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Abstract
Sustained drug delivery to mucosal surfaces has the potential to improve the effectiveness of
prophylactic and therapeutic treatments for numerous diseases and conditions, including
inflammatory bowel disease, sexually transmitted diseases, cystic fibrosis, glaucoma, dry eye and
various cancers. Sustained delivery systems such as nanoparticles can be useful for mucosal
delivery, but recent work suggests they should penetrate the rapidly cleared mucus barrier that
overlies all mucosal epithelia to achieve uniform distribution on epithelial surfaces and enhanced
residence time. Thus, it is important to evaluate mucus-penetrating ability of nano-sized delivery
systems in preclinical animal studies, and for administration to humans. We describe a simple ex
vivo method to visualize and quantify nanoparticle transport in mucus on fresh mucosal tissues.
Using this method in murine models, we observed variations in the mucus mesh at various
anatomical locations, as well as cyclical variations that may have implications for mucosal
delivery.

Keywords
Mucus penetrating particles; particle tracking; drug delivery

*To whom correspondence should be addressed: Justin Hanes, Ph.D., 400 N. Broadway, Smith Building 6th floor, Baltimore, MD
21231, Tel: 443-287-7921, Fax: 443-287-7922, hanes@jhmi.edu.
†Current Address: Pharmaceutical Development, IDT Biologika, Am Pharmapark 1, Dessau-Rosslau 06861 (Germany)
‡Current Address: Department of Chemical Engineering, Center for Catalytic Science and Technology, University of Delaware, 150
Academy Street, Newark, DE 19716

The terms of this arrangement are being managed by the Johns Hopkins University in accordance with its conflict of interest policies.

NIH Public Access
Author Manuscript
Mol Pharm. Author manuscript; available in PMC 2014 June 03.

Published in final edited form as:
Mol Pharm. 2013 June 3; 10(6): 2176–2182. doi:10.1021/mp400087y.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
Sustained drug delivery to the mucosal surfaces of the body has potential for improving the
treatment and prevention of many diseases, including sexually transmitted infections,
inflammatory bowel disease, lung inflammation, and degenerative eye conditions to name
only a few. Achieving sustained therapeutic drug concentrations using traditional soluble
dosage forms remains challenging due to degradation, rapid shedding, and rapid systemic
absorption of drug (3, 4). These difficulties have motivated the development of nano-sized
controlled-release carriers for mucosal drug delivery. However, mucosal tissues are
protected by mucus layers that not only pose a substantial steric and adhesive barrier to
nanoparticles, but are also constantly cleared and renewed (5, 6). To enhance local drug
concentrations and residence times, a new approach is to make nanoparticles small enough
to penetrate through mucus pores formed by mucin fibers (mesh spacing), that also possess
surfaces that do not adhere to mucin fibers (muco-inert surfaces) to avoid adhesive trapping
and aggregation of the nanoparticles (7).

Our group pioneered the development of muco-inert mucus penetrating particles (MPP) that
diffuse through fresh, undiluted human mucus with speeds only a few-fold lower than their
theoretical diffusion in pure water (8, 9). We recently demonstrated that MPP, by
penetrating deeper into more slowly cleared mucus layers, provide enhanced distribution
and retention in the mouse vagina in vivo compared to conventional particles (CP) that are
mucoadhesive (1). The ability of MPP to achieve uniform distribution and prolonged
retention is likely to lead to significant therapeutic advantages. For example, we have
recently shown that acyclovir monophosphate-loaded MPP improved protection against
vaginally transmitted HSV-2 compared to 10-fold higher free drug concentration (1).
However, development of MPP technology for specific diseases and mucosal surfaces will
benefit from a rapid and effective screening method for developing MPP drug carriers. The
properties of mucus secretions vary with anatomical location, particularly in disease states
where mucus hypersecretion or altered mucin expression is observed (10, 11). Thus,
determining whether candidate nanoparticles are mucus-penetrating in a specific mucus
secretion is a critical step in proceeding toward efficacy studies.

