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ABSTRACT: We investigated the rheological properties and
the penetration of differently sized carboxylated nanoparticles
in pig pulmonary mucus, on different distance and time scales.
Nanoparticles were either mechanically mixed into the mucus
samples or deposited as an aerosol, the latter resembling a
more physiologically relevant delivery scenario. After mechan-
ical dispersion, 500 nm particles were locally trapped; a
fraction of carboxylated tracer particles of 100 or 200 nm in
diameter could however freely diffuse in these networks over distances of approximately 20 μm. In contrast, after aerosol
deposition on top of the mucus layer only particles with a size of 100 nm were able to penetrate into mucus, suggesting the
presence of smaller pores at the air-mucus interface compared to within mucus. These findings are relevant to an understanding
of the fate of potentially harmful aerosol particles, such as pathogens, pollutants, and other nanomaterials after incidental
inhalation, as well as for the design of pulmonary drug delivery systems.

■ INTRODUCTION

Mucus is a complex hydrogel that provides tissue lubrication,
first-line defense, and residual material clearance in the mucosal
tissues of the human body, including the pulmonary airways,
the gastrointestinal tract, the genitourinary tract, and the ocular
surface.1−3 In the lungs a mucus layer coats the conducting
airways. Gel-forming mucins are continuously secreted into the
airway lumen and incorporated into a high-viscosity, gel-like
mucus layer,4,5 which is continuously propelled toward the
trachea and finally cleared from the lungs.5 The highly dynamic
nature of the mucociliary machinery therefore confers the
ability to entrap and eliminate inhaled particles in a short time
window ranging from minutes to a few hours, with clearance
rates in the order of 100 μm/sec.6 In the context of aerosol
medicine and pulmonary drug delivery, the protective barrier
properties of mucus against inhaled pathogens and pollutants
may therefore impose a significant challenge, in particular, for
nanoparticles intended for use as therapeutic drug carriers.7

Bulk rheological studies conducted within the linear
viscoelastic region, where the structural properties of mucus
are unaffected by the macroscopic shear deformation, show that
pulmonary mucus behaves as an elastic solid on the
macroscopic level.3,8,9 Direct information on nanoparticle-
mucus interactions can be obtained by tracking the Brownian
motion of tracer particles, that is, using microrheological
methods.10−12 Mucus can adsorb particles due to electrostatic
and hydrophobic attractive forces (interaction filtering).13,14

Noninteracting nanoparticles with a smaller size than the pore

size of the mucus can diffuse freely through the pores, in
contrast to particles of bigger size that are confined by the
surrounding mucin fibers (steric filtering).12 Particle tracking
investigations have revealed that the microscopic structure of
mucus is highly heterogeneous, showing that within the same
submicron particle size range freely diffusing particles coexist
with particles which are immobilized by the mucus gel. These
studies highlight that the overall particle mobility depends on
mucus composition,8,15 as well as particle diameter3,16 and
surface functionality.3,10,17 In the case of human pulmonary
mucus, most particles with a size of 500 nm are
immobilized,3,16 whereas, for smaller particles in the size
range of 100−200 nm, the fraction of diffusing particles can be
significantly increased if the surface of the particles is densely
coated with polyethylene glycol (PEGylation).3 The same
studies however demonstrated that a fraction of carboxylated
100 and 200 nm particles still diffused within pulmonary
mucus, indicating that interaction filtering is not the only
mechanism.3,16

The starting point for the present study was the intriguing
observation that magnetic nanoparticles did not penetrate a
capillary filled with pulmonary mucus under application of a
magnetic field, while the same particles penetrated a hydroxyl-
ethyl-cellulose (HEC) hydrogel with apparently similar
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viscoelastic properties under the same conditions rather
easily.18 Subsequent cryogenic-scanning electron microscope
studies revealed a cage-like structure of the native mucus
hydrogel, with both micron- as well as submicron-sized pores.
This observation brought us to a new hypothesis: While the
partly contradictive reported results regarding particle mobility
and transport within and through mucus are clearly a reflection
of particle size and surface properties,3,19,20 differences in the
time and distance scales employed within the conducted
experiments may also play a role. The transport over longer
distances, but at the same time rather free, Brownian-like
mobility of some nanoparticles over shorter distances, can
probably be best explained by the peculiar structure of the
mucus gel network, which is also reflected in the different
macro and microrheological properties of native mucus.18

