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Mucus penetration diameter. In addition, the disturbed environment can enhance the diffusivity of NPs. Our
Fibrous medium findings can be utilized to design mucus penetrating NPs for targeted drug delivery system.
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microns, depending on the anatomical location [1,2]. The bulk
viscosity of typical mucus is about 1000-10,000 times higher
than that of water at low shear rates [3].

With the development of nanotechnology, nanoparticles
(NPs)-based biomedical methods have become a promising
way to diagnose and treat diseases [4]. A number of mu-
cosal diseases could be treated more effectively and with
fewer side effects if NPs could more uniformly and persis-
tently deliver drug and gene to mucosal surfaces, such as
sexually transmitted infections, cystic fibrosis, inflammatory
bowel disease, and so on. Also, the oral administrated NPs-
based drugs need to translocate through the intestinal mu-
cus layer to enter into the circulatory system. However, con-
ventional NPs are easily to be trapped in mucus by steric ob-
struction and rapidly removed from the body. Recently, Hanes
et al. developed muco-inert NPs coated with a dense layer
of low molecular poly(ethylene glycol) (PEG) and significantly

* Corresponding author. increased transport rates of NPs in mucus [5-8]. Some re-

E-mail address: shixh@nanoctr.cn (X. Shi). cent studies have also shown that rodlike particles can gain

1. Introduction

Mucus is a continuously renewed, dynamic semipermeable
viscoelastic gel produced by, and covering, mucous mem-
branes. It protects our lung airways, gastrointestinal (GI)
tracts, female reproductive tracts, eyes and other mucosal sur-
faces from entry of external fungi, bacteria and viruses [1].
Mucus is composed primarily of cross-linked and entangled
mucin fibers secreted by goblet cells in the mucous mem-
branes. The water content in mucus is within the range from
90% to 98%. Other components of the mucus include lipids,
cell debris, macromolecules, enzymes, antibodies, DNA and
electrolytes. All of these components together make mucus a
highly heterogeneous fibrous medium. The thickness of the
mucus layer varies from a few microns to several hundred
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Fig. 1 - The simulation system. (a) and (b) are regular and random networks, respectively. Polymers are shown in cyan, 40
NPs are represented in a variety of colors, and water molecules are not shown for clarity.

superior transport capability in mucus compared with
spheres of the same chemistry [9,10]. At present, it is impera-
tive to understand how the physical and surface properties of
NPs affect their transport through the mucus.

Theoretical analysis and computational simulations have
been proven to be powerful in studying the transport of NPs
in biological system. For example, molecular dynamics sim-
ulation and theoretical analysis have been used to study the
translocation of NPs into the cells, and Monte Carlo simula-
tions have been used to study the diffusion of NPs in the tumor
interstitial matrix [11-14]. Due to the high heterogeneity of
mucin network structure and multiple interactions between
NPs and mucin fibers, it is almost impossible to elucidate the
mechanism underlying the phenomenon of NPs’ diffusion
experimentally. In this case molecular dynamics simulation
is highly suitable for studying how different factors affect
the diffusion of NPs in the mucus. Here we have developed a
coarse-grained molecular dynamics model to study the dif-
fusion of NPs in mucus. Both steric obstruction and hydrody-
namic interaction are included in the model, which is capable
of capturing the key characteristics of NPs’ diffusion in mucus
[1,5,15-17]. Using this model, we have investigated the effects
of particle size, shape, surface properties, and shear flow on
the diffusion of NPs, and the results are consistent with the
present experimental ones. Our model can be extended to
study the effects of stiffness of NPs, pore size distribution of
mucus, mucin fiber radius, and electrostatic interaction on the
diffusion of NPs [18-21]. Our model provides a better under-
standing of the diffusion of NPs in mucus and could be used
to design and optimize the NPs-based drug delivery system.

