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Abstract
A major role of respiratory mucus is to trap inhaled particles, including pathogens and
environmental particulates, to limit body exposure. Despite the tremendous health implications,
how particle size and surface chemistry affect mobility in respiratory mucus from humans without
lung disease is not known. We prepared polymeric nanoparticles densely coated with low
molecular weight polyethylene glycol (PEG) to minimize muco-adhesion, and compared their
transport to that of uncoated particles in human respiratory mucus, which we collected from the
endotracheal tubes of surgical patients with no respiratory comorbidities. We found that 100 and
200 nm diameter PEG-coated particles rapidly penetrated respiratory mucus, at rates exceeding
their uncoated counterparts by approximately 15- and 35-fold, respectively. In contrast, PEG-
coated particles ≥ 500 nm in diameter were sterically immobilized by the mucus mesh. Thus, even
though respiratory mucus is a viscoelastic solid at the macroscopic level (as measured using a bulk
rheometer), nanoparticles that are sufficiently small and muco-inert can penetrate the mucus as if
it were primarily a viscous liquid. These findings help elucidate the barrier properties of
respiratory mucus and provide design criteria for therapeutic nanoparticles capable of penetrating
mucus to approach the underlying airway epithelium.
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1. Introduction
Mucus lines the conducting airways, protecting the respiratory epithelium from the external
environment. The respiratory mucus barrier comprises two layers: The gel layer, rich in
secreted macromolecules, which is continuously cleared by ciliary beating, and the
periciliary layer, consisting of macromolecules tethered to the airway surface, which
facilitates ciliary activity [1]. A major role of the respiratory mucus gel is to trap inhaled
particles so they can be swept from the airways by mucociliary clearance, thereby defending
the lungs against pathogens and toxic materials [2]. However, it is not known what size
particles are trapped, or how particle surface chemistry affects mobility, in the airway mucus
gel layer of humans without respiratory disease [3]. Airway mucus is difficult to collect and
analyze because individuals with healthy respiratory systems generally cannot
spontaneously expectorate it, and the mucus gel layer is only a few to a few tens of
micrometers thick [2, 4]. Yet measuring the permeability of this mucus gel is essential for
understanding how effectively it protects the lungs from continuously inhaled pathogens and
environmental particulates. Studying the interaction between respiratory mucus and
nanoparticles may also elucidate design criteria for inhaled therapeutic nanoparticles to treat
diseases such as lung cancer; these particles must penetrate the mucosal barrier to avoid
rapid clearance and achieve the pharmacokinetic profile requisite for effective therapeutic
outcomes [5]. Finally, characterizing respiratory mucus from humans without pulmonary
disease may provide a benchmark against which to compare respiratory secretions from
patients with diseases that affect the airways, including asthma, chronic obstructive
pulmonary disease (COPD), and cystic fibrosis (CF).

Nanoparticle diffusion has previously been measured in a variety of human mucus
secretions, including cervicovaginal (CV) mucus [6], CF sputum [7, 8], and chronic
rhinosinusitis mucus [9]. Conventional, uncoated polymeric particles have hydrophobic
surfaces that adhere to hydrophobic domains on mucin fibers – the long, entangled
glycoproteins responsible for the mucus gel structure [10]. We discovered that coating
polymeric nanoparticles with a dense layer of low molecular weight polyethylene glycol
(PEG) minimizes particle adhesion to mucus [6]. PEG minimizes protein adhesion at
biomaterial surfaces because the hydrated PEG layer enthalpically resists release of water
molecules and entropically resists compression [11]. Using PEG-coated particles, we were
able to probe the mucus microstructure [12]. Surprisingly, we found that PEG-coated
particles as large as 200 nm in diameter can penetrate sputum freshly expectorated by CF
patients [7], and coated particles as large as 500 nm can penetrate CV mucus collected from
healthy women [6], whereas comparably sized uncoated particles are immobilized by the
mucus mesh. Tracking the motion of individual PEG-coated and uncoated particles in fresh,
minimally diluted mucus samples offers several advantages compared to traditional
approaches for studying mucus gel structure and permeability. Electron microscopy, for
instance, requires fixation methods that can change the mucus structure [10]. Transport
studies using only conventional, uncoated polymeric particles cannot distinguish between
adhesive and steric contributions to particle trapping. Finally, bulk diffusion measurements
do not reveal transport rates at the single-particle level, and thus cannot identify particle
subpopulations of interest, such as fast-moving outliers.

Mucus secretions from various wet epithelia are similar in overall properties – they are
viscoelastic gels comprised of water and mucins, as well as salts, non-mucin proteins, and
lipids – but their exact biochemical compositions, clearance rates, and microbiota differ with
anatomical site and disease state [2]. These factors alter the mucus microstructure and
permeability, and motivate the analysis of mucus from various tissues and conditions. Here,
our aim was to study normal human airway mucus, which we define as airway mucus from
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individuals without respiratory disease. As our model for normal airway mucus, we
collected the mucus from endotracheal tubes of patients without respiratory comorbidities
who underwent elective, non-cardiothoracic surgery, as previously described [13]. This
collection method is noteworthy because it imposes no additional burden on the patient, and
in contrast to bronchiolar lavage or to sputum induction using nebulized hypertonic saline, it
minimizes sample dilution and salivary contamination [13, 14]. We performed scanning
electron microscopy to visualize the mucus samples and conducted biochemical assays to
analyze their basic composition. To elucidate the physicochemical properties of
nanoparticles that govern their transport rates in normal airway mucus, we measured the
mobility of PEG-coated and uncoated 100, 200, and 500 nm polymeric particles in fresh
mucus samples using high-resolution fluorescence microscopy and multiple-particle
tracking analysis. We further investigated the mucus gel structure and the barrier it poses to
nanoparticle diffusion by comparing the bulk rheological properties of respiratory mucus, as
measured using a cone-and-plate rheometer, with the microrheological properties, as probed
by PEG-coated nanoparticles.

