wang, H. J. & Dufour, Y. S. Alkaline pH
increases swimming speed and facilitates mucus penetration for
vibrio cholerae. J. Bacteriol. 203, e00607 (2021).

Article https://doi.org/10.1038/s41467-024-44765-7

Nature Communications |          (2024) 15:525 8

https://doi.org/10.5281/zenodo.10374051
https://doi.org/10.5281/zenodo.10374051


33. Pelaseyed, T. et al. The mucus and mucins of the goblet cells and
enterocytes provide the first defense line of the gastrointestinal
tract and interact with the immune system. Immunol. Rev. 260,
8–20 (2014).

34. Constantino, M. A., Jabbarzadeh, M., Fu, H. C. & Bansil, R. Helical
and rod-shaped bacteria swim in helical trajectories with little
additional propulsion from helical shape. Sci. Adv. 2,
e1601661 (2016).

35. Zhang, X. et al. The entropy-controlled strategy in self-assembling
systems. Chem. Soc. Rev. 52, 6806–6837 (2023).

36. Harris, J. M. & Chess, R. B. Effect of pegylation on pharmaceuticals.
Nat. Rev. Drug Discov. 2, 214–221 (2003).

37. Hagel, V., Haraszti, T. & Boehm, H. Diffusion and interaction in PEG-
DA hydrogels. Biointerphases 8, 36 (2013).

38. Molaei, M., Atefi, E. & Crocker, J. C. Nanoscale rheology and ani-
sotropicdiffusionUsing singlegoldnanorodprobes.Phys. Rev. Lett.
120, 118002 (2018).

39. Canal, T. & Peppas, N. A. Correlation between mesh size and
equilibrium degree of swelling of polymeric networks. J. Biomed.
Mater. Res. 23, 1183–1193 (1989).

40. Schindelin, J. et al. An open-source platform for biological-image
analysis. Nat. Methods 9, 676–682 (2012).

41. Tsang,B., Dell, Z. E., Jiang, L., Schweizer, K. S. &Granick, S. Dynamic
Cross-correlations between entangled biofilaments as they diffuse.
Proc. Natl Acad. Sci. USA 114, 3322–3327 (2017).

42. Zhang, Z., Zhang, Z., Chen, H., Hu, M. & Wang, D. Single-molecule
tracking of reagent diffusion during chemical reactions. J. Am.
Chem. Soc. 145, 10512–10521 (2023).

43. Wang, D., Wu, H. & Schwartz, D. K. Three-dimensional tracking
of interfacial hopping diffusion. Phys. Rev. Lett. 119, 268001
(2017).

44. Crocker, J. C. & Grier, D. G. Methods of digital video micro-
scopy for colloidal studies. J. Colloid Interface Sci. 179,
298–310 (1996).

45. Allan, D. B., Caswell, T., Keim, N. C., van derWel, C. M. & Verweij, R.
W. Soft-matter/trackpy: trackpy v0.5.0. Zenodo (2021).

46. Pumir, A. & Wilkinson, M. Orientation statistics of small particles in
turbulence. N. J. Phys. 13, 093030 (2011).

47. Rose, K. A. et al. Particle tracking of nanoparticles in soft matter.
Appl. Phys. 127, 191101 (2020).

48. Sorichetti, V., Hugouvieux, V. & Kob, W. Dynamics of nanoparticles
in polydisperse polymer networks: from free diffusion to hopping.
Macromolecules 54, 8575–8589 (2021).

49. Groot, R. D. & Warren, P. B. Dissipative particle dynamics: bridging
the gap between atomistic and mesoscopic simulation. J. Chem.
Phys. 107, 4423 (1997).

50. Yong, X., Kuksenok, O., Matyjaszewski, K. & Balazs, A. C. Harnessing
interfacially-active nanorods to regenerate severed polymer gels.
Nano Lett. 13, 6269 (2013).

51. Persson, P. O. & Strang, G. A simple mesh generator in MATLAB.
SIAM Rev. 46, 329–345 (2004).

52. Miller Iii, T. F. et al. Symplectic quaternion scheme for biophysical
molecular dynamics. J. Chem. Phys. 116, 8649–8659 (2002).

53. Rubinstein, M. & Colby, R. H. Polymer Physics (Oxford University
Press, 2003).

54. Fischer, T., Hayn, A. & Mierke, C. T. Frequency of extreme pre-
cipitation increases extensively with event rareness under global
warming. Sci. Rep. 9, 1 (2019).

55. Lai, S. K., Wang, Y.-Y., Hida, K., Cone, R. & Hanes, J. Nano-
particles reveal that Human cervicovaginal mucus is riddled
with pores larger than viruses. Proc. Natl Acad. Sci. USA 107,
598–603 (2010).