In this study, we therefore investigated the linear viscoelastic
properties of mucus and the mobility of particles over different
distance and time scales, using carboxylated polystyrene
particles of different sizes (100, 200, and 500 nm) as model
systems. Multiple particle tracking (MPT), in which particle
displacement is followed over short time-scales (usually up to
10 s), was used to study the diffusion on the microscale (0.1−1
μm). Fluorescence recovery after photobleaching (FRAP)
experiments were used to elucidate particle mobility through
mucus on time (760 s) and distance (bleached area of 35 μm)
scales closer to therapeutic scenarios.2,21 After deposition in the
airways, for example, when inhaled as aerosols within droplets
or carrier particles, with an adequate aerodynamic particle size
in the micron range (a typical scenario in pulmonary drug
delivery), administered nanoparticles have to travel 3−50 μm to
traverse the mucus layer before reaching the epithelial cell
surface.6,22 The time scale for penetration is determined by the
highly dynamic mucociliary machinery, that is, several minutes
up to a few hours.6 We therefore tried to correlate the
corresponding diffusion data for differently sized particles with
the penetration of nanoparticles within mucus or across the air-
mucus interface, in an attempt to model a more realistic
scenario for nanoparticle-based drug delivery to the airways.
Most importantly, we found a striking difference between the
mobility of particles within mucus after mechanical dispersion
and the penetration of the same particles into mucus after
deposition as an aerosol.

■ MATERIALS AND METHODS
Mucus Sample Collection. Native porcine pulmonary mucus was

obtained from the tracheas of slaughtered pigs, sourced from a local
slaughterhouse. Approximately 10 cm of windpipe was isolated in each
case by cutting the trachea below the larynx and before the carina.
Tracheas were stored on ice for further transport and mucus
extraction. Prior to extraction procedures tracheas were cut in half
longitudinally. The mucus was gently scratched from the luminal
surface with a spatula (approximately 100−300 μL of mucus per
sample). For MPT and shear rheology experiments, mucus samples
were stored at 4 °C, and experiments were conducted within 12−36 h
of mucus collection. Remaining mucus samples were stored at −20 °C
until further analysis.
Shear Rheology. Experiments were conducted on a Thermo

MARS II rheometer equipped with cone−plate geometry (diameter,
35 mm; cone angle, 1°) at room temperature. The edges of mucus
samples were coated with a low viscosity paraffin oil to prevent sample
evaporation. Strain amplitude sweeps were performed at a frequency of
1 Hz. Frequency dependency of the storage modulus G′ and the loss
modulus G″ was measured in the range between 0.01 and 10 Hz at
strain amplitudes of γ ≤ 0.1. The characterization of the bulk

rheological properties of mucus was based on independent measure-
ments of four different samples.

Multiple Particle Tracking (MPT). Carboxylated, green-fluores-
cent polystyrene microspheres with diameters of 100, 200, and 500 nm
(Bangs Laboratories, U.S.A.) were used in MPT experiments. Particle
diameters, polydispersity indices (PdI) and zeta potential (ζ) were
measured prior to MPT studies, using a Malvern Zetasizer Nano ZSP
or a Zetasizer Nano ZS (Malvern, U.K.; Table 1).