2. Methods
2.1 Mucus sample collection

Human airway mucus samples were collected in accordance with a protocol approved by the
Johns Hopkins Medicine Institutional Review Board (study number NA_00038606).
Samples were collected by the endotracheal (ET) tube method, as previously described [13,
15]. Patients who required intubation as part of general anesthesia for elective, non-
cardiothoracic surgery at the Johns Hopkins Hospital were identified. Only patients with no
cardiopulmonary or respiratory comorbidities and no smoking history were included in this
study. At the end of surgery, the ET tube was removed from the patient, and the distal 10 cm
portion, including the balloon cuff, was cut and placed in a 50 mL centrifuge tube. The
specimens were then spun at 1000 rpm (220 × g) for 30 s, yielding an average mucus
volume of 0.5 mL. Mucus with visible blood contamination was not included in the analysis.
Mucus samples were stored at 4 °C and analyzed within 24 hours of collection, excluding
portions for the mucin and DNA assays, which were frozen at −20 °C until use. The data
presented here is from male and female patients; the mean patient age was 56 years, with
standard deviation 17 years.

2.2 Rheology of respiratory mucus
Bulk rheological properties of airway mucus were measured using a strain-controlled
rheometer (RFS3; TA Instruments) with cone-and-plate geometry (cone diameter 25 mm
and angle 0.1 rad). All measurements were conducted at room temperature in a humidified
chamber. Oscillatory tests, performed at small strain amplitudes to minimize shear damage
to the mucus samples, were used to measure the frequency-dependent elastic modulus, G′
(ω), and viscous modulus, G″(ω), of the mucus [16]. (The elastic and viscous moduli,
respectively, are the in-phase and out-of-phase components of stress induced in the material,
divided by the magnitude of the applied strain.) After the mucus sample was loaded onto the
rheometer, it was allowed to equilibrate for five minutes. Then, the linear viscoelastic
region, for which the viscous and elastic moduli are independent of strain amplitude [17],
was determined by conducting strain amplitude sweeps from 0.2 to 10% strain at
frequencies of 1, 6.28, and 100 rad/s. Based on the strain sweep tests, 1% strain was
determined to be within the linear viscoelastic region, and was thus used for the frequency
sweep test (from 0.1 to 100 rad/s).
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2.3 Determination of mucin, DNA, and total solids content
Mucin concentration was determined based on the reaction of 2-cyanoacetamide (Sigma-
Aldrich) with O-linked glycoproteins, as previously described [8, 18]. Mucus aliquots were
diluted 20-fold and homogenized by vortexing for at least 15 min. Then, 50 μL of this
suspension was mixed with 60 μL of an alkaline solution of 2-cyanoacetamide (200 μL of
0.6 M 2-cyanoacetmaide added to 1 mL of 0.15 M NaOH). The mixture was incubated at
100 °C for 30 min, after which 0.5 mL of 0.6 M borate buffer, pH 8.0, was added to it.
Fluorescence intensity was measured at excitation and emission wavelengths of 340 and 420
nm, respectively. Mucin concentrations were calculated by comparing the fluorescence
intensity readings to a standard curve generated using known concentrations of mucin from
bovine submaxillary gland (Sigma-Aldrich).

A fluorimetric assay was also used to measure DNA concentration, based on the reaction of
3,5-diaminobenzoic acid dihydrochloride (DABA; Sigma-Aldrich) with DNA [8]. Mucus
aliquots were diluted 5-fold and homogenized by vortexing for at least 15 min. Then, 30 μL
of this suspension was reacted with 30 μL of 20% wt/vol DABA solution. After incubating
for 1 h at 60 °C, 1 mL of 1.75 M HCl was then added to stop the reaction. The fluorescence
was measured at excitation and emission wavelengths of 400 and 520 nm, respectively.
DNA concentrations were calculated with reference to a standard curve generated using
known concentrations of DNA from salmon testes (Sigma-Aldrich).

The total solids content of mucus was determined by freeze-drying. Mucus samples were
frozen in liquid N2 and placed in a lyophilizer (FreeZone 4.5 Plus; Labconco) for at least 12
h to extract water from the samples. The ratio of mucus mass before versus after
lyophilization is the total solids content.

