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Nanoparticle transport through mucosal barriers is often restricted owing to mucoad-
hesion and the highly viscoelastic nature of mucus gels, which may limit efficient drug
and gene delivery. We formulated sub-200 nm particulates from poly(D,L-lactic-co-
glycolic) acid (PLGA) and the cationic surfactant dimethyldioctadecylammonium
bromide (DDAB). Subsequently, anionic DNA was condensed to the surface to obtain
gene carriers with transfection rates 50-fold higher than those of naked DNA in vitro.
Using the method of multiple particle tracking (MPT), we measured the transport
rates of dozens of individual PLGA-DDAB/DNA nanoparticles in real time in recon-
stituted pig gastric mucus (PGM) that possessed physiologically relevant rheologi-
cal properties. The average transport rate of PLGA-DDAB/DNA nanoparticles was
10-fold higher than those of similar size polystyrene nanoparticles. Improved transport
rates, stability in mucus, and ability to transfect cells make PLGA-DDAB/DNA
nanoparticles candidates for mucosal DNA vaccines and gene therapy.

Introduction
Cationic polymeric microparticles have previously been

shown to efficiently condense DNA, leading to noncyto-
toxic gene carriers capable of stable gene expression in
small animal models following intramuscular injection
(1-3). In these studies, the effective dosage of DNA was
reduced from 1-2 mg to 1-10 µg, a result attributed to
the reduced degradation of DNA (since encapsulation
leads to DNA degradation) and the enhanced amount of
DNA immediately available to induce an immune re-
sponse.

Mucosal immunization is of considerable interest since
gastrointestinal, nasal, respiratory, and vaginal mucosal
tissues all drain to lymph nodes, leading to both local
and distal immune responses (4). Thus, immunization of
one mucosal surface can lead to long-term protective
immune responses on all other mucosal surfaces. How-
ever, the effectiveness of cationic nanoparticles to deliver
DNA to mucosal sites relies on the ability of these
particles to cross mucosal barriers (5, 6).

The primary component of mucus is high molecular
weight mucin glycoproteins, which form numerous cova-
lent and noncovalent bonds with other mucin molecules
and various constituents, including DNA, alginate, and
hyaluronan (5). Reconstituted mucus formulated from pig
gastric, human cervical, and tracheobronchial mucins
display similar mucus structures, with large rod or
fiberlike aggregates of 5 nm in diameter and 100-5000
nm in length (7). The condensed and complex microstruc-
ture of the mucus network gives rise to a highly vis-
coelastic gel, which significantly impedes the transport
rates of large macromolecules and nanoparticles (8-10).

Immobilized nanoparticles are subject to bacterial and
enzymatic degradation and may also be cleared from the
body by normal mucus clearance mechanisms. Although
clearance rates are anatomically determined, mucus
turnover rates in the GI tract are estimated as between
24 and 48 h (7). In the lungs, clearance rates are de-
pendent on the region of particle deposition; however,
normal tracheal mucus velocities, albeit more rapid than
mucus velocities in the peripheral lung, range from 1-10
mm/min and turnover times are less than 1 h (11). As a
result, it is imperative that drug and gene carriers
designed to deliver their payload to epithelial cells be
capable of efficiently traversing mucus layers coating
mucosal surfaces.

In this study, cationic polymeric nanoparticles were
formulated from a biocompatible and biodegradable
polymer (poly(D,L-lactic-co-glycolic) acid, PLGA), cationic
surfactant (dimethyldioctadecylammonium bromide,
DDAB) and DNA, leading to positively charged particles
with average sizes <200 nm in diameter. These particles
aggregated slightly upon addition to mucus solutions
reconstituted from pig gastric mucin, whereas 200 nm
carboxylated polystyrene (COOH-PS) particles did not.
Despite this fact, PLGA-DDAB/DNA particles exhibited
average transport rates 10-fold higher than those of
COOH-PS particles in gastric mucus.