Approximately 20 μL of fresh mucus sample was then mixed with
0.5 μL of the particle dispersions. The 500 nm particles were used at
the original particle concentration of 1% w/v. Dispersions of the
smaller particles were diluted with PBS buffer to obtain particle
concentrations of 0.05% w/v for 100 nm and 0.25% w/v for the 200
nm particles, thus keeping the number concentration of particles
below 2−1010 particles/ml in all cases. The whole sample was then
transferred to a custom-made chamber, sealed, and placed in the
microscope.23 Measurements were performed using an inverted
fluorescence microscope (AxioObserver D, Zeiss, Germany) with a
Fluar 100× objective and an oil-immersion lens with a numerical
aperture of 1.3. The temperature was maintained at 37 °C using a
temperature controlled chamber. Tracking videos of random fields of
each mucus sample were recorded by an sCMOS camera Zyla X
(Andor Technology), at a resolution of 0.062 μm per pixel and a frame
rate of 50 frames per second. The field of view of the camera
represents an area of 127 × 127 μm. Image analysis was conducted
using Image Processing System software (Visiometrics iPS). The data
were evaluated as described by Kowalczyk et al.23

Fluorescence Recovery after Photobleaching (FRAP). Pre-
viously frozen native pulmonary mucus samples were thawed at 4 °C
the day prior to FRAP experiments. The following day, samples were
allowed to reach room temperature and thereafter 60 μL of mucus was
mixed with 1.5 μL of the particle dispersions. Mixtures of mucus and
tracer particles were prepared as mentioned above for the MPT
experiments, using the same carboxylated green-fluorescent polystyr-
ene microspheres at the previously stated concentrations. These
nanoparticle concentrations were all within the range where a linear
relationship exists between concentration and fluorescence (Support-
ing Information, 1). The samples were then transferred into previously
mounted adhesive gastight sealing chambers (Gene Frame, Thermo
Scientific), and sealed with cover slides. The experiments were
conducted using a LSM 710 Axio Observer confocal laser scanning
microscope (Zeiss, Germany) with an Apochromat 40×/1.1 objective
equipped with a 488 nm laser (LASOS RMC 7812 Z2). The
temperature of samples was maintained at 37 °C using a temperature
controlled chamber. Four circular regions of interest (radius = 17.5 μm
in all cases) were selected within the analyzed field, of which three
were used for bleaching experiments and one was retained as a control
for photofading. A time-series analysis was programmed with the
following settings: Prebleaching images were recorded at 2% laser
transmission, immediately followed by bleaching with the laser
transmission set at 100%. A postbleaching recovery step followed,
for a duration of 760 s at a frame rate of 30 frames per minute with the
laser transmission again set at 2%. The fluorescence intensity after
bleaching was defined as zero, and the intensity at t = 0 was subtracted

Table 1. Particle Characterization

nominal
particle
size

diametera

(d) nm
polydispersity
indexb (PdI)

surface charge
densityc

charges/nm2
ζ-potentiald

mV

100 nm 112 ± 1 0.02 ± 0.01 3.0 −49 ± 4
200 nm 221 ± 2 0.01 ± 0.01 1.9 −57 ± 4
500 nm 524 ± 10 0.07 ± 0.05 14.6 −34 ± 2

aZ-average diameter measured by dynamic light scattering. Standard
deviation is based on six independent measurements. bPdI = (σ/d)2

calculated from the Z-average diameter (d) and the standard deviation
of the particle size distribution. cProvided by the manufacturer.
dMeasured in 10 mM NaCl at pH 7.4.
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from all values. Arbitrary values of intensity were then calculated,
dividing each obtained value by the difference between the intensities
prior to and directly after bleaching. The results were further corrected
for the intensity of the control area. The presented data were extracted
from four independent bleaching experiments per particle size.
Aerosol Delivery of Nanoparticles and Confocal Microscopy.