2. Simulation system and details

To simulate the diffusion of NPs in mucus, we constructed a
system composed of cross-linked polymers, water and NPs.
Both regular and random polymer network were used to
represent the mucin fibers, as shown in Fig. 1. For regular net-
work, the box size was 48 x 54 x 4803 (o is the unit of length),
and there were 208 polymer chains (9216 polymer beads) and
96,984 water beads in the system. The corresponding water
content was about 91.3%. The distance between two adjacent

fibers was 60. Different fibers were cross-linked by cova-
lent bonds to simulate the entanglement and crosslinks of
mucin fibers. For moderate random network, the box size was
50 x 50 x 5003, and there were 100 polymer chains (10,000 poly-
mer beads) and 96,200 water beads in the system. The corre-
sponding water content was about 90.6%. The polymer chains
were cross-linked and randomly distributed in the system.
In addition, we also constructed a sparse random network to
compare with the moderate one, which consisted of 28 poly-
mer chains (5600 polymer beads) and 100,600 water beads. In
each simulation, 40 NPs were randomly placed in the system.

Within the polymer, the neighboring beads were connected
by a harmonic spring with an equilibrium bond length of
1o = o and a spring constant of k, =50¢/02, where ¢ is the unit
of energy. In order to show the obstructive action of mucin
fibers on the movement of NPs, we constrained the mucus
fibers during the simulations with a spring applied indepen-
dently to each atom in polymer to tether it to its initial po-
sition. The spring constant was set at kself=20€/<72- By this
method, polymer beads remained in the vicinity of their ini-
tial positions throughout the simulation. In this study, we con-
structed four types of NPs, i.e. spherical NPs with diameters
of 2.10 (NS2.1), 3.5¢ (NS3.5), and 4.60 (NS4.6), and rodlike NPs
with size of 2.1 x 4.60 (NR2.1*4.6). These NPs were created by a
face-centered cubic (fcc) lattice with a Lennard-Jones reduced
density of 8. The NS3.5 and NR2.1*4.6 had the same hydro-
dynamic diameter, which meant that they had the same dif-
fusion coefficients in water. The single NP was constrained
as a rigid body during the simulation. In all simulations, the
Lennard-Jones (LJ) potential and Weeks-Chandler-Anderson
(WCA) potential were used as follows to describe the non-
bonded interactions V(r) between two beads,

vo=eel [ [ G ]} e o

where r is the distance between two beads, « is the tunable
interaction strength, and r. is the cutoff distance set as 2.50
for L] potential and 2%%¢ for WCA potential. The interaction
parameters between different beads are listed in Table 1.
During the simulation, periodic boundary condition was
applied in all three directions. The velocity-Verlet algorithm
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Table 1. - Interaction parameters for different particle

types.

Bead type Bead type Interaction o
Polymer Polymer WCA 1.0
Water LJ 2.0
NPs WCA 0.5
Water Water LJ 2.0
NPs L 15
NPs NPs WCA 0.5

was utilized to perform the time integration. The integration
time step was §t=0.01t, where © = /mo?/¢ was the unit of
time. In order to obtain the effective time of r, we compared
the diffusivity of NS3.5 calculated by our simulation with that
predicted by theoretical equation D = 6};‘?1,7 , Where a is the ra-
dius of the spherical particle (o, the unit of length, was set at
1nm, and a was 3.5 nm) and 5 is the viscosity of the suspend-
ing medium (for water, n=1.0 x 10~ 3Pa - s). Then the effective
time of  was about 60 ps. We used the Nose-Hoover barostat
to control the system pressure at P=0, and the Nose-Hoover
thermostat to control the system temperature at kgT=1.1¢,
where kg is the Boltzmann constant, and T is temperature. All
the simulations were performed using the LAMMPS code [22].

The time-averaged mean square displacement (MSD) was
calculated using the following equation,

(2

-

MSD; = <(Xt0+t - Xt0)2 + (Vig+t — Yt0)2 + (Ztg1t — Zt0)2>to
where x, y and z represent the centroid coordinates of the NPs,
to is the selected initial time, and t is time lag. For each simu-
lation, the total simulation time was 80,000t. We repeated the
simulation 8 times with different starting configurations and
obtained the mean MSD of NPs.