2.4 Scanning electron microscopy
Respiratory mucus samples were prepared for scanning electron microscopy (SEM) based
on a protocol previously used for CV mucus and CF sputum [8, 19]. Mucus samples were
fixed for 1 h in 2% glutaraldehyde in 100 mM sodium cacodylate buffer, pH 7.2, containing
3 mM CaCl2. The samples were then rinsed in buffer and postfixed in 1% OsO4 in 100 mM
sodium cacodylate buffer for 1 h on ice in the dark. Following a brief rinse with distilled
water, samples were stained with 2% uranyl acetate for 1 h and then dehydrated through a
graded series of ethanol solutions. Upon complete dehydration, samples were soaked in a
50:50 mixture of ethanol and hexamethyldisilazane (HMDS), followed by pure HMDS.
Mucus samples were then dessicated under vacuum overnight. The samples were attached to
aluminum stub mounts via carbon adhesive tabs (Ted Pella), and then coated with 20 nm of
AuPd with a sputter coater (Desk III; Denton Vacuum). The samples were imaged with a
field-emission scanning electron microscope (LEO 1530 FESEM; Zeiss) operating at 1 kV.

2.5 Nanoparticle preparation and characterization
Fluorescent, carboxylate-modified polystyrene spheres (PS-COOH) sized 100, 200, and 500
nm in diameter were purchased from Molecular Probes. The surface density of carboxyl
groups on the particles, calculated using data provided by the manufacturer, ranged from 3
to 8 COOH/nm2 depending on the lot. PEG-coated particles were prepared by covalently
modifying the PS-COOH particles with 5 kDa methoxy-PEG-amine (Creative PEGWorks)
using carbodiimide coupling chemistry [20]. Briefly, 100 μL of PS-COOH particle
suspension, supplied by the manufacturer as 2% solids, were washed and resuspended to 4-
fold dilution in ultrapure water in a 1.5 mL microcentrifuge tube. PEG was added to the
particle suspension in excess (2-fold excess for the 100 nm particles and 5-fold excess for
the 200 and 500 nm particles), based on the number of carboxyl groups on the particles.
After mixing to dissolve the PEG, N-hydroxysulfosuccinimide sodium salt (sulfo-NHS;
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Sigma-Aldrich) was added to the tube, followed by 600 uL of 200 mM borate buffer, pH
8.2, and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC; Invitrogen).
NHS and EDC concentrations were 10 mM and 6 mM, respectively. Particles suspensions
were placed on a tube rotator for 4 hours, then centrifuged and washed with ultrapure water.
Particles were resuspended in ultrapure water to the original concentration. Aliquots for
particle transport experiments were diluted with ultrapure water to obtain concentrations
appropriate for tracking individual particles. Particle suspensions were stored at 4 °C until
use.

The surface density of PEG on PS-PEG particles prepared according to this protocol was
recently measured to be 0.09 PEG/nm2, using a nuclear magnetic resonance (NMR) method,
as reported by our lab [20]. Particle size and zeta-potential were measured by dynamic light
scattering and laser Doppler anemometry, respectively, using a Zetasizer Nano ZS90
(Malvern Instruments), which has a 90° scattering angle. Both size and zeta-potential were
measured at 25 °C, with the particles suspended in phosphate buffered 10 mM NaCl
solution, pH 7.4.

2.6 Multiple particle tracking in respiratory mucus
Nanoparticle transport in airway mucus was studied by multiple particle tracking (MPT).
The particle suspensions were added to mucus samples at a final dilution of 4% vol/vol in
custom-made microscopy chambers. After gently stirring the samples, the chambers were
sealed to prevent sample dehydration, then incubated for 1.5 h. Particle motion in the mucus
samples was observed at room temperature using an inverted epifluorescence microscope
(Axio Observer; Zeiss) with a 100×/1.46 NA oil-immersion objective. Movies were
collected for 20 s at a temporal resolution of 67 ms using an EMCCD camera (Evolve 512;
Photometrics). Movies were analyzed with MetaMorph software (Molecular Devices) to
extract the x and y positions of particle centroids over time. At least 100 PS-COOH and PS-
PEG particles of each size were tracked for at least 50 frames in each of five mucus samples.
For each trajectory, the time-averaged mean squared displacement (MSD) was calculated as
a function of time scale, τ, as 〈Δr2(τ)〉 = 〈[x(t + τ) − x(t)]2〉 + 〈[y(t + τ) − y(t)]2〉. The
tracking resolution, determined by tracking particles immobilized to glass with a strong
adhesive [21], was determined to be 10 nm. Based on the SEM images, airway mucus may
be assumed to be isotropic (though not homogeneous), so the 2-dimensional MSD measured
here by MPT equals two-thirds of the 3-dimensional MSD. The ensemble-averaged MSD
(〈MSD〉) for all particles of a given type in a given mucus sample was calculated by taking
the geometric mean of the individual particles’ time-averaged MSDs. We fit the 〈MSD〉 data
to the equation 〈MSD〉 = kτα to obtain α, which is a measure of the extent of impediment to
particle diffusion (α = 1 for pure Brownian motion and α < 1 for subdiffusion). This was
accomplished by calculating the slope of log(〈MSD〉) vs. log(τ) using the least-squares
method. Additional information on MPT measurements is available in review articles [21,
22].