Carboxylated red-fluorescent polystyrene nanoparticles of 100, 200,
and 500 nm diameter (Invitrogen, stock 2%) were dispersed in PBS at
0.1%, 0.025% and 0.005% w/v, respectively. Frozen native pulmonary
mucus samples were thawed at 4 °C the day prior to experiments. A 40
μL volume of mucus was then stained by gentle mixing with 1 μL of
Alexa488 Wheat Germ Agglutinin (Vector Laboratories, CA, U.S.A.),
and transferred to an imaging chamber to create a confluent mucus
layer.
Nanoparticle suspensions were aerosolized using a micropump

nebulizer (AerogenLab, Aerogen Ltd., Ireland, droplet size range 2.5−
4 μm). The nebulizer was aligned 6 cm above the mucus-containing
imaging chamber and 20 μL of nanoparticle suspension was
aerosolized over the sample, allowing 2 min for particle deposition.
The sample was then transferred to the confocal laser scanning
microscope (LSM 710 Axio Observer Zeiss, Germany) with an
Apochromat 40×/1.1 objective to study the time-dependent vertical
penetration of the particles through mucus. The temperature was
maintained at 37 °C using a humidified and temperature controlled
chamber. The stained mucus was detected in the green channel
(excitation 488 nm, detection 467−554 nm) and the fluorescent
nanoparticles in the red channel (excitation 561 nm, detection 624−
707 nm). Once the surface of the mucus sample was located, Z-stacks
encompassing 30−50 μm of the mucus layer were imaged (t = 0 min).
The procedure was repeated after 1 h (t = 60 min).

■ RESULTS AND DISCUSSION
2.1. Bulk Rheology. The frequency dependence of the

viscoelastic properties of bulk mucus samples in the linear
viscoelastic region is shown in Figure 1. The error of these

measurements, calculated from four independent experiments,
is below 10%. As expected, the storage modulus G′ was found
to be larger than the loss modulus G″ in the frequency range
between 0.01 and 3 Hz, while the ratio of the loss modulus and
the storage modulus (tan(δ) = G″/G′) ≈ 0.6 at a frequency of
0.159 Hz. Both moduli are only weakly frequency dependent in
the investigated frequency range. These characteristics are
typical of cross-linked gels or sample-spanning particle
networks.23 Tracheal mucus obtained from humans or other
animal models exhibits similar bulk rheological properties.3,9,24

The amplitude sweep performed at a frequency of 1 Hz shows
that the mucus layer is a weak gel which starts to soften already
at deformations around γ ≈ 0.05. The sample yields at
deformations of γ = 0.6, as indicated by the crossover of G′ and
G″.
2.2. Multiple Particle Tracking (MPT). Investigations into

the pulmonary mucus pore size have shown significant

variability in the pore dimensions of the mucin network,
ranging from pores of a few nanometers to voids in the
micrometer size range.3,18,25 Pore size estimations, however,
have often been derived from scanning electron microscopy,
and might therefore be biased by the mandatory fixation and
dehydration steps. MPT, on the other hand, provides
information on the mucus architecture with minimal
manipulation of the sample. The mean squared displacement
(MSD) Δr(τ)2 in native pulmonary mucus for 100 nm, 200 and
500 nm carboxylated polystyrene particles shows a broad
distribution irrespective of particle size, indicating that mucus
samples are heterogeneous on this scale (Figure 2; Supporting
Information, videos 1−3).

Therefore, instead of analyzing the average ⟨Δr(τ)2⟩ for a
collection of particles, we analyzed the slope α = d
log(Δr(τ)2)/d log(τ) of each individual MSD and classified
each particle as either diffusive or immobile according to its α-
value. This scaling exponent describes the diffusive properties
of the particles; for Newtonian fluids α = 1, while α = 0 in
purely elastic materials. We used a cutoff value of 0.5 to classify
the particles as diffusive (α > 0.5) or immobile (α < 0.5). The
classification as shown in Figure 2 is based on α-values obtained
at τ = 0.1 s. However, classification according to the α = 0.5
criterion is essentially independent of τ. The slope of the MSDs
of the diffusive (black lines) and the immobile particle fraction
(gray lines) is either approximately zero or close to one,
respectively.
MSDs increasing linearly with time (Figure 2, black lines)

correspond to a constant diffusion coefficient as typical for
Newtonian fluids. The corresponding particles move freely
through the fluid within the pores of the mucin network, and
their diffusion coefficient can be directly calculated according to

