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ABSTRACT  

Mucus is a viscoelastic gel layer that typically protects exposed surfaces of the gastrointestinal 

(GI) tract, lung airways, and other mucosal tissues. Particles targeted to these tissues can be 

efficiently trapped and removed by mucus, thereby limiting the effectiveness of such drug 

delivery systems. In this study, we experimentally and theoretically demonstrated that cylindrical 

nanoparticles (NPs), such as mesoporous silica nanorods and calcium phosphate nanorods, have 

superior transport and trafficking capability in mucus compared with spheres of the same 

chemistry. The higher diffusivity of nanorods leads to deeper mucus penetration and a longer 

retention time in the GI tract than that of their spherical counterparts. Molecular simulations and 

stimulated emission of depletion (STED) microscopy revealed that this anomalous phenomenon 

can be attributed to the rotational dynamics of the NPs facilitated by the mucin fibers and the 

shear flow. These findings shed new light on the shape design of NP-based drug delivery 

systems targeted to mucosal and tumor sites that possess a fibrous structure/porous medium.  

 

KEYWORDS: mucus penetration, nanoparticle diffusion, shape dependent, molecular 

simulations, transmucosal delivery. 
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Improving the mucus-penetrating ability of nanoparticles (NPs) is of great importance to avoid 

rapid drug clearance and achieve efficient drug delivery
1-3

. Mucus is a tenacious mesh structure 

with a thickness ranging from tens to hundreds of microns and an average pore size in the range 

of hundreds of nanometers
4
. Small hydrophilic molecules can freely diffuse through this barrier 

while particles, especially foreign particles, are excluded in cases where the particle size is larger 

than the average pore size
5-9

. The trapped particles are then quickly washed away by the 

microflows of the mucus layer. Such a capture and clearance mechanism protects mucosal tissues 

against infectious agents; however, this mechanism limits opportunities for the controlled drug 

delivery of NPs.  

Innovative designs regarding the physicochemical properties of NPs are continuously arising to 

overcome this mechanical and physiological barrier
10-16

. According to the Stokes-Einstein 

equation, decreasing the NP size leads to an increase in the diffusion coefficient, making it easier 

for smaller particles to penetrate through the mucus
13

. However, small NPs with high surface 

areas exhibit burst effects, which lead to poor efficacy at the targeted tissues
17

. Moreover, 

extremely small NPs (2-10 nm) would yield inefficient cellular uptake
18, 19

. Surface charge can 

also influence the mucus-penetrating property, and neutral NPs have been suggested to 

effectively penetrate through the negatively charged intestinal mucus
14

. Inspired by the viruses 

that are capable of diffusing in mucus as fast as in water
5
, Hanes et al

15, 16
 designed high-density 

NPs free of surface charge by coating particles with low-molecular-weight poly(ethylene glycol) 

(PEG). They found that the PEGylation of NPs could improve the transport of these NPs through 

the mucus barrier. In addition to these studies that focused on the surface chemistry of NPs, it has 

also been recognized that shape may affect the diffusion of particles in porous media
20-22

 and 

cellular uptake of NPs
23-27

. For example, Geng et al. demonstrated that filomicelles have much 
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 4

longer circulation time than spherical counterparts
28

. Barua et al. have studied specific and 

nonspecific uptake of spherical, rod- and disk-shaped polystyrene NPs, and shown rods exhibited 

higher specific uptake and lower nonspecific uptake in three breast cancer cell lines
29

. Actually, 

most of the bacteria possessing a high mobility in mucus have a rod-like shape
30, 31

. Pathogens 

such as Helicobacter pylori
32

 and Vibrio cholera
33

 are able to swim through the intestinal mucus 

and remain in the mucus layer for extended periods, instead of being easily washed away. This 

finding informs us that shape may contribute to the high mucus-penetrating ability of particles. 

The correlation between the shape of NPs and their diffusivity in mucus, however, is still 

missing, even though this aspect is potentially crucial in the design of NPs-based drug delivery 

systems.  