3. Results and discussion
3.1.  Size and shape effect

Inreal mucus the pore size is about a few hundred nanometers
[7], and larger NPs can be strongly hindered by the dense fibers
of mucus. Here we investigated the effect of size and shape of
NPs on their diffusion in mucus [15,17]. The mean square dis-
placements (MSDs) of four types of NPs in random network

are presented in Fig. 2a. Obviously, with the increase of par-
ticle size, the MSDs of particles gradually decrease, which is
consistent with our intuition. For NS2.1, the MSD increases lin-
early, whereas the increase of MSD for NS3.5 slows down with
elapsed time. This means that the diffusion mode changes
from normal diffusion to sub-diffusion as the particle size
increases [23]. For NS4.6, the MSD is three orders of magni-
tude smaller than that of NS2.1, indicating that particles above
a certain size would be completely trapped in the network
structure. Recent experimental observations have shown that,
although 500-nm particles can penetrate rapidly through the
human cervicovaginal mucus, 1-pm particles will be trapped
in the mucus due to the steric obstruction, which is consis-
tent with our results [7]. The rodlike particles NR2.1*4.6 which
have the same hydrodynamic size as spherical particles NS3.5
experience a nearly normal diffusion in mucus. Accordingly,
they achieve a higher diffusivity in mucus, and the enhanced
diffusivity is attributed to the rotational dynamics of rodlike
NPs facilitated by the mucin fibers [10].

Consider that the NPs may experience anomalous diffu-
sion in a short time, we obtained the diffusivity of NPs by lin-
ear fitting the MSD versus time lag from 20,0007 to 60,0007, as
shown in Fig. 3a. The slope of fitting line is denoted by k, then
the diffusivity D=%k/6. The calculated diffusivities are shown
in Table. 2. Since these NPs have different hydrodynamic sizes,
we also compared the normalized diffusivities of these NPs.
The diffusivity of NPs in water is denoted by Dy, and the nor-
malized diffusivity « is defined as « =D/D,. The « for different
NPs in random network are shown in Fig. 3b. In both moder-
ate and sparse networks, « decreases with increasing particle
size, indicating that the network structure has a stronger hin-
dered effect on the movement of particles. For moderate net-
work, the steric obstruction is more significant. For example,
the normalized diffusivity of NS3.5 is 39% of that of NS2.1 in
sparse network, whereas the ratio is reduced to 9.8% in mod-
erate network. We also note that the normalized diffusivity
of NR2.1*4.6 is 3.8-fold higher than that of NS3.5 in moder-
ate network, and 1.4-fold higher in sparse network. Therefore,
rodlike NPs can gain a higher diffusivity than spherical NPs in
a certain range of polymer concentration [10].

3.2.  NPs-mucin fibers interaction

Steric obstruction and adhesion are the main factors that
prevent the penetration of NPs through the mucus [1].

. a b
10°
——NS2.1@random ——NS2.1@random2
——NS3.5@random 103+ ——NS}.S@random2
102 4 —NS2.1*4.6@random ——NS2.1*4.6@random?2
——NS4.6@rand0nl1 ) ——NS4.6@random?2
3 Lol ] ;Aﬂ,,mf‘“'u — i’g 1024
) > 2
b =
" / 105
lo—l 4 I
e 1004
1024+ T T T T T
0.1 1 10 100 0.1 1 10 100

Time scale (x1037)

Time scale (x10%7)

Fig. 2 - Log-log plot of the MSDs of NPs in (a) moderate and (b) sparse random networks.
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Fig. 3 - (a) Normal plot of the MSDs of NPs in moderate random network. Solid lines are linear fitting the MSD versus time
lag from 20,0007 to 60,0007, k is the slope of fitting line, then D=Fk/6. (b) Normalized diffusivity of NPs in moderate and
sparse random networks. The symbol # indicates that the normalized diffusivity of NS4.6 is close to zero.

Table 2. - The diffusivity of NPs in random network.