τ τΔ =r D( ) 42
(1)

The viscosity of fluid surrounding these particles can be
estimated from the diffusion coefficient D and the particle
diameter d, using the Stokes−Einstein equation:

η
π

=
k T
d D3

B

(2)

with kB denoting the Boltzmann constant and T is the absolute
temperature. This simple relationship is valid for particles
diffusing in an infinitely viscous environment.
The broad variation of MSDs is an intrinsic characteristic of

the heterogeneous mucus microstructure. Hence, rather than
using the mean values of collective particles, we decided to
focus on the 10th and 90th percentiles of the MSD fractions

Figure 1. Representative amplitude sweep experiment at a frequency f
= 1 Hz (a), and frequency sweep experiment at a strain γ = 0.1 (b).

Figure 2. Mean squared displacement (MSD, ⟨Δr2⟩) of carboxylated
nanoparticles in pulmonary pig mucus as a function of time τ. Black
lines represent MSDs with a slope α > 0.5, classified as diffusive, while
gray lines denote MSDs with α < 0.5, classified as immobile. The
gradient triangle in each figure illustrates a slope of 1.
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classified by the slope criterion, as depicted in Figure 2, to
proceed with calculation of the related physical parameters,
namely, the diffusion coefficient D of the tracer particles, and
the effective viscosity η in the viscous regions. These
interpercentile ranges therefore represent the viscoelastic
properties traced by 80% of the particles. Results based on
these considerations and corresponding numerical values are
summarized in Table 2.

The distribution of the slopes of the individual particle MSDs
at τ = 0.1 s, calculated from three independent samples, is
shown in Figure 3. The 100 and 200 nm particles exhibit a

broad distribution, whereas mainly immobile particles with α <
0.5 were observed at a particle diameter of 500 nm. According
to the selected classification criterion, 43, 51, and 6% of 100,
200, and 500 nm particles, respectively, were found to be
diffusive, that is, moving in a viscous environment.
Our MPT data shows that mucus is an extremely

heterogeneous, viscoelastic material consisting of viscous
regions, termed pores, and highly elastic areas thought to
consist of a dense polymeric network. The mesh size of this
network seems to be smaller than 100 nm in some areas (since
even 100 nm particles are trapped). On the other hand,
essentially all 500 nm particles are found to be in an elastic
environment, that is, they cannot enter the porous regions and
as a result the pore size is estimated to be smaller than 500 nm.
The limited diffusion of particles above this cutoff size within
pulmonary mucus is directly linked to the pore size of the
mucin network, and is independent from particle-mucin
chemical interactions since even 500 nm particles coated with
a dense layer of PEG, which significantly reduces the adsorption
of biomolecules on particle surfaces, are immobilized within the
mucin network.3

2.3. Fluorescence Recovery after Photobleaching
(FRAP). In a subsequent step, FRAP experiments were
performed to determine the transport of particle populations

on longer time (720 s) and distance scales. We conducted these
experiments with mucus stored at −20 °C after having found
equivalent results in terms of mobility for 100 and 200 nm
particles during pilot MPT experiments with fresh or slow-
thawed porcine pulmonary mucus (Supporting Information, 4).
FRAP experiments confirmed the low mobility of the 500 nm
particles. The fluorescence recovery for 500 nm particles was
very modest, barely reaching 10% recovery within the
experimental time, indicating that these particles were mostly
immobile (Figure 4).