2.7 Particle tracking microrheology analysis
Particle tracking microrheology analysis was performed by applying the generalized Stokes-
Einstein relation (GSER) to the PS-PEG particle MSD data. The GSER relates the thermal
motion of particles to the viscoelastic moduli of the material environment they probe. The

unilateral Laplace transform of the MSD, , is related to the viscoelastic spectrum of

the material, G̃(s), according to the GSER by . Here, kB is
Boltzmann’s constant, T is the absolute temperature, a is the particle radius, and s is the
complex Laplace frequency. This can be used to find the complex modulus, G* (ω) = G′(ω)
+ iG″(ω), as detailed elsewhere [23, 24]. In this way, the particles’ displacements can be
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used to calculate the microscopic viscoelasticity of the environment they probe. A material’s
viscoelastic response can alternatively [25] be interpreted as a complex viscosity, η*(ω),
whose magnitude is defined as |η*(ω)| = |G*(ω)|/ω. Complex viscosity thus incorporates
both viscous and elastic contributions. In the limiting case, for a purely viscous Newtonian
liquid such as water, the complex viscosity equals the standard steady shear viscosity.

2.8 Viscosity of mucus interstitial fluid
The viscosity of mucus interstitial fluid was determined by centrifuging mucus samples for 1
h at 21,000 × g, removing the supernatant, and then measuring the supernatant viscosity by
particle tracking microrheology (we confirmed that these supernatant viscosity
measurements did not depend on probe particle size).

2.9 Statistical analysis
Statistical analysis (for Fig. 6) was performed by one-way analysis of variance (ANOVA)
using logarithmically transformed data. Subsequent multiple comparison tests were
performed using Tukey’s HSD procedure. Analysis was conducted using the Statistics
Toolbox in MATLAB R2012a (MathWorks). Differences were considered to be statistically
significant at a level of P < 0.01.

3. Results
3.1 Bulk rheology

To characterize the bulk material properties of respiratory mucus, we measured the
viscoelastic moduli of mucus samples (n = 5) using a cone-and-plate rheometer. We
determined from strain sweep tests that 1% strain is within the linear viscoelastic region
(Fig. 1A). We then measured the frequency-dependent viscoelastic moduli at 1% strain and
found that the elastic modulus, G′(ω) exceeded the viscous modulus, G″(ω), over the 3
decades of frequency tested (Fig. 1B). A frequency of ω = 1 rad/s is traditionally used in
mucus rheology studies to approximate the low velocities of mucociliary clearance [26, 27].
The ratio of the viscous to elastic modulus, tan(δ) = G″(ω)/G′(ω), was 0.30 at ω = 1 rad/s;
this corresponds to a phase angle of δ = 17°. Materials with 0 < G″/G′ < 1, or equivalently
0° < δ < 45°, are categorized as viscoelastic solids. The viscous and elastic moduli exhibit a
weak frequency dependence, with log(G′) and log(G″) both having slopes around 0.15
when plotted against log(ω). Overall, this rheological signature is characteristic of a
crosslinked gel, as expected [27].

3.2 Biochemical analysis
To assess mucus sample quality and composition, we conducted basic biochemical analysis.
The total solids content of airway mucus was 6.9 ± 2.8% (n = 13). The measured mucin
content ranged from 8 to 22% of the total solids, while DNA comprised less than 1% of the
total solids on average. The pH of the mucus samples ranged from 7 to 8.5.

3.3 Microstructure of respiratory mucus
We imaged airway mucus using scanning electron microscopy, which visually confirmed
that the mucus samples have a meshwork architecture (Fig. 2). In the SEM images, pores in
the mucus mesh ranged from tens to hundreds of nm in diameter, with many pores smaller
than 100 nm; we note, however, that SEM sample preparation likely contracts the mucus
microstructure [10] . The fibers appeared to be randomly oriented, which suggests that the
mucus samples are isotropic. The SEM images of normal airway mucus were similar in
overall appearance to previously published images of CF sputum [8, 28].
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3.4 Transport of particles in respiratory mucus
We compared the thermally-driven motion of PEG-coated polystyrene nanoparticles (PS-
PEG) to that of conventional carboxylate-modified PS nanoparticles (PS-COOH) in fresh
human respiratory mucus using multiple-particle tracking (MPT). The dense PEG layer on
the PS-PEG particles was confirmed by their near-neutral surface charge, compared to the
highly negative surface charge of the PS-COOH particles (Table 1). We have also recently
quantified the PEG density using an NMR-based method [20]. The 100 nm diameter PS-
COOH particles exhibited hindered trajectories in airway mucus, and the 200 and 500 nm
PS-COOH particles were essentially immobilized (Fig. 3A, C and E). In contrast, the 100
and 200 nm PS-PEG particle trajectories were more diffusive (Fig. 3B and D). The 500 nm
PS-PEG particles exhibited constrained traces (Fig. 3F) indistinguishable from those of the
500 nm PS-COOH particles.

To quantify these differences, we calculated the mean squared displacements (MSDs) of at
least 100 individual particles of each particle type in each mucus sample (n = 5). At a time
scale (τ) of 1 s, the geometric ensemble-averaged MSD (〈MSD〉) of 100 and 200 nm PS-
PEG particles was 14-fold and 33-fold greater, respectively, compared to the 100 nm and
200 nm PS-COOH particles (Fig. 4). However, the 〈MSD〉 of the 500 nm PS-PEG particles
was similar to that of the 500 nm PS-COOH particles for all time scales. At a time scale of 1
s, the 100 and 200 nm PS-PEG particles were slowed only 26- and 41-fold, respectively,
compared to their theoretical diffusivities in water, as calculated with the Stokes-Einstein
equation. In contrast, the 100 and 200 nm uncoated particles were slowed 390- and 1600-
fold, respectively, compared to their theoretical diffusivities in water. The 500 nm particles,
both PS-COOH and PS-PEG, were slowed more than 500-fold compared to their theoretical
diffusivities in water (Table 1).