Fresh, minimally perturbed mucus secretions are in most cases difficult to obtain, and mucus
secretions are often obtained by mechanical removal (lavaging, scraping, swabbing, suction,
etc.) from the epithelial surface (12, 13). Much of our previous work was facilitated by using
a self-sampling menstrual collection device (13) that provides fresh, minimally-perturbed
human cervicovaginal mucus (hCVM). However, for less accessible mucosal surfaces, such
as those of the colon or airways, non-invasive collection of sufficient quantities of undiluted
mucus is quite difficult. Here, we describe a method for characterizing particle transport in
mucus secretions directly on the surface of ex vivo tissue samples, and validate this
technique using mouse gastrointestinal, reproductive, and respiratory tissues.

EXPERIMENTAL SECTION
All experiments were conducted with female 6–8 week old CF-1 mice (Harlan) following
protocols approved by the Johns Hopkins University Animal Care and Use Committee.

Particle formulation and multiple particle tracking
MPP of various sizes were made by covalently coating the surfaces of fluorescent carboxyl-
modified polystyrene nanoparticles (Molecular Probes) with a high density of low molecular
weight (2 or 5 kDa) polyethylene glycol (Creative PEGworks) via standard 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide coupling reaction (14). CP were uncoated carboxyl-
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modified polystyrene nanoparticles. Particles were suspended in hypotonic solution
(ultrapure water) for administration. Particle size and ξ-potential were determined by
dynamic light scattering and laser Doppler anemometry, respectively, using a Zetasizer
Nano ZS90 (Malvern Instruments). Size measurements were performed at 25°C at a
scattering angle of 90°. Samples were diluted in 10 mM NaCl solution (pH 7) and
measurements performed according to instrument instructions. As previously (15),
successful PEG coating was reflected by neutralization of the surface charge, resulting in a
ζ-potential more neutral than −10 mV (Table 1). PEG on the MPP surface was in the
“brush” conformation, providing a dense coating that effectively shields the particle from
adhesion to hCVM and brain tissue (14). MPP and CP were tested in healthy human
cervicovaginal mucus (hCVM) to confirm mucus-penetrating ability and mucoadhesion,
respectively, prior to testing in ex vivo tissue samples (data not shown). Particle motions
were recorded using an Evolve 512 EMCCD camera (Photometrics) mounted on an inverted
epi-fluorescence microscope (Axio Obxerver D1, Zeiss) with a 100X/1.4 NA objective and
the appropriate filters. Movies were captured with Metamorph software (Molecular Devices)
at a temporal resolution of 66.7 ms for 20 s. The coordinates of nanoparticle centroids were
transformed into time-averaged mean-square displacements (MSD) calculated as <Δr2 (τ)>
=[x(t+τ) – x(t)]2+ [y(t+τ) – y(t)]2, where x and y represent the nanoparticle coordinates at a
given time and t is the time scale (8, 9). Mucus samples were assumed to be locally isotropic
(but not necessarily homogeneous), such that 2D diffusion can be extrapolated to 3D
diffusion as described (16). We have previously estimated that the static error for our system
is on the order of 20 nm, which is much smaller than the overall particle displacements (17).
Although we are unable to determine the dynamic error for MPP in a complex, viscoelastic
fluid such as mucus, we compare data at a time scale (1 s) that is long relative to the time
interval between frames to minimize contributions of dynamic error.

Ex vivo tracking
Gastrointestinal tract—Mice were fed a liquid diet for three days and then starved
overnight to reduce the amount of solid content in the gastrointestinal tract, before being
sacrificed for tissue collection. The colon or small intestine was gently removed and
carefully sliced open longitudinally. To collect mucus, the smooth surface of a 10 μL
capillary pipette (Wiretrol®, Drummond Scientific) was used to gently scrape along the
luminal tissue surface, and the mucus was used for particle tracking studies (described
below) in a custom-made 5 μL well. Alternatively, a small section of tissue approximately
0.5 cm x 1 cm was placed in a custom rectangular well. To ensure adequate particle
distribution and concentration for imaging, a small volume (0.25 μL) of dilute particle
solution (0.02–0.08% w/v) was carefully pipetted directly onto the surface of the mucus,
utilizing capillary flow to merely contact the mucus surface with the droplet suspended from
the end of the pipet tip. This was repeated in at least 5 areas of contact to ensure that there
was no pooling of fluid and that the particles were well distributed over the entire surface
(fluorescent coverage of the entire mucosal surface was visually confirmed at low
magnification). The depth of the well was adjusted such that a cover slip used to seal the
well would contact the mucus surface without compressing the tissue. Superglue was used to
quickly seal the prepared sample and minimize dehydration prior to imaging. Tissue
topography was evident when imaging the colon tissues; some dark areas of tissue, likely
villi projecting from the tissue surface, were apparent with particles diffusing in the mucus
in between. We did not observe tissue topography when imaging the small intestine tissue,
which was likely due to the very thick mucus layer observed on top of the tissues.