As expected, 100 and 200 nm particles showed a higher
fluorescence recovery than 500 nm particles within the time
frame of the experiment, which was approximately 760 s.
Nevertheless, at this time the mobile particle fraction depicted
by the mean fluorescence recovery was higher for the 200 nm
(33%) than for the 100 nm (26%) particles.
In order to obtain further information regarding the diffusion

of the nanoparticles in native pulmonary mucus, the following
exponential function was fitted to the data of the arbitrary
intensities I:

= − τ−I t A e( ) (1 )t (3)

The parameter A corresponds to the estimated fraction of
mobile particles. The time constant τ is a characteristic of the
intensity increase over time and can be used to calculate the
halftime recovery τ1/2:

τ τ= ln(2)/1/2 (4)

The diffusion coefficient can then be obtained from the
halftime recovery and the radius of the bleached area (w = 17.5
μm) following the approach of Axelrod et al.:26

τ=D w0.88 /42
1/2 (5)

The diffusion coefficients for the differently sized particle
samples yielded values in accordance with those obtained for
the most diffusive particles during the MPT experiments (Table
3).
We observed a higher diffusion coefficient in pulmonary

mucus for 100 nm particles in comparison to the larger ones,
suggesting a critical mucus pore size between 100 and 200 nm.
According to our data (Figure 4) and the applied model (Table
3), the mobile fraction of the 100 nm particles (24%) was also
larger than that of the 500 nm particles (14%). Surprisingly,
however, the model yielded a mobile fraction for the 200 nm
particles (around 50%), which was even higher than for both
the larger 500 nm and smaller 100 nm particles. By applying the
model described by Axelrod et al. to the FRAP data, we were

Table 2. Range of Physical Properties in Relation to 100,
200, and 500 nm Particles within the Viscous Mucus
Fractions

viscous fraction

particle size diffusion coefficient D (10−13 m2/s) viscosity η (mPa s)

100 nm 0.46−22 2−90
200 nm 0.12−1.7 12−175
500 nm a

overall range 0.12−22 2−175
aNumber of diffusive particles too small for a reasonable calculation of
D or η. With n = 3 measurements, each performed on an independent
mucus sample.

Figure 3. Histograms depict the slope α = d log(MSD)/d log(τ) of the
MSDs at a time scale τ = 0.1 s, averaged from the relative frequencies
of three measurements, each performed on an independent mucus
sample.

Figure 4. Fluorescence intensity recovery over time t determined from
FRAP experiments using 100 (squares), 200 (circles), and 500 nm
(diamonds) particles and the corresponding exponential fits (gray
line). With n = 12, from four independent samples.
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able to calculate and compare the diffusion coefficients to those
obtained in the MPT experiments. Nevertheless, as indicated by
the wide diffusion ranges obtained by MPT, the transport of
nanoparticles through mucus appears to be much more
complex than simple diffusion and may be better explained
by short as well as long transient binding of the particles with
the mucin matrix.27,28 The unexpectedly low mobile fraction of
the 100 nm particles may be explained by the assumption that
these particles may get trapped within pores not accessible for
the larger particles. This effect is well-known and even applied
as a principle in gel exclusion chromatography (GPC), where
large molecules pass through the separation columns faster than
small ones. Still, a considerable fraction of the 200 nm particles
can somehow access the previously bleached area. This implies
that the heterogeneity of the pore size distribution within
pulmonary mucus also allows somewhat larger particles
eventually to find their way through pores that are compatible
with their size.
2.4. Aerosol Deposition at the Air−Mucus Interface.

Finally, in order to mimic the penetration of inhaled
nanoparticles into the mucus gel layer, we deposited
aerosolized nanoparticles onto mucus by means of a

vibrating-mesh nebulizer. The aim of these experiments was
to correlate the findings in terms of size dependent particle
mobility observed during MPT and FRAP experiments, where
the particles had been mechanically dispersed within the mucus
gel, with a situation that is closer to the physiological scenario
of inhaling such particles. Red-fluorescent, carboxylated
polystyrene particles of 100, 200, and 500 nm could be
successfully aerosolized, deposited, and detected on the surface
of a thin layer of native pig pulmonary mucus. As expected, at t
= 0 min, most of the particles were concentrated at the air−
mucus interface, irrespective of their size (Figure 5A).
A total of 1 h later (t = 60 min), 500 nm particles were still