We hypothesized that engineered nanorods may penetrate the mucus layer more efficiently than 

nanospheres. To verify this hypothesis, we fabricated mesoporous silica nanospheres (MSNSs) 

and mesoporous silica nanorods (MSNRs) with different aspect ratios (ARs) but identical surface 

chemistries and zeta potentials. We present evidence that, compared with spheres, cylindrical 

NPs display superior diffusion and penetration patterns in intestinal mucus, which can further 

lead to a longer intestinal retention time and higher villus absorption. Molecular simulations and 

stimulated emission of depletion (STED) microscopy revealed that the rotational diffusion of 

nanorods within the complex mucus structure plays an active role in such diffusion enhancement.  

To elucidate the effect of shape on the mucus-penetrating property of NPs, highly mono-

dispersed MSNSs (MSNS1 and MSNS2) and MSNRs with identical surface charges and 

chemical compositions but with different ARs were fabricated following previously reported 

procedures
34, 35

. The morphology of the NPs was revealed in transmission electron microscopy 
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 5

(TEM) images (Fig. 1a) in which the MSNS1 has a diameter of approximately 80 nm (AR=1), 

MSNS2 has a diameter of approximately 140 nm (AR=1), and the MSNRs have a dimension of 

approximately 80×240 nm (AR=3). The hydrodynamic diameters of the MSNs were about 100 

nm, 200 nm and 200 nm for MSNS1, MSNS2 and MSNRs, respectively (Fig. 1b). For ex vivo 

and in vivo tracking, the NPs were covalently labeled with rhodamine isothiocyanate (RITC) as 

previously reported
36

. The average zeta potentials of three types of labeled particles were 

approximately -5 mV (Fig. 1c), which has preference in penetrating the mucus mesh. The same 

zeta potential ensures the same electrical interaction patterns with mucins, thus keeping the shape 

as the only variable.  

Multiple-particle tracking technology provides a non-destructive and highly sensitive 

method to determine particle behavior in complex biological environments37. We first used this 

method to investigate the movement of the NPs in fresh intestinal mucus. The trajectories of the 

particles were captured, and representative trajectories of MSNS1, MSNS2 and MSNRs were 

mapped in Fig. 1d. It was observed that MSNS1 and MSNS2 moved within a small area, 

indicating that these particles were nearly trapped by the mucus network. In contrast, the MSNRs 

were able to move more freely in a large area, displaying a better diffusion pattern. The 

accumulative mean square displacement (MSD) was calculated on a time scale of 1 s (Fig. 1e), 

and the MSD of the MSNRs was approximately 3.3-fold and 5.7-fold higher than that of MSNS1 

and MSNS2, respectively (see Table S1). To ensure the observed rapid transport of MSNRs was 

not biased by a small fraction of fast-moving outlier particles, the distribution of effective 

diffusivities (Deff) was examined. We confirmed that MSNRs persistently exhibit higher 

diffusivities compared to MSNSs (Fig. 1f). The distinct movement patterns suggest that MSNRs 

can penetrate the mucus more efficiently.  
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 6

 

Figure 1. Characterization of the NPs and multiple-particle tracking studies. (a) TEM 

images of the MSNS1 (~80 nm), MSNS2 (~140 nm) and MSNRs (~80×240 nm). (b) 

Hydrodynamic diameter of the NPs according to dynamic light scattering tests. (c) Zeta potential 

of the NPs after RITC labeling. All the NPs had an average zeta potential of approximately -5 

mV. (d) Representative trajectories for particles in the intestinal mucus on a time scale of 1s. (e) 

Ensemble-averaged geometric mean square displacement (MSD) as a function of time scale. (f) 

Distributions of the logarithms of individual particle effective diffusivities for MSNS1, MSNS2 

and MSNRs at a time scale of 1 s. The data are presented as means ± standard error means (SEM) 

(n = 300). 