Female reproductive tract—Mice were either given a subcutaneous injection of 2.5 mg
of Depo Provera® (UpJohn) to induce a diestrus-like state (DP) commonly used in mouse
models of vaginal delivery, or mice were selected during the estrus phase (1). Since the
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vagina has relatively less surface area than the GI or respiratory tract tissues, particles could
be directly administered to the vagina with adequate concentration and distribution for
imaging. No qualitative difference in particle transport was observed whether the particles
were administered in the vagina or onto the excised tissue surface (not shown). Particles (5
μL) were administered vaginally prior to sacrifice and tissue removal to allow for
osmotically-driven absorption of excess fluid (1). The entire vaginal tract (cut below the
cervix) was excised and sliced open longitudinally. The tissue was placed luminal side up in
a custom rectangular well. The depth of the well was adjusted for the characteristic tissue
thickness in each hormonal state such that a cover slip used to seal the well would contact
the mucus surface without compressing the tissue. Superglue was used to quickly seal the
prepared sample and minimize dehydration prior to imaging. Tissue topography was not
apparent when imaging vaginal tissue.

Respiratory tract—A small piece of mouse trachea (~ 5mm) was dissected. The trachea
was cut open longitudinally and placed mucosal side up on a glass slide. To ensure adequate
particle distribution and concentration for imaging, a low volume (0.1 μL) of particles was
applied directly to the luminal surface of the section, and the trachea was promptly sealed
with a coverslip using a thin layer of super glue around the periphery of the coverslip to
minimize dehydration prior to imaging. Tissue topography was not apparent when imaging
trachea tissue, and particles were only imaged in areas without active cilia beating.

Nanoparticle distribution in the female reproductive tract
Five μL of either CPs or MPPs were administered intravaginally to either estrus phase mice
or DP mice. After 10 min, the entire vagina was then removed and frozen in Tissue-Tek
O.C.T. Compound (Sakura Finetek U.S.A., Inc.). Transverse sections were obtained at
various points along the length of the tissue using a Microm HM 500 M Cryostat (Microm
International). The thickness of the sections was set to 6 μm to achieve single cell layer
thickness. The sections were then stained with ProLong Gold (Invitrogen) antifade reagent
with DAPI to visualize cell nuclei and retain particle fluorescence. Fluorescent images of the
sections were obtained with an inverted fluorescent microscope.

Statistical analysis
All data are presented as a mean with standard error of the mean (SEM) indicated. Statistical
significance was determined by a two-tailed, Student’s t-test (α = 0.05) assuming unequal
variance.