56. Figureueroa-Morales, N., Dominguez-Rubio, L., Ott, T. L. & Aranson,
I. S. Mechanical shear controls bacterial penetration in mucus. Sci.
Rep. 9, 9713 (2019).

57. Deam, R. & Edwards, S. F. The theory of rubber elasticity. Philos.
Trans. R. Soc. A 280, 317–353 (1976).

58. Schmid, F. Self-consistent field approach for cross-linked copoly-
mer materials. Phys. Rev. Lett. 111, 028303 (2013).

59. Hänggi, P., Talkner, P. & Borkovec, M. Reaction-rate theory: fifty
years after Kramers. Rev. Mod. Phys. 62, 251 (1990).

60. Loverdo, C. et al. Quantifying hopping and jumping in facilitated
diffusion of DNA-binding proteins. Phys. Rev. Lett. 102,
188101 (2009).

61. Gorman, J. & Greene, E. C. Visualizing one-dimensional diffu-
sion of proteins along DNA. Nat. Struct. Mol. Biol. 15,
768–774 (2008).

62. Wang, B., Anthony, S. M., Bae, S. C. & Granick, S. Anomalous yet
Brownian. Proc. Natl Acad. Sci. USA 106, 15160 (2009).

63. Wang, B., Kuo, J., Bae, S. C. &Granick, S.WhenBrownian diffusion is
not Gaussian. Nat. Mater. 11, 481 (2012).

64. Metzler, R., Barkai, E. & Klafter, J. Anomalous diffusion and relaxa-
tion close to thermal equilibrium: A fractional Fokker-Planck equa-
tion approach. Phys. Rev. Lett. 82, 3563–3567 (1999).

65. Montroll, E. W. & Weiss, G. H. Random walks on lattices. II. J. Math.
Phys. 6, 167–181 (1965).

66. Mel’nikov, V. The Kramers problem: fifty years of development.
Phys. Rep. 209, 1–71 (1991).

67. Bisquert, J. Fractional diffusion in themultiple-trapping regime and
revision of the equivalence with the continuous-time random walk.
Phys. Rev. Lett. 91, 010602 (2003).

68. Slezak, J. & Burov, S. Fromdiffusion in compartmentalizedmedia to
non-Gaussian random walks. Sci. Rep. 11, 5101 (2021).

69. Tagliazucchi, M., Weiss, E. A. & Szleifer, I. Dissipative self-assembly
of particles interacting through time-oscillatory potentials. Proc.
Natl Acad. Sci. USA 111, 9751–9756 (2014).

70. Rose, K. A. et al. Shape anisotropy enhances nanoparticle dynamics
in nearly homogeneous hydrogels. Macromolecules 55,
8514–8523 (2022).

71. Chen, K., Wang, B., Guan, J. & Granick, S. Diagnosing hetero-
geneous dynamics in single-molecule/particle trajectories with
multiscale wavelets. ACS Nano 7, 8634 (2013).

Acknowledgements
We thank Pengyu Chen for stimulating discussion. We acknowledge
support from National Natural Science Foundation of China (Grant Nos.
22025302, 21873053 and 22122201). L. T. Y. acknowledges financial
support from Ministry of Science and Technology of China (Grant No.
2022YFA1203203) and State Key Laboratory of Chemical Engineering
(No. SKL-ChE-23T01).

Author contributions
L.T.Y. designed the research and conceived the project. X.Z., X.D., and
L.T.Y. contributed to the development of the computational model and
to its interpretation. X.D., X.Z., and L.T.Y. developed the analytical
models and interpreted the results. H.A.M. and L.J. designed and per-
formed the experiments. H.A.M. and X.D. collected the experimental
data and carried out the analysis. L.T.Y., X.Z., and X.D. wrote the paper.
L.G., W.C., W.W., Z.T., X.Q. and X.G. contributed to manuscript pre-
paration and editing. All authors discussed the results and commented
on the manuscript.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-024-44765-7

Nature Communications |          (2024) 15:525 9



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-44765-7.

Correspondence and requests for materials should be addressed to
Lingxiang Jiang or Li-Tang Yan.

Peer review information Nature Communications thanks Rae Robert-
son-Anderson, and the other, anonymous, reviewers for their contribu-
tion to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-44765-7

Nature Communications |          (2024) 15:525 10

https://doi.org/10.1038/s41467-024-44765-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Unconventionally fast transport through sliding dynamics of rodlike particles in macromolecular networks
	Results
	Single-particle tracking of rods in synthetic networks
	Detailed microscopic dynamics revealed by molecular simulations
	Entropic effect examined through evaluating diverse factors
	Physical origin established by theoretical analysis

	Discussion
	Methods
	Single-particle tracking of rods in synthetic networks
	Coarse-grained molecular simulations

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