We next focused on the rat intestinal loops to investigate whether a better mucus-penetrating 

ability would lead to a more uniform and deeper distribution of MSNRs compared with MSNS1 

and MSNS2 ex vivo. To quantify the distribution patterns of the NPs, the mucin fibers were 
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 7

stained with Alexa Fluor 488-conjugated wheat germ agglutinin (WGA), and particle solutions 

were injected into ligated intestinal loops, followed by a 30-min incubation with gentle 

agitation
38

. Fluorescence images of freshly excised, opened and flattened intestinal sections were 

obtained as depicted in Fig. 2a. Both MSNS1 and MSNS2 exhibited a low level of mucus 

coverage, whereas the MSNRs were widely dispersed in the mucus and had a uniform 

fluorescence intensity in the vast majority of the mucosal area. Quantification of the distribution 

area revealed that approximately 80% of the intestinal surface was covered with MSNRs, while 

MSNS1 and MSNS2 covered less than 15% (Fig. 2b). Further inspection of the mucus-

penetration property via three-dimensional scanning (Fig. 2c) indicated that MSNS1 and MSNS2 

could not effectively penetrate the mucus, and only a few particles were detected in the upper 

layer. In contrast, the MSNRs were transported deeper along the z-direction. Additionally, in 

order to eliminate potential heterogeneity of mucus, we performed co-injections of green and red 

fluorescent NPs of different shapes. Similar to the results observed above, MSNRs penetrated 

deeper into the intestinal mucus than MSNS1 and MSNS2 (Fig. 2d). As an appropriate control, 

the carboxylated fluorescent latex beads with diameter of 200 nm (red) were mixed with MSNs 

(green), and tested in the same mucus specimens (Supplementary Fig. 1). The MSNRs kept the 

superior penetrating ability as in other studies. It could be inferred that the poor diffusive 

capability of MSNS1 and MSNS2 led to their inferior penetration in the mucus, while the 

MSNRs effectively penetrated the mucus during the 30-min incubation period. 
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 8

 

Figure 2. Particle distribution and penetration in the rat intestinal mucus ex vivo. (a) Two-

dimensional coverage of NPs diffused in the intestinal mucus. (b) Quantification of the NP 

coverage in the mucus in (a). (c) Three-dimensional images of the mucus penetration. Green: 

mucus stained with Alexa Fluor 488-WGA. Red: NPs. (d) Direct comparison of penetration of 

MSNRs with MSNSs in the same mucus. Green: MSNS1 or MSNS2. Red: MSNRs. Images are 

representative of the averages. Scale bar: 50 µm. Depth: 40 µm. The data are presented as means 

± standard error means (SEM) (n ≥ 3). ***P < 0.001 compared to either MSNS1 or MSNS2. 

To determine whether aggregation of the MSNSs hampered the mucus-penetrating process of the 

nanospheres, we decorated the NPs with a high density of PEG to further study the ability of 

these particles to penetrate mucus. The hydrodynamic diameters of the MSNS1-PEG, MSNS2-

PEG and MSNRs-PEG were approximately 160 nm, 260 nm, and 285 nm, respectively. Particle 

tracking and distribution in mucus were investigated, and the results revealed that all three NPs 

had a significant enhancement of diffusivity in the mucus while the MSNRs-PEG kept the best 

mucus-penetration capability (Table S1, Supplementary Fig. 2). Since it has been reported that 

near-neutral potentials
14

 and PEG modification could effectively reduce the interaction of 
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 9

particles with mucus and enhance the particle stability, these results further demonstrated that the 

distinctive mucus-penetrating property resulted solely from the difference in shape. 