RESULTS
Tracking on ex vivo colon tissue versus isolated colon mucus

We first sought to determine whether nanoparticle transport behavior is similar in colonic
mucus on the surface of freshly excised (ex vivo) mouse colon tissue as compared to mucus
that was gently scraped from the tissue surface. As shown in Fig. 1A, the trajectories of
representative 100 nm MPP particles (polystyrene particles with a dense coating of PEG)
both in collected mucus and on ex vivo colon tissue were indicative of diffusion, whereas
100 nm CP particle (carboxyl-modified polystyrene particles) motions were highly restricted
due to mucoadhesion. The ensemble-averaged mean-squared displacements (<MSD>) of
MPP particles were not statistically different between collected colonic mucus and ex vivo
colon tissue at any time scale up to 3 sec (similar for CP), suggesting that the handling of the
ex vivo tissue did not perturb the mucus layer (Fig. 1B). However, MPP were significantly
slowed in mouse colonic mucus compared to the same particles in human cervicovaginal
mucus (hCVM), implying that the average pore size of mouse colonic mucus is likely
smaller than the reported value for hCVM, 340 ± 70 nm (7). To further investigate this
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possibility, we tested 40 nm and 200 nm MPP and CP on ex vivo colon tissue. As expected,
the <MSD> for 40 nm MPP was about 2-fold higher than for 100 nm MPP. However,
200nm MPP were constrained, resulting in <MSD> values similar to all sizes (40–200 nm)
of CP (Fig. 2A). Since MPP would not be adhesively trapped in mucus, it is likely that the
average mesh spacing in mouse colon mucus is small enough to physically trap
nanoparticles 200 nm in diameter. Indeed, the effective diffusivity (Deff) values calculated
for 200 nm MPPs and CPs were likely indicative of motion due to thermal fluctuation of the
mucus gel, not diffusion (Fig. 2B, dashed lines). As shown in Figure 2C, even the fastest
10% of 100 nm MPP were ~24-fold slower than their theoretical diffusion in water,
indicating that there was significant physical restriction to diffusion for a particle this size.

Tracking on ex vivo small intestine tissue
We then probed the mucus mesh of mouse small intestine (SI) mucus using freshly excised
(ex vivo) tissue samples. As shown in Figure 3A, the <MSD> for 200 nm MPP was about
two-fold lower than for 100 nm MPP at a time-scale of 1 sec, as would be expected.
However, 500 nm MPP were completely immobilized, such that the <MSD> was
indistinguishable from <MSD> measured for CP of various sizes. The steric trapping of 500
nm MPP indicates that the range of pore sizes in mouse small intestine mucus is narrower
than the reported range for hCVM, because 500 nm MPP diffuse in hCVM (2, 8).
Additionally, many of the 200 nm MPP had Deff values corresponding to an <MSD> less
than the particle diameter, likely indicating trapped particles exhibiting thermal fluctuations
of the mucins (Fig. 3B). As shown in Figure 3C, the top 10% of 200 nm MPP were only ~3-
fold slower than their theoretical diffusion in water, whereas particles below the 50th

percentile were slowed 20-fold or greater. It is evident that mouse small intestine mucus is
permeable to larger nanoparticles than mouse colon mucus.

Tracking on ex vivo vaginal tissue
While it is likely that the characteristics of mucus change with different disease states, it is
also possible that there is cyclical variation in the female reproductive tract of healthy
women. For instance, it is known that the properties of cervicovaginal mucus can vary
throughout the menstrual cycle (18). Consequently, the estrous cycle of a mouse may have
an effect on the properties of mouse cervicovaginal mucus. One common way to
synchronize the estrous cycle of mice for vaginal studies is to administer a subcutaneous
injection of Depo Provera, a synthetic progestin. Depo Provera treatment effectively arrests
the estrous cycle in a state similar to the diestrus phase and is associated with a thickening of
the vaginal mucus (19). In contrast, the estrus phase of the estrous cycle is dominated by
estrogen, which induces secretion of more watery mucus (20). As shown in Fig 4A, the
<MSD> of 100 nm MPP on ex vivo estrus vaginal tissue was very similar to that in hCVM.
However, the <MSD> of 100 nm MPP on ex vivo DP vaginal tissue at a time of 1 sec was
>30-fold lower than estrus phase vaginal tissue. To further investigate the difference in
transport rates, we examined the distribution of particle effective diffusivities (Fig 4B). On
estrus vaginal tissue, 70% of MPP were faster than all MPP on DP vaginal tissue. Also, 23%
of MPP on DP vaginal tissue had diffusivity values corresponding to an MSD less than the
particle diameter, suggesting that these particles were moving only as a result of thermal
fluctuations of the mucus gel; these particles were likely trapped by the mucus mesh due to
steric interactions.