Diffusivity (10~30'%/7) NS2.1 NS3.5 NR2.1*4.6 NS4.6
Moderate network 1.587 0.073 0.268 0.002
Sparse network 4.047 0.751 0.974 0.296
Water 8.290 3.897 3.760 2.760

Table 3. - The diffusivity of NPs in regular network with

different polymer-NPs interactions.

Diffusivity (10-302/t) WCA LJ,¢=0.5 LJe=10 LJa=15
NS3.5 0.075 0.108 0.121 0.031
NR2.1*4.6 0.370  0.367 0.419 0.044

Recent studies have shown that NPs coated with low molecu-
lar poly(ethylene glycol) (PEG) can significantly increase trans-
portrates of NPs in mucus [5-7]. These mucus-penetrating par-
ticles (MPP) mimic the essential surface properties of viruses,
which are densely coated with both positively and negatively
charged groups, to avoid mucin adhesion. In the previous sec-
tion, we have used the weakly repulsive WCA potential to de-
scribe the interaction between polymers and NPs, so as to
study the diffusion of MPP in mucus. Here we also studied the
effect of NPs-polymer interaction on the diffusion of NPs. We
changed the interaction from WCA to L] potential and tuned
the interaction strength o from 0.5 to 2.0, the corresponding
MSDs of NPs are shown in Fig. 4, and the diffusivities are listed
in Table 3.

10-]_

0.1 1 10 100

Time scale (x10°7)

For spherical particles NS3.5, the diffusivity increases
slightly with the increase of interaction strength. However, the
diffusivity decreases sharply when the interaction strength «
reaches 1.5. For rodlike particles NR2.1*4.6, the diffusivity does
not change significantly when « is below 1.0, while drops re-
markably when « reaches 1.5. The rapid decreases in diffu-
sivity of both NPs are due to the attraction between the par-
ticles and the polymer, which causes the particles to adsorb
onto the polymer and prohibits their diffusion. The snapshots
in the simulation clearly show the adsorption of particles on
the polymer (Fig. 5). At this interaction strength, a small frac-
tion of NPs can detach from the polymer, diffuse through the
water, and re-adsorb onto the polymer during the simulation
[24,25]. When the interaction strength « increases to 2.0, all the

NR2.1%4.6

0.1 1 10 100
Time scale (x1037)

Fig. 4 - The MSDs of NPs in regular network with different polymer-NPs interactions. (a) and (b) are for NS3.5 and NR2.1*4.6,

respectively.
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Fig. 5 - Snapshots of NPs in regular network when the polymer-NPs interaction strength « is 1.5. (a) and (b) are for NS3.5 and
NR2.1*4.6, respectively. All NPs are in the vicinity of the polymers, which is significantly different from the random

distribution of NPs in the system at the initial moment.
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Fig. 6 - The MSDs of NPs under shear flow in random network. (a) and (b) are for NS3.5 and NR2.1*4.6, respectively. shear0.1,
shear0.3 and shear0.7 denote that the coefficient Fiax in drag force formula is 0.1, 0.3 and 0.7.

particles are firmly adsorbed onto the polymer surface, and
only vibrate under disturbance.

3.3.  Diffusion under shear flow

In the human GI tract, mucus is continuously secreted at a rate
of 1-100 pm/s. And in respiratory tract, mucociliary transport
velocity is about 10-100 pum/s [2]. In order to simulate the ef-
fects of GI peristalsis and mucus secretion on the diffusion
of NPs, we have also studied the diffusion of NPs in random
polymer network under oscillatory shear flow.

We applied shear flow in the x-direction by adding a drag
force Fygq=Fmax - y&/(Lyo) to each water bead in the simula-
tion system, where y and Ly are the coordinates of water beads
and the box size along the y-direction, respectively, Fmax is a
coefficient and ¢ is the unit of energy. We reversed the force
direction every 200,000 time steps, through which the oscil-
latory shear flow along the x-direction was applied. We have
changed the magnitude of shear force to observe the move-
ment of NPs. The MSDs and effective lateral diffusivities of
NPs under shear flow are shown in Fig. 6 and Table 4, respec-
tively. During the calculation of MSD, we have excluded the

Table 4. - The effective lateral diffusivity of NPs under

shear flow in random network and water.