We assessed whether better diffusion could contribute to more rapid and deeper intestinal 

penetration of MSNRs compared with MSNS1 and MSNS2 in vivo. Fasted SD rats were orally 

administered the fluorescently labeled NPs, and sections of the middle small intestine were 

collected and analyzed by confocal fluorescence microscopy (Fig. 3). There were few MSNS1 or 

MSNS2 at the lumenal side of GI tract and could not be discovered near the epithelial cells. In 

contrast, the MSNRs uniformly distributed along the surface of the intestinal villi with a strong 

intensity, which indicated that the penetration and absorption of the MSNRs were indeed more 

efficient than those of MSNS1 and MSNS2. A single intestinal villus was then carefully 

examined at a higher magnification. The MSNRs uniformly remained in close proximity to the 

intestinal epithelium and efficiently entered the intestinal tissue, while very few MSNS1 or 

MSNS2 appeared in the regions of interest. We note that the microscopy data provides evidence 

of superior absorption of the rods when compared to the spheres - however the absolute extent of 

absorption is difficult to evaluate via microscopy. To further ensure the difference between 

MSNRs and MSNSs, different fluorophores labeled particles were co-administrated, and the 

results showed that MSNRs maintained the superiority in mucus-penetration (Supplementary 

Fig. 3). These in vivo studies confirmed that the distinct shape plays an active role in the bio-

behavior of NPs within the mucus mesh and will determine the fate of NPs in biological systems. 
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 10

 

Figure 3. Particle distribution in the rat intestine. Particles gathering around or absorbed by 

the intestinal villi were carefully examined via confocal laser scanning microscopy (CLSM). 

Blue: nuclei of the intestinal villi. Red: NPs. L represents the intestinal lumen. Images were 

acquired 2 h after oral gavage. 

Based on the results and conclusions mentioned above, it can be reasonably inferred that MSNRs 

can remain longer in the intestine, instead of being quickly washed out by the turnover of mucus. 

After intragastric administration, the entire stomach and small intestine were excised and imaged 

with an in vivo imaging system at specified time points (Fig. 4a). After a similar initial increase 

in fluorescence, the amount of MSNS1 and MSNS2 decreased quickly after 2 h, and little 

fluorescence could be detected after 6 h (Fig. 4b). In contrast, a considerable amount 

(approximately 40%) of the MSNRs remained in the jejunum and ileum even 6 h later. Since the 

fluorophore and particles remained stable in simulated gastric fluid (SGF) and simulated 

intestinal fluid (SIF) after 6 h (Supplementary Figs. 4 and 5), thus these images vividly revealed 
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 11

that MSNRs had a better intestinal dispersion property and were more difficult to be washed 

away by the mucus, which could be attributed to the efficient mucus-penetrating property. Such a 

prolonged retention time should be beneficial to sustained drug release and absorption. 

 

Figure 4. Particle retention in the rat GI tract. (a) Photographic images of NPs in tissues of th

e whole small intestine. The images are representative of the average at each time point after intr

agastric administration. (b) Fraction of particles remaining over time on the basis of quantificatio

n of particle fluorescence. The data are presented as means ± standard error means (SEM) (n ≥ 

3). **P < 0.01 and ***P < 0.001 compared to MSNS1, 
##

P < 0.01 and 
###

P < 0.001 compared to 

MSNS2. 

We additionally investigated whether the improved penetration of MSNRs could lead to superior 

drug delivery. The limited permeability of drug delivery particles and many hydrophobic 

molecules through the mucus barrier leads to their rapid clearance and thus poor bioavailability. 
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 12

We used camptothecin (CPT) which has poor solubility and low permeability as a model drug. 

CPT, CPT-MSNS1, CPT-MSNS2 and CPT-MSNRs were loaded into intestinal loops, and the 

permeation of CPT through mucus to the intestinal wall was calculated. As expected, after 2 h, 

the CPT-MSNRs group had a 2.3, 2.4 and 2.6 fold higher level of total transported CPT than the 

CPT-MSNS1, CPT-MSNS2 and control groups, respectively (Supplementary Fig. 6b). 