Recently, we demonstrated that MPP capable of rapid diffusion on estrus vaginal tissue were
able to rapidly and evenly distribute in the mouse vagina when administered in hypotonic
medium, causing the particles to be drawn osmotically through the mucus to the surface of
the vaginal epithelium (1). Thus we compared the distribution of MPP administered
hypotonically in the estrus and DP mouse vagina. In Figure 4C, it is evident that MPP able
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to penetrate estrus vaginal mucus in ex vivo preparations are also able to distribute evenly
over the vaginal tissue surface, including the deep folds (rugae). In contrast, MPP that are
more hindered in DP vaginal mucus in ex vivo preparations are drawn non-uniformly to the
vaginal epithelium of mice treated with DP, and many particles remain in the luminal mucus
layer (Fig 4D).

Tracking on ex vivo tracheal tissue, comparison to all mucosal tissues
The airways are also of particular interest for mucosal drug delivery. Mucus turnover is
especially rapid in the airways, perhaps due to persistent exposure to inhaled foreign
particulate matter. Ciliated epithelial cells transport airway mucus against gravity out of the
airways such that any trapped material will be swallowed and digested. Drug delivery
vehicles that are muco-inert may be cleared more slowly, thereby allowing improved drug
delivery (6). Similar to all other tissues tested, 100 nm MPP were generally diffusive,
whereas 100 nm CP were immobilized, in fresh tracheal tissue mucus layers. Comparing the
<MSD> of 100 nm MPP on trachea tissue to the same particles in hCVM and on all other ex
vivo tissues tested (Figure 5A), it was evident that there was a wide range of transport rates.
The average effective diffusion coefficient (Deff) at a time scale of 1 s was calculated for
100 nm MPP in each mucus type (Figure 5B). In estrus vaginal mucus, 100 nm MPP are
only slowed 8-fold compared to water in (1), indicating the mucus mesh is similar to that of
hCVM. In contrast, 100 nm MPP are slowed >260-fold in DP vaginal mucus compared to in
water. The Deff values for 100 nm MPP in mucus covering the epithelium of the small
intestine, trachea, and colon mucus were slowed ~30-, 80-, and 90-fold, respectively,
compared to their theoretical diffusion in water.

DISCUSSION
The mucus layers that protect epithelial surfaces have been highlighted as a significant
barrier to nanoscale drug and gene delivery vehicles (5, 6, 21). Although mucus serves to
protect and lubricate all mucosal epithelia, its properties can vary at different anatomical
locations and in disease states. To assess the transport properties of nano-sized drug and
gene delivery vehicles, it is important to obtain unadulterated mucus samples to ensure that
the vital structural properties of mucus are maintained. Here, we demonstrate that
nanoparticle transport in mucus can be characterized directly on mucosal tissue freshly
obtained from animals, and that the same muco-inert MPP diffused at different rates on
mucosal tissue obtained from various anatomical locations in the mouse. It is possible that
the unique rheological and barrier properties required at each mucosal surface give rise to
different mesh spacings or other structural properties, which has important implications for
mucosal drug and gene delivery.

We found that larger MPP can penetrate mouse small intestine mucus than mouse colon
mucus, which may be a reflection of the different functions of the mucosa. The small
intestine is the primary site for nutrient absorption, whereas the colonic mucosa must be a
barrier to the dense bacterial population colonizing the mucosa (22, 23). Also, we found that
polystyrene particles are mucoadhesive, consistent with the known hydrophobic barrier
properties of gastrointestinal mucus (23). In contrast to our results on ex vivo particle
diffusion, another study in samples of pig small intestine mucus found that 500 nm
polystyrene particles were immobilized, but polystyrene particles as large as 2 μm were able
to diffuse when coated with bile salts. The fact that much larger particles diffused through
pig, but not mouse, small intestine mucus could be due to a difference between species, or it
could result from the washing and freezing involved in the pig small intestine mucus
collection (24). Similarly, other studies found that uncoated polystyrene nanoparticles
diffuse in pig intestinal mucus, but again these studies did not use ex vivo mucosal tissue,
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relying instead on reconstituted mucin solutions or frozen samples obtained hours after
slaughter (12, 25).