unable to penetrate into the mucus layer at all and remained at
the air−mucus interface (Figure 5). Remarkably, however, 200
nm particles also remained at the air−mucus interface, in
contrast to the behavior of such particles when they are
mechanically dispersed in mucus. This suggests that their
penetration across the air-mucus interface is impeded, possibly
by the lack of sufficiently large pores. Only 100 nm particles
showed certain penetration into mucus, correlating well with
the previously illustrated mobility within mucus.
Taking together, the results of this study suggest that there is

a critical pore size that limits the penetration of nanoparticles
into the mucus gel layer after aerosol deposition, which must be
somewhere between 100 and 200 nm. These critically small
pores (“micro-pores”) are presumably located close to the air-
mucus interface but connect to areas with much larger pores
(“macro-pores”) in the inner parts of the mucus layer. The
mechanically dispersed particles were more equally distributed
within the mucus layer, where the macro-pores are also located.
This results in a much larger fraction of particles not restricted
by micropores, which can freely diffuse on the length scales

Table 3. Physical Properties of Mucus, as Calculated from
FRAP Dataa

particle
size

time
constant τ
(10−3 s−1)

diffusion
coefficient

(10−13 m2/s)
half time
(τ1/2) s

calcd mobile
particle fraction

(A) %

100 nm 4.27 ± 1.0 4.2 ± 0.1 160 ± 40 24 ± 2
200 nm 1.16 ± 0.1 1.1 ± 0.02 600 ± 80 54 ± 5
500 nm 1.37 ± 0.5 1.3 ± 0.05 500 ± 200 14 ± 4

an = 12, from four independent samples.

Figure 5. Confocal laser scanning microscopy study of the penetration of aerosolized 100, 200, and 500 nm red-fluorescent carboxylated
nanoparticles through native porcine pulmonary mucus. Representative cross sections of 25−40 μm of the z-stacks captured at t = 0 min, directly
after aerosol delivery of nanoparticles, and at t = 60 min, 1 h after aerosol delivery, are shown in A. Pulmonary mucus, in green, was stained with
wheat germ agglutinin. Irrespective of their size, the particles were concentrated at the air−mucus interface (indicated by the yellow line) at t = 0
min. After 1 h, particle penetration through mucus was only apparent for 100 nm particles, whereas 200 and 500 nm particles remained at the air−
mucus interface. Mucopenetration of 100 nm particles was accordingly observed in the micrographs at t = 60 min (177 μm × 177 μm) extracted
from the z-stack at 10, 20, and 30 μm depths of the mucus layer (B); n = 3 measurements, each performed on an independent mucus sample.
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observed by MPT and FRAP. Nonetheless, the limited
penetration at the air-mucus interface could be due to a
nanoparticle concentration-induced mucus fiber collapse, as
reported by Lai et al.1 In this study the authors reported that
high concentrations of particles can make mucus fibers collapse
into bundles. Once the mucin fibers collapse around particles,
they can provide sufficient hydrophobic interactions to
immobilize the particles. This scenario could apply after
aerosol deposition of particles at the air-mucus interface.

■ CONCLUSION

Rheological measurements as well as FRAP and MPT
experiments with polystyrene model particles of 100, 200,
and 500 nm mechanically dispersed in vitro in native porcine
pulmonary mucus suggest a heterogeneous mucus structure at a
length scale between 100 and 1000 nm. The elastic regions of
this gel exhibit different cross-linking densities with the mesh
size potentially below 100 nm in some areas, but also contain
larger interconnected pores with diameters in the range of 500
nm.
After aerosol deposition at the air−mucus interface, only

particles of 100 nm, but not of 200 nm or larger, could
penetrate into mucus. Such a penetration barrier can be best
explained by a structure with micropores smaller than 200 nm
and the absence of macro-pores close to the air-mucus
interface. The even more strict size limit for particle penetration
across the air-mucus interface compared to particle mobility
within mucus provides another protective element of this
important biological barrier to the exposure of inhaled
nanoparticles that needs to be taken into account for the
development of future inhalation nanomedicines.
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