Furthermore, a three-dimensional dispersion view of CPT was captured (Supplementary Fig. 6a), 

and the results were in accordance with the particle distribution. We noted that these CPT-loaded 

particles were not significantly different regarding CPT release rate and quantity (Supplementary 

Fig. 6d); therefore, the superior mucus-penetrating ability of the CPT-MSNRs can enhance CPT 

transportation, and the nanorods can thus serve as an improved drug delivery system. 

Mucus-penetrating capability is observed to be shape dependent, not only for mesoporous silica 

NPs, but also for the other material tested here, calcium phosphate NPs. We have investigated 

diffusion of calcium phosphate nanospheres (CaPSs) and calcium phosphate nanorods (CaPRs), 

with results confirming improved mucus-penetrating ability of CaPRs (Supplementary Fig. 7).  

To elucidate the mechanisms for the unexpected superior mucus-penetrating ability of nanorods, 

we conducted coarse-grained (CG) molecular dynamics (MD) simulations to investigate the 

diffusion of the NPs in mucus. To simplify this problem, we constructed a model system 

composed of cross-linked polymers, water and NPs. A regular polymer network was utilized to 

represent mucus fibers with a mesh size of 6σ (σ is the unit of length). The size of the simulation 

box was σ485448 ×× , and periodic boundary condition was applied in all three directions. In 

each simulation system there were 96,984 coarse-grained water beads, 208 polymers (the 

polymers consisted of 9,261 beads, and the content of the polymers was approximately 8.5%) 
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 13

and 40 NPs. The NPs were randomly distributed in the system as shown in Fig. 5b. Three types 

of NPs, nanosphere with diameter of 3.5σ (NS3.5), nanorods with size of 2.1×4.6σ (NR2.1*4.6) 

and 1.8×5.8σ (NR1.8*5.8), were studied in our simulation (Fig. 5a). The sizes of these NPs were 

calibrated so that they had the same hydrodynamic diameter (Supplementary Fig. 9). The 

simulation was implemented with the LAMMPS package
39

. 

 

Figure 5. Snapshots and trajectories for the movement of NPs in mucin fibers. (a) The 

construction of three types of NPs. The NPs are created by a face-centered cubic (FCC) lattice 

with a Lennard-Jones reduced density of 8. (b) NPs and polymer network. The simulation system 

is composed of water, polymers (cyan) and NPs (red); for clarity, water molecules are not shown. 

Panel (c) shows translational centroid trajectories for one typical NP in one simulation. Panels 

(d) show the MSDs for NPs when the polymer network mesh size is 6σ. The red, blue and black 

dots represent nanospheres, nanorods with size of 2.1×4.6σ and 1.8×5.8σ, respectively. Panel (e) 

lists all the calculated diffusivities of NPs in polymer networks with different mesh sizes. Error 
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bars are presented as standard error of the mean. The method to calculate the diffusivities is 

shown in the Methods. The symbol # indicates the diffusivity of NS3.5 is close to zero. (f) 

Schematic showing the diffusion of NPs in networks with different mesh sizes. I: free diffusion; 

II: obstructive diffusion; III: stagnant diffusion. (*P < 0.05) 

Fig. 5b depicts typical snapshots of the diffusion of NPs in the polymer network. Fig. 5c 

indicates the translational trajectories for typical nanospheres and nanorods in one simulation. 

Notably, it is observed that the nanorods diffuse faster than the nanospheres. We repeated the 

simulation 8 times with different starting configurations and obtained the MSDs for NS3.5 (red 

dot), NR2.1*4.6 (blue dot) and NR1.8*5.8 (black dot) NPs as revealed in Fig. 5d. There is a 

distinct difference between the MSDs of the nanospheres and nanorods: the MSD of the 

nanorods is much higher than that of the nanospheres. The calculated diffusivity of NR2.1*4.6 is 

4.94-fold that of NS3.5, and even higher for NR1.8*5.8 (6.28-fold that of NS3.5) (Fig. 5e). It 

seems the thin NPs could gain enhanced diffusivity in the polymer network. We also changed 

NPs-polymers interaction, polymers-water interaction, and NPs-water interaction to model 

variations in materials of NPs and polymers. All the results indicate that the nanorods have 

superior diffusivity in comparison to the nanospheres, suggesting the robustness of our 

conclusions (Supplementary Fig. 10). 