Variation in vaginal mucus properties is particularly important for rodent studies involving
vaginal delivery, because significant changes to the vaginal mucosa happen throughout the
estrous cycle over a 4–5 day period (26). For example, mice are known to be far more
susceptible to N. gonorrhoeae infection in the proestrus or estrus phase (27), and more
susceptible to HSV-2 infection when in a diestrus-like phase induced by Depo Provera
treatment (28). We demonstrate here that the estrus phase vaginal mucus is comparatively
more penetrable by 100 nm MPP than DP vaginal mucus. The mouse vaginal epithelium in
the estrus phase most closely resembles that of the human vagina (29, 30), and MPP
penetrate estrus phase mouse vaginal mucus at rates comparable to MPP penetration in
hCVM (1). The relatively smaller mesh of DP mouse vaginal mucus may be important,
considering that this mouse model is commonly used for vaginal drug delivery (31–33).
Previous studies of vaginal drug and nucleic acid delivery have employed the use of vaginal
lavages, swabs, or degradative enzymes to diminish the mucus barrier properties (33–36).
We found that removing vaginal mucus led to improved distribution of mucoadhesive
nanoparticles throughout the vaginal tract (1). Similarly, it was previously demonstrated on
ex vivo tracheal tissue that gene carriers more rapidly penetrated mouse tracheal mucus after
mucolytic treatment, leading to improved transfection in the airways in vivo with mucolytic
treatment (11). We demonstrated here that the relatively hindered transport of MPP ex vivo
in DP mouse vaginal mucus, as compared to MPP in estrus phase vaginal mucus, resulted in
superior MPP distribution in the estrus phase mouse vagina. It has been recently suggested
that particle diffusion over relatively short distances, as is the case of the particle tracking
data shown here, cannot be extrapolated to describe transport through physiologically
relevant mucus thicknesses, at least in the airways (37). We have observed a correlation
between rapid diffusion of MPP over a short distance (~1 μm2) in ex vivo hCVM and the
ability of that same MPP to diffuse rapidly in ex vivo mouse CVM and, when delivered
hypotonically, to traverse the mucus layer in vivo to reach the vaginal epithelium in less
than 10 min (Fig 4C) (1). Whether or not the same will occur in the airways is yet to be
determined. In addition, we demonstrate here that hindered diffusion of nanoparticles in ex
vivo mouse vaginal mucus correlates to hindered transport of these nanoparticles to the
vaginal epithelium when delivered hypotonically in vivo (Fig 4D).