Diffusivity (10-30%/7r) Static Fmax=0.1 Fmax=0.3 Fmax=0.7
NS3.5@network 0.075  0.145 0.720 2.405
NR2.1*4.6@network 0.370  0.500 1.387 3.702
NS3.5@water 3.897 4.062 2.059
NR2.1*4.6@water 3.760 4.516 3.295

movement of NPs along the x-direction to focus on the move-
ment of NPs in the yz-plane. The effective lateral diffusivity
is calculated by the formula D, =k/4, where k is the slope of
the fitting line of MSD versus time lag. It contains not only
the movement of NPs by diffusion, but also the motion of NPs
under the influence of the shear flow. With the increase of
shear force, the movement ability of NPs in the yz-plane is en-
hanced significantly (Table 4). We attribute this to the shear-
flow-enhanced frequency of which NPs contact with polymers
and change the movement direction. Such collisions could ef-
fectively increase the effective diffusivity of NPs. In order to
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Fig. 7 - (a) A snapshot of NR2.1*4.6 in regular network when the polymer beads were relaxed. (b) The MSD of NPs in rigid

and relaxed regular network.

confirm the role of polymer network in shear-flow-enhanced
motility, we also studied the effect of shear flow on lateral
movement of NPs in water with the results shown in Table 4.
When the velocity of shear flow is low (Fmax =0.1), the effective
diffusivities of NS3.5 and NR2.1*4.6 increase by 4% and 20%,
respectively. However, as the flow velocity becomes higher
(Fmax =0.3), the effective diffusivities of two NPs decrease by
47% and 12%, respectively. These results indicate that the flow
would cause rodlike NPs to move faster in the lateral direction
than the spherical ones. Also the effective diffusivities of both
NPs are flow-rate-dependent. Recent studies have shown that
spherical particles have smaller lateral displacement than el-
lipsoidal particles in a flowing straight tube [26,27]. Therefore,
we draw a conclusion that the perturbed external environ-
ment would dramatically increase the lateral motility of NPs
in the fibrous medium, but not in water [21].

3.4. Rigidity of mucin fibers

In previous simulations, we have constrained all the poly-
mer beads to simulate rigid mucin fibers. Recent experimen-
tal studies have demonstrated that the rigidity of mucin scaf-
fold could affect the penetration of particles through mucus
[20]. Here, we relaxed the mucin fibers by constraining only
the cross-linked beads, and setting the bond length of the ad-
jacent beads (at a separation of 10) to 1.2 ¢. It is seen that the
diffusivities of NPs remarkably increase after the relaxation of
polymer (Fig. 7), which is in good agreement with the results
of the recent experimental investigation [20]. In addition, the
difference in the diffusivity between the spherical particles
(N'S3.5) and the rodlike particles (NR2.1*4.6) becomes smaller
due to the effectively enlarged pore size.

4, Conclusions

In summary, we have established a coarse-grained molecular
dynamics simulation model to simulate the diffusion of NPs
in mucus. The model has shown the power to reproduce mo-
bility of NPs in mucus in the following respects. Firstly, our

model has reproduced the effect of particle size on particle dif-
fusion in mucus: as the particle size increases, the normalized
diffusivity decreases, and NPs beyond a certain size are com-
pletely trapped in the network. Secondly, our model can study
the effect of adhesion between NPs and mucin fibers on their
diffusion: as the adhesion increases to a certain value, the dif-
fusivity decreases dramatically. Thirdly, we have investigated
the effect of shear flow on the diffusion of NPs in the fibrous
medium, with the results shown that external perturbations
can contribute to particle diffusion. Fourthly, our model have
reproduced the phenomenon that rigid mucin scaffold lim-
its the diffusion of NPs in mucus, which agrees well with the
experimental results [20]. In addition, our model can be eas-
ily extended to study the effects of heterogeneous pore struc-
tures, mucin fiber radius, and electrostatic interaction on the
diffusion of NPs in mucus. The model can help us in designing
NPs penetrating through the mucus for drug delivery.
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