To explain why nanorods move faster than nanospheres, we selected two representative NPs and 

analyzed their moving trajectories. Fig. 6 displays the translational displacement of one typical 

nanorod along the y direction (∆y) and the rotating angle around the z-axis (θz). It was observed 

that the translational movement of nanorod along the y direction is accompanied by rotation, 

especially when the NPs jump from one unit cell of a fiber network to another, as shown in Fig. 
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6c. For nanorods, it appears that, rotation around the polymer chain fundamentally contributes to 

the translational diffusion. The rotational dynamics of nanorods were also confirmed using 

STED microscopy (Fig. 6d and 6e, Supplementary movie 1). A single MSNR is rotating in the 

mucus, which is consistent with the results of the molecular simulation. In comparison, no 

significant correlation was found between translational diffusion and rotation for the 

nanospheres. To further verify this hypothesis of rotation-facilitated enhanced diffusion, we 

conducted additional simulations in which the rotation of nanorods was constrained. The results 

show that the diffusivity of nanorods is reduced by 74% (Supplementary Fig. 14). Therefore, we 

concluded that the movement of nanorods consists of two parts, rotation around the polymers 

and translational diffusion. With this mechanism elucidated, we could explain the observed 

anomalous phenomenon in the experiments and simulations that nanorods move faster than 

nanospheres. 

Page 15 of 24

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 16

 

Figure 6. (a) Schematic of θz, the angle between the y-axis and the projection of the cylinder in 

an xy plane. (b) The displacement along the y direction and the rotational angle around the z-axis 

(θz) for one typical cylindrical NP. (c) A significant change in the position and orientation of 

cylindrical NPs at the moment the arrow points to in panel (b). (d) Snapshots and trajectories for 

an individual MSNR in mucus, as imaged with STED microscopy. The MSNRs have a rod-like 

shape with one end brighter than the opposite end. (e) Corresponding 3D schematic drawings of 

position and orientation of the MSNR in panel (d). The brighter end of the rod is colored red, and 

the opposite end is colored orange. The nanorod clearly rotates around a certain axis (Fig. 6d and 

e and Supplementary movie 1). 

To further investigate which factors influence the diffusion of NPs, we first changed the mesh 

size of the polymer network to study the effect of pore size. When the mesh size is 5σ, the 
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diffusivity of NS3.5 is close to zero, whereas those of nanorods are finite (Fig. 5e). As the mesh 

size increases to 8σ, however, the advantage of diffusion for nanorods is not so evident anymore 

(Fig. 5e). When the mesh size reaches to 10σ, the diffusivity of NR2.1*4.6 and NR1.8*5.8 is 

only 1.1-fold and 1.12-fold that of NS3.5, approaching the cases in pure water (Fig. 5e). These 

findings suggest that the nanorods outperform nanospheres in diffusivity only in a range of mesh 

size around 6σ. Hanes et al. has shown that mucus pores are irregular in size and mucus with 

pore size no bigger than the particle size would create a "sieve" that sterically obstructs the 

diffusion of nanoparticles
2
. Based on this concept, there could be three types of diffusion regions 

in mucus: free diffusion, obstructive diffusion and stagnant diffusion, as shown in Fig. 5f. Those 

particles that have passed through the free diffusion region would eventually encounter their 

diffusion bottle neck in obstructive and stagnant regions. Enhancing the diffusivity of 

nanoparticles in these two regions thus becomes the key to increase the overall diffusivity. 