To further assess the extent to which normal airway mucus hinders particle motion, we fit
the ensemble-averaged MSDs to 〈MSD〉 = kτα and extracted α, the anomalous diffusion
exponent. For pure Brownian motion in a viscous liquid, α = 1; for anomalous subdiffusion
in complex environments over short time scales, μ < 1, with smaller μ indicating more
hindered particle motion [22]. The value of μ for 100 and 200 nm PS-PEG particles was
0.88 and 0.82, respectively, while for the 100 and 200 nm PS-COOH particles, it was 0.68
and 0.54, respectively (Table 1). The α values were only 0.59 and 0.54 for 500 nm PS-PEG
and PS-COOH particles, respectively.

Fast-moving particles are of particular interest, as they are more likely to penetrate the
heterogeneous mucus layer quickly enough to reduce their removal by mucociliary clearance
and approach the underlying epithelium. In addition to ensemble-averaged transport rates,
MPT also provides individual particle data, which can be represented in a histogram of
individual particle MSDs (Fig. 5; this data is presented at τ = 3 s to facilitate comparison
with the 3 s long trajectories in Fig. 3). Particles with MSDs less than 0.1 μm2 at a time
scale of 3 s appeared immmobile in our time-lapse videos. The MSD value of 0.1 μm2 at τ =
3 s is approximately 500-fold lower than that of a 100 nm particle diffusing in water. If we
define particles below this cutoff as immobile and above it as mobile, we find 84%, 75%,
and 8% of 100, 200, and 500 nm PS-PEG particles, respectively, were mobile. The 100 nm
PS-COOH particles did have a sizable mobile fraction by the above definition, over 42%,
whereas only 11% of 200 nm and 5% of 500 nm PS-COOH particles were mobile.

3.5 Micro- vs. macroscopic rheology
To deepen our understanding of the mucus gel structure and the barrier it poses to different
sizes of muco-inert particles, we compared the macroscopic (bulk) rheological properties of
respiratory mucus, as measured using a cone-and-plate rheometer, with the microscopic
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rheological properties, as measured by particle tracking microrheology (PTM). To facilitate
this comparison, the values we report here are |η*(ω)|, the magnitude of the complex
viscosity, at ω = 1 rad/s. At the bulk level, respiratory mucus had a complex viscosity
magnitude more than 13,000 times that of water. In contrast, the measured viscosity of
mucus interstitial fluid was approximately 3 times that of water (Fig. 6), in good agreement
with a previous study on CF sputum [29]. The 100 and 200 nm PS-PEG particles
experienced viscosities only 16- and 38-fold higher than that of the mucus interstitial fluid,
respectively, and more than 250- and 100-fold lower than the bulk viscosity (Fig. 6). In
contrast, the 500 nm PS-PEG particles experienced an average viscosity more than 1000
times greater than that of the mucus interstitial fluid, and only 4-fold lower than the bulk
viscosity of mucus.

4. Discussion
In this study, we explored the barrier properties of human respiratory mucus collected from
individuals without lung disease. We found that polymeric nanoparticles as large as 200 nm,
if densely coated with low molecular weight PEG, can rapidly diffuse through respiratory
mucus. This finding will help guide the design of inhaled therapeutic nanoparticles –
including drug, gene, and vaccine carriers – which offer the potential for increased efficacy
and reduced side effects compared to traditional approaches for treating and preventing
respiratory disease. To be maximally effective, inhaled chemotherapy-loaded nanoparticles
for lung cancer [30] and nanoparticle-based vaccines for tuberculosis and influenza [31, 32]
may need to achieve broad coverage throughout the airways and avoid rapid clearance by
the mucociliary escalator [5]. We recently reported that mucus-penetrating nanoparticle
formulations can improve the distribution, retention, and efficacy of vaginally administered
drugs [33]. Likewise, particles that can rapidly penetrate airway mucus may achieve reduced
clearance and improved airway distribution, retention, and pharmacokinetic profile. The
present work also enhances understanding of the barrier properties of airway mucus to
inhaled environmental particles, such as viruses and particulate matter pollution, both of
which are major global health risks [34].

The findings in this study suggest that airway mucus is a selectively permeable barrier,
whose barrier properties depend upon both particle size and adhesiveness. Small, PEG-
coated particles exhibit enhanced transport in airway mucus compared to similarly sized
uncoated particles because the dense PEG coating reduces particle adhesion to the mucus
network, permitting the particles to diffuse more freely [6, 7, 12]. The low viscosities
experienced by 100 and 200 nm PEG-coated particles indicate that these particles resist
muco-adhesion and furthermore are small enough to diffuse through fluid-filled openings in
the mucus network, so they are less sensitive to the bulk rheological properties of the mucus.
To these particles, on average, the mucus barrier is a low-viscosity liquid. In contrast, the
500 nm particles, even with PEG coatings, experience significantly larger viscosities,
approaching the mucus bulk viscosity. This is most likely because their large size relative to
the mucus mesh size precludes the particles from readily percolating through the mucus gel.
Particles that are large relative to the mucus mesh spacing, similarly to particles that firmly
adhere to mucus, are sensitive to the elasticity of the biopolymer network and its solid-like
bulk rheology.