It is important to note that the density of PEG on the nanoparticle surface greatly impacts the
adhesiveness of the particles. Here we use MPP with a PEG surface density that is sufficient
for penetration through various human mucus secretions as well as human and rodent brain
tissue (14), though it is impossible to completely rule out potential interaction between
mouse mucus and the MPP used for this work. Accordingly, the apparent pore structure
inferred by the diameter of nanoparticles used includes both steric and potential adhesive
interaction effects. The mesh spacing of human mucus at most mucosal surfaces is still
unknown, thought we have previously demonstrated that MPP as large as 500 nm could
penetrate hCVM (7), and MPP as large as 200 nm could penetrate through sputum
expectorated from cystic fibrosis patients (38), tracheal mucus obtained from patients
without lung disease (39), and human chronic rhinosinusitis mucus (40). Variations in mesh
spacing have important implications for the understanding both the transmission of
infections at mucosal epithelia and for mucosal drug delivery using nanotechnology. It is
possible to obtain vaginal (41) and colonic tissue (42) samples from human patients, which
could then be tested with the methods reported here to ensure that nanoparticles engineered
to treat mucosal surfaces will penetrate the mucus at the intended location of delivery. It is
also true that this simple, but useful technique can be implemented to ensure that mucosal
drug delivery systems tested in animal models can be modified as needed for human patients
prior to costly and time consuming clinical trials.
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Figure 1.
Comparison of MPP and CP transport in colon mucus and on ex vivo colon tissue. (A)
Representative trajectories for 100 nm MPP and CP particles exhibiting diffusivities within
one SEM of the ensemble average at a time scale of 1 s in collected colon mucus (Mucus) or
on ex vivo colon tissue (Tissue). (B) Ensemble-averaged geometric mean square
displacements (<MSD>) of MPP and CP as a function of time scale in mucus or on tissue.
Data compared to the same particles in collected human CVM (hCVM) (2). Data represent
the ensemble average of three independent experiments using mucus or tissue from three
different mice, with n ≥ 140 particles for each experiment and an average of n = 151 and 156
for MPP and CP, respectively.
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Figure 2.
Transport of MPP and CP on ex vivo colon tissue. (A) Ensemble-averaged geometric mean
square displacements (<MSD>) of MPP and CP as a function of time scale on ex vivo colon
tissue. (B) Distributions of the logarithms of individual particle effective diffusion
coefficients (Deff) at a time scale of 1 s for for 40, 100, and 200 nm MPP. Diffusivity values
to the left of the dotted line indicate particles with MSD values less than the particle
diameter, indicating that particle motion is due to thermal fluctuation of the mucus gel and
not diffusion. (C) Comparison of average Deff (<Deff>) of subfractions of particles, from
fastest to slowest, at a time scale of 1 s to the theoretical diffusion coefficient in water (W)
Data represent the ensemble average of three independent experiments using tissue from
three different mice, with n ≥ 121 particles for each experiment and an average of n = 151
and 152 for MPP and CP, respectively.
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Figure 3.
Transport of MPP and CP on ex vivo small intestine tissue. (A) Ensemble-averaged
geometric mean square displacements (<MSD>) of MPP and CP as a function of time scale
on ex vivo small intestine tissue. (B) Distributions of the logarithms of individual particle
effective diffusion coefficients (Deff) at a time scale of 1 s for for 100, 200, and 500 nm
MPP. Diffusivity values to the left of the dotted line indicate particles with MSD values less
than the particle diameter, indicating that particle motion is due to thermal fluctuation of the
mucus gel and not diffusion. (C) Comparison of average Deff (<Deff >) of subfractions of
particles, from fastest to slowest, at a time scale of 1 s to the theoretical diffusion coefficient
in water (W). Data represent the ensemble average of three independent experiments using
tissue from three different mice, with n ≥ 136 particles for each experiment and an average
of n = 165 and 159 for MPP and CP, respectively.
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Figure 4.
Transport rates of 100 nm CP and MPP on ex vivo tissue from mice in the estrus phase (E)
(1) or from mice treated with DP (DP). (A) Ensemble-averaged geometric mean square
displacements (<MSD>) as a function of time scale. Data for particles on ex vivo mouse
vaginal tissue compared to the same particles in human ex vivo CVM (hCVM) (2). (B)
Distributions of the logarithms of individual MPP particle effective diffusion coefficients
(Deff) at a time scale of 1 s. Diffusivity values to the left of the dotted line indicate particles
with MSD values less than the particle diameter, indicating that particle motion is due to
thermal fluctuation of the mucus gel and not diffusion. Distribution of 100 nm MPP in the
vagina of (C) estrus phase and (D) DP mice, 10 min after administration. Data represent the
ensemble average of three independent experiments using tissue from three different mice,
with n ≥ 120 particles for each experiment and an average of n = 155 and 150 for MPP and
CP, respectively.
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Figure 5.
Comparison of the transport rates of 100 nm MPP on mouse ex vivo tissues. (A) Ensemble-
averaged geometric mean square displacements (<MSD>) as a function of time scale. Data
for particles on ex vivo mouse estrus phase vaginal (E) (1), small intestine (SI), trachea (T),
colon (C), and DP vaginal tissue compared to theoretical diffusion of 100 nm particles in
pure water (Water) and diffusion of 100 nm particles in hCVM (hCVM) (2). (B) Ensemble-
averaged effective diffusion coefficients (<Deff>) at a time scale of 1 s compared to the
theoretical diffusion coefficient in pure water (W) and in hCVM (2).
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Table 1

Particle characterization

Size (nm)* CP/MPP Diameter (nm) ζ-potential (mV)

40 CP 56 ± 2 −33 ± 0.6

100 CP 87 ± 4 −39 ± 2.4

200 CP 190 ± 3 −53 ± 1.5

500 CP 500 ± 11 −69 ± 2.7

40 MPP 60 ± 1 −2.2 ± 0.2

100 MPP 108 ± 1 −3.3 ± 0.5

200 MPP 212 ± 4 −4.0 ± 0.3

500 MPP 524 ± 5 −3.9 ± 0.1

*
as provided by manufacturer
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