According to our simulation results, the advantage of nanorods in diffusivity is attributed to their 

enhanced diffusion in the obstructive and stagnant diffusion regions. 
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Figure 7. Diffusion of NPs in random network. (a) Schematic diagram of random polymer 

network used in the simulation, polymers are in cyan and NPs in red. (b) MSD of NPs in random 

polymer network. (c) Diffusivities of NPs in shear flow. shear0.1, shear0.3 and shear0.7 denote 

the coefficient maxF  in drag force formula is 0.1, 0.3 and 0.7. (d) The number of NPs in contact 

with a background polymer network during a 10
4
 τ simulation. (*P < 0.05) 

Consider the heterogeneity of mucus pore sizes
40

, we have also constructed a model system 

composed of cross-linked polymer network with random pore size (See Methods for details) to 

represent mucin fibers, as shown in Fig. 7a. In this model, the pore sizes distributed from 3σ to 

10σ (Supplementary Fig. 13), similar to those observed in experiment (Supplementary Fig. 8). 

Nanorods in this heterogeneous fibrous media also exhibit significant enhanced diffusivity, as 

shown in Fig. 7b and Table S1. 

We have also studied the diffusion of NPs in random polymer network under oscillatory shear 

flow, which mimics the movement of NPs during GI peristalsis and the disturbed environment in 

experiments. We applied shear flow by adding a drag force ( )σε yLyFF maxadd =  to each water 

bead, where y and Ly are the coordinates of atoms and the box size along the y direction, 

respectively, maxF is a coefficient and ε is the unit of energy. We reversed the force direction 

every 200,000 time steps, through which the oscillatory shear flow along the x direction was 

applied. The diffusivities of NPs are shown in Fig. 7c, where nanorods show higher diffusivity 

than nanospheres under all conditions. Meanwhile, the diffusivity of NPs increases with the 

shear rate. It implies that disturbed fluid environment contributes to the diffusion of NPs in 

mucus system. Note that we exclude the movement of NPs along the x direction during the 

calculation of the MSD because the oscillatory shear flow is applied along the x direction. 
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This shear-flow-enhanced diffusion could also be elucidated from the streamline around the NPs 

as revealed in Supplementary Fig. 15, in that the water flow could push one part of the 

cylindrical NP to rotate. This high diffusivity may be attributed to the high probability that NPs 

will encounter the polymer network in the shear flow, which facilitates the rotational motion of 

cylindrical NPs (Fig. 7d). 

In summary, we have demonstrated that mesoporous silica nanorods can diffuse faster than 

nanospheres in mucus, which results in a longer intestinal retention time, higher penetration of 

drug or particle to the absorptive surface. Combining the experiments with the molecular 

simulations, we found that the better mucus-penetrating property of the nanorods is due to the 

rotational motions of the nanorods facilitated by the shear flow and the mesh structure of mucus. 

Additionally, to confirm that this property is not limited to a specific type of materials, we have 

fabricated calcium phosphate nanospheres (CaPSs) and calcium phosphate nanorods (CaPRs) 

and compared their diffusion and penetration behaviors in mucus, with results confirming that 

CaPRs exhibit better properties in ex vivo studies. Our work provides insights into the effect of 

NP shape on the mucus-penetrating property and demonstrates the usability of nanorods for drug 

delivery to mucosal tissues.   

We note that in addition to transport in mucosal tissues, nanorods can have superiority in 

interstitial transport within the dense interstitial structure surrounding tumor cells
21

. Because the 

microenvironment of the interstitial structure is similar to that of mucus, which is formed by 

fibrous tissues, we postulate that the mechanism for the rapid penetration of nanorods into tumor 

sites may be the same as that for mucus. Therefore, although conventional spherical NPs 

currently remain the dominant shape, non-spherical NPs may become common next-generation 
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drug carriers
24, 28, 41, 42

. The barrier to using non-spherical particles lies partly with the difficulty 

in synthesis and characterization
43, 44

 but even more with the lack of understanding of the physics 

that govern the relationship between shape and various characteristics of non-spherical NPs. Our 

findings may inspire the novel and rational design of drug delivery systems for use in various 

diseases. 
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