Our finding that PEG-coated particles as large as 200 nm in diameter can diffuse in
respiratory mucus appears to conflict with our visual analysis of SEM images, in which the
majority of pores appeared to be smaller than 100 nm. As previously documented, this
discrepancy is likely caused by alteration of the mucus network during SEM sample
preparation, which entails fixation and dehydration of the mucus [10]. Furthermore,
polymers in solutions and gels like mucus are dynamic, which a static SEM image cannot
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show [10, 35]. Because of this dynamic nature, a non-adhesive particle whose diameter is
comparable to the average mesh size may be able to percolate through the mucus [35, 36],
which might not be evident from SEM image analysis. Particle tracking allowed us to
overcome these challenges and probe the microstructure of fresh, minimally perturbed
airway mucus samples.

To effectively shield against adhesive hydrophobic and electrostatic interactions and
minimize protein binding, PEG must be densely grafted to the particle surface. PEG tends to
adopt an extended “brush” conformation if the surface density is sufficiently high that the
distance between grafted PEG chains is smaller than their Flory radius (the unconstrained
polymer size in a good solvent) [37, 38]. In contrast, the PEG adopts a “mushroom”
conformation when PEG density is lower, such that adjacent chains are far enough apart to
generally avoid overlap. We recently reported that our 100 nm PS-PEG particles with near-
neutral zeta-potential had approximately 0.09 PEG chains per nm2 of particle surface, or one
chain per ~11 nm2, which is within the brush regime for 5 kDa PEG [20]. Dense PEG brush
coatings have been shown to better shield nanoparticles against interactions with
biomolecules [20, 37].

While we found that PEG-coated particles as large as 200 nm in diameter can diffuse in
respiratory mucus gel, we note that in vivo, the mucus gel layer sits atop the periciliary layer
(PCL), which is expected to serve as a further barrier to particles. Recent evidence suggests
that the PCL is not a watery liquid, as previously thought, but rather consists of a dense
brush of macromolecules grafted to cilia and the epithelial surface [1]. In primary human
bronchial epithelial (HBE) cell cultures, the periciliary brush has a maximum mesh size of
approximately 40 nm [1]. This may provide an extra layer of protection to the airway
epithelia, beyond that of the mucus gel studied here, in airway regions with an intact PCL.
There may be gaps in the PCL above secretory cells [39], so particles might be able to more
readily breach the lung’s protective barrier at those locations. We must also emphasize that
in healthy individuals, ciliary beating constantly propels mucus out of the lungs, while
continuous mucin secretion simultaneously replenishes the mucus gel layer [2]. To reach the
PCL, a nanoparticle must therefore diffuse through the mucus gel layer faster than it is
swept away by mucociliary activity.

We recognize that mucus collected by the endotracheal tube method may be altered
compared to the mucus gel layer in vivo. When the patients were in the operating room,
their endotracheal tubes were connected to a passive heat and moisture exchanger (Humid-
Vent) to humidify the ventilated air. Still, the ventilated air may be drier than air humidified
by passing through the upper respiratory tract during normal respiration. Endotracheal tube
mucus could thus be dehydrated compared to mucus in vivo [13]. If so, the work here would
set a conservative bound on the nanoparticle size capable of penetrating respiratory mucus.
However, our rheological and biochemical data suggest that the endotracheal tube mucus
samples were of good quality. First, in terms of rheology, we measured tan(δ) = 0.30 at ω =
1 rad/s; this is in close agreement with previously published values for respiratory mucus
collected by the endotracheal tube method (0.33) and by a bronchoscopy brush method
(0.28) from individuals with no respiratory disease [13, 15]. Second, in terms of total solids
content, we measured an average of 6.9% solids. This is in reasonable agreement with the
5.2% solids reported by Matthews et al. for “normal” mucus, which they collected from
laryngectomized patients [40]. Other papers report that normal mucus is 2 to 3% solids, but
those values are based on mucus collected from HBE cell cultures [1, 4]. Third, with regards
to biochemical composition, we measured mucin contents ranging from 8 to 22% of the total
solids, which is consistent with reports that mucins account for less than 30% of the mucus
solids [2]. We found that DNA was less than 1% of the total solids on average, as expected
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for healthy respiratory mucus, and in contrast to the elevated (approximately10-fold higher)
DNA concentration in CF sputum, for instance [2, 8, 40].

Previously, we characterized sputum expectorated by adult CF patients [7]. Comparing that
work with the present study, PEG-coated 200 nm particles were slowed 65-fold in CF
sputum and 41-fold in normal airway mucus at a timescale of 1 s, compared to their
theoretical diffusivities in water. This difference may be due to the increased concentrations
of DNA, actin, and other debris released by dead inflammatory cells in CF sputum [2]. In
both normal mucus and CF sputum, 500 nm particles were immobilized. Although the
collection methods are different, making direct comparison challenging, this finding implies
that both normal and CF mucus are significant barriers to nanoparticle transport. We note
that in our previous work with CF sputum, 100 nm PS-PEG particles were immobilized,
which we attributed to difficulty coating these smaller, more highly curved particles with a
dense PEG layer [7]. However, we have since engineered improved 100 nm particles with
denser PEG coatings, as discussed [6, 12, 20]. We show here that these improved 100 nm
PS-PEG particles can penetrate normal airway mucus, and they are also capable of
penetrating CF sputum (unpublished data). Thus, the difference in transport of 100 nm PS-
PEG particles between our previous CF paper and the present work with normal airway
mucus reflects the quality of the PEG coating, not the disease state.

We found that there are profound differences between respiratory mucus and mucus
collected from the female reproductive tract [6, 12]. Whereas 500 nm PS-PEG particles are
immobilized in airway mucus, they can effectively penetrate cervicovaginal mucus (CVM)
from healthy women. This indicates that the airway mucus collected here has a significantly
tighter mesh than does CVM. This may reflect the greater need for particle trapping in the
airways, which are continuously exposed to the external environment. Despite its larger
mesh spacing, CVM’s bulk viscous and elastic moduli are roughly one order of magnitude
greater than those of airway mucus [41]. This may be explained as follows: Mucins in native
CVM are bundled by hydrophobic interactions [41], and may be more bundled than are
mucins in airway mucus. Increased mucin bundling in CVM would produce thicker mucin
fibers, resulting in larger viscoelastic moduli and a more porous microstructure, of CVM
compared to airway mucus. This finding agrees with experiments using a model actin gel,
where it was found that for a fixed actin concentration, increased actin fiber bundling caused
both increased mesh size and increased elastic modulus [42]. To further understand how
mucus differs between different anatomical locations, the techniques used here could also be
applied to characterize the rheology and permeability of mucus from other mucosal tissues,
such as the GI tract.

Another difference we found in this study was that approximately 40% of 100 nm PS-
COOH particles are mobile in respiratory mucus, whereas 100 nm PS-COOH particles are
almost entirely immobilized in CVM [6]. This suggests that particles with hydrophobic and
anionic surface regions, such as PS-COOH particles, may be less adhesive to respiratory
mucus than they are to CVM. It is possible that abundant endogenous surfactants in airway
mucus [43, 44] may coat hydrophobic regions on mucins or on the particles, making the PS-
COOH particles less adhesive to respiratory mucus. The consequences of this phenomenon
on particle transport are more noticeable for smaller particles, most likely because smaller
particles are less likely to form multiple contacts with the mucus gel network, and thus are
less avidly adhered. One finding supporting this explanation is that, compared to untreated
CF sputum, 200 nm PS-COOH particles and adhesive rod-shaped gene vectors exhibit
enhanced transport in sputum treated with N-acetyl cysteine, which increases the pore size
by cleaving disulfide crosslinks in the mucin mesh [28, 45]. The 100 nm PS-COOH particle
transport data suggests that viruses and very small environmental pollution particles that
deposit in the airways may be capable of penetrating the airway mucus gel layer to some
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extent, increasing the threat they pose to the body. For instance, our results suggest that the
influenza virus (d ≈ 100 nm, smaller than the mucus mesh size) should be able to penetrate
respiratory mucus, unless it is strongly immobilized by adhesive interactions with mucus
constituents.

5. Conclusion
Using multiple particle tracking of muco-inert probes, we determined the microstructure of
respiratory mucus collected from endotracheal tubes of humans without lung disease. We
found that PEG-coated particles as large as 200 nm are capable of penetrating normal human
airway mucus. Whereas respiratory mucus is a viscoelastic solid at the bulk level, small PS-
PEG particles ≤ 200 nm can penetrate the mucus as if it were primarily a viscous liquid. We
also established principles and methods that can be applied to design and test novel
therapeutic mucus-penetrating nanoparticles for airway delivery, as well as to study the
transport of respiratory viruses and environmental nanoparticles in physiologically relevant
mucus samples.
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Figure 1.
Bulk rheology of airway mucus. (A) Strain-dependent viscous and elastic moduli from 0.2 to
10% strain at a frequency of 1 Hz (6.28 rad/s). (B) Frequency-dependent viscous and elastic
moduli from 0.1 to 100 rad/s at 1% strain. Error bars represent standard error of the mean for
n = 5 mucus samples.
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Figure 2.
Scanning electron micrograph shows network microstructure of airway mucus. Scale bar
represents 500 nm.
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Figure 3.
Representative trajectories of nanoparticles in airway mucus. Trajectories show 3 s of
motion. The trajectories presented are within one standard error of the mean MSD for each
particle type. (A) 100 nm PS-COOH particles. (B) 100 nm PS-PEG particles. (C) 200 nm
PS-COOH particles. (D) 200 nm PS-PEG particles. (E) 500 nm PS-COOH particles. (F) 500
nm PS-PEG particles.
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Figure 4.
Ensemble-averaged geometric mean squared displacement (〈MSD〉) as a function of
timescale for nanoparticles in airway mucus. (A) 100, 200, and 500 nm PS-PEG particles.
(B) 100, 200, and 500 nm PS-COOH particles. Data represents 5 mucus samples, with at
least 100 particles of each particle type tracked per sample. Error bars are presented as
standard error of the mean.
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Figure 5.
Distribution of individual particle mean squared displacements at a time scale of 3 s. Data
represents 5 mucus samples, with at least 100 particles of each type tracked per sample. (A)
100 nm PS-COOH particles. (B) 100 nm PS-PEG particles. (C) 200 nm PS-COOH particles.
(D) 200 nm PS-PEG particles. (E) 500 nm PS-COOH particles. (F) 500 nm PS-PEG
particles.
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Figure 6.
Micro- vs. macroscopic viscosity of human respiratory mucus. Viscosity reported is |η(ω)*|,
the magnitude of the complex viscosity, at ω = 1 rad/s. Complex viscosity incorporates both
the viscous and elastic contributions to a material’s rheological behavior. Microscopic
viscosity experienced by muco-inert 100, 200, and 500 nm PS-PEG probes in respiratory
mucus was measured by particle tracking microrheology (PTM). Macroscopic viscosity,
also called bulk viscosity (dashed horizontal line), was measured using a cone-and-plate
rheometer. Mucus interstitial fluid (dotted line) was characterized by centrifuging mucus
samples and measuring the supernatant’s viscosity by PTM. For reference, the viscosity of
water at 20 °C is a lso shown (solid horizontal line). Viscosity values represent n = 5 mucus
samples, and error bars indicate standard error of the mean. Brackets with asterisks denote
statistically significant differences (*, P < 0.01; **, P < 0.005)

Schuster et al. Page 19

Biomaterials. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Schuster et al. Page 20

Ta
bl

e 
1

Pa
rt

ic
le

 c
ha

ra
ct

er
iz

at
io

n 
an

d 
tr

an
sp

or
t s

um
m

ar
y

P
ar

ti
cl

e 
si

ze
a , n

m
M

at
er

ia
l

D
ia

m
et

er
b , n

m
ζ-

po
te

nt
ia

lc , m
V

D
w

/〈
D

ef
f〉

d
α

 e

10
0

PS
-C

O
O

H
92

 ±
 3

−
50

 ±
 3

39
0

0.
68

10
0

PS
-P

E
G

99
 ±

 1
−

1 
±

 1
26

0.
88

20
0

PS
-C

O
O

H
18

8 
±

 1
−

54
 ±

 4
16

00
0.

54

20
0

PS
-P

E
G

21
9 

±
 3

−
5 

±
 1

41
0.

82

50
0

PS
-C

O
O

H
50

8 
±

 2
−

73
 ±

 3
98

0
0.

54

50
0

PS
-P

E
G

54
9 

±
 6

−
3 

±
 1

59
0

0.
59

a Pr
ov

id
ed

 b
y 

th
e 

m
an

uf
ac

tu
re

r.

b M
ea

su
re

d 
by

 d
yn

am
ic

 li
gh

t s
ca

tte
ri

ng
. E

rr
or

 v
al

ue
s 

re
pr

es
en

t s
ta

nd
ar

d 
de

vi
at

io
n 

of
 3

 m
ea

su
re

m
en

ts
.

c M
ea

su
re

d 
in

 1
0 

m
M

 N
aC

l a
t p

H
 7

.4
. E

rr
or

 v
al

ue
s 

re
pr

es
en

t s
ta

nd
ar

d 
de

vi
at

io
n 

of
 3

 m
ea

su
re

m
en

ts
.

d D
w

 is
 th

e 
di

ff
us

iv
ity

 o
f 

pa
rt

ic
le

s 
in

 w
at

er
, a

s 
ca

lc
ul

at
ed

 f
ro

m
 th

e 
St

ok
es

–E
in

st
ei

n 
eq

ua
tio

n.
 〈

D
ef

f〉
 is

 th
e 

ef
fe

ct
iv

e 
di

ff
us

iv
ity

 o
f 

pa
rt

ic
le

s 
in

 m
uc

us
 m

ea
su

re
d 

at
 a

 ti
m

e 
sc

al
e 

of
 1

 s
, a

nd
 it

 is
 c

al
cu

la
te

d 
as

〈D
ef

f〉
 =

 〈
M

SD
(τ

)〉
/4
τ 

w
ith

 τ
 =

 1
 s

. T
he

 r
at

io
 D

w
/〈

D
ef

f〉
 in

di
ca

te
s 

th
e 

av
er

ag
e 

fa
ct

or
 b

y 
w

hi
ch

 th
e 

tr
an

sp
or

t o
f 

pa
rt

ic
le

s 
in

 m
uc

us
 is

 s
lo

w
ed

 c
om

pa
re

d 
to

 in
 w

at
er

.

e C
al

cu
la

te
d 

by
 f

itt
in

g 
〈M

SD
(τ

)〉
 to

 〈
M

SD
(τ

)〉
 =

 k
τα

 f
or

 τ
 b

et
w

ee
n 

0.
2 

an
d 

3.
2 

s.
 F

or
 a

no
m

al
ou

s 
di

ff
us

io
n,

 0
 <

 α
 <

 1
. S

m
al

le
r 

va
lu

es
 o

f 
α

 in
di

ca
te

 m
or

e 
hi

nd
er

ed
 p

ar
tic

le
 m

ot
io

n.

Biomaterials. Author manuscript; available in PMC 2014 April 01.