Materials and Methods
Materials. Poly(D,L-lactic-co-glycolic) (PLGA) (Medi-

sorb High I.V. 54:46) was obtained from Alkermes (Cin-
cinnati, OH), and 1,2-diacyl-palmitoyl-glycerol-3-phos-
phocholine (DPPC) was purchased from Avanti Polar
Lipids (Alabaster, AL). Dimethyldioctadecylammonium
bromide (DDAB), bovine serum albumin (BSA), pig
gastric mucin (PGM), and deoxyribonucleic acid (DNA)
(sodium salt, from salmon testes) were purchased from
Sigma (St. Louis, MO) and used without further purifica-
tion. 2,2,2-Trifluoroethanol (TFE) was purchased from
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Fluka (Milwaukee, WI). Plasmid DNA was extracted
from Escherichia coli culture (strain DH5a, plasmid
p43-clz1, kindly donated by Dr. Kam Leong, Johns Hop-
kins University) grown in freshly prepared Luria Bertani
(LB) broth supplemented with 100 mg/mL ampicillin
(Kodak Chemicals, Rochester, NY) using a Endo-free
Qiagen Megaprep (Valencia, CA) and subsequently re-
suspended in sterile, deionized water. The plasmid
p43-clz1 contains the Lac-Z gene under the human early-
intermediate cytomegalovirus (CMV) promoter and also
contains a gene for ampicillin resistance. All other
solutions and reagents were of analytical grade and used
without further purification.

Formulation of Cationic PLGA Nanoparticles.
Particles were prepared by a solvent extraction/precipita-
tion method. PLGA (3 mg/mL) and DDAB (10 mg/mL)
were dissolved in TFE separately. Subsequently, 3 mL
of PLGA solution (9 mg PLGA) and 200 µL of DDAB
solution (2 mg DDAB) were combined and added drop-
wise to 8 mL of filtered distilled water stirring on a
magnetic plate. Next, 100 µL of 1 mg/mL salmon testes
DNA in distilled water was added to the water/TFE
mixture and stirred for 3 h on a magnetic plate to allow
for TFE evaporation. The final formulation was 1.1%
DNA to PLGA (w/w) and 5% DNA to DDAB (w/w). The
nanoparticle suspension was then passed through a 1 µm
Watman syringe filter (Kent, UK) to remove large
impurities and subsequently spun down for 75 min at
15,000 × g and 4 °C using a Beckman-Coulter Avanti
J-25 centrifuge (Fullerton, CA) to pellet nanoparticles.
Spin conditions were carefully chosen as to not spin down
cationic lipid/DNA particles. PLGA-DDAB/DNA nano-
particles were resuspended in distilled water and lyoph-
ilized or used directly for characterization or transport
studies.

Nanoparticle Characterization. The size and sur-
face morphology of the nanoparticles were examined by
transmission electron microscopy. Nanoparticles in sus-
pension were adsorbed to carbon-coated ionized Formvar
grids, negatively stained with 2% uranyl acetate, and
observed with Philips 420 transmission electron micro-
scope (Eindhoven, Netherlands).

The size and ú-potential of the nanoparticles were
determined by dynamic light scattering and laser Doppler
anemometry, respectively, using a Zetasizer 3000 (Mal-
vern Instruments, Southborough, MA). Size measure-
ments were performed at 25 °C at a scattering angle of
90°. Samples were diluted in 150 mM NaCl with or
without pig gastric mucin (PGM) (final mucin concentra-
tion was 10 mg/mL). ú-Potential measurements were
performed according to instrument instructions with
samples diluted in 150 mM NaCl with or without PGM
(final mucin concentration was 2 mg/mL).

Gel electrophoresis (Mini-sub cell GT, Bio-rad, Her-
cules, CA) was used to verify the binding of DNA to
particles and the necessity for cationic surfactants in the
DNA adsorption process. Twenty microliters of sample
was run on an ethidium bromide stained 1.0% agarose
gel (70 V for 60 min) in TAE buffer (Tris-Acetate-EDTA).

Nanoparticle and Naked DNA Transfections with
Lac-Z Reporter Gene. Cos-7 cells were obtained from
American Type Culture Collection (ATCC, Rockville, MD)
and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, BRL) containing 10% fetal bovine serum
(Gibco, BRL, Invitrogen Co., Carlsbad, CA). Cells seeded
at a density of 1.8 × 106 cells/cm2 on 35-mm 6-well plates
were transfected at 50-60% confluency with PLGA-
DDAB/DNA nanoparticles or plasmid DNA alone (the
concentration in all cases was maintained to yield 2.5

µg DNA per well, or 0.26 µg DNA/cm2). Cells were
harvested 48 h after transfection. â-Galactosidase activity
and total protein content were assayed using the stan-
dard â-galactosidase spectrophotometric assay (12) and
the manufacturer’s given micro-well protocol for the BCA
assay (Pierce Chemical Co., Rockford, IL), respectively.
Reported values of â-galactosidase expression were nor-
malized to the total protein content per sample well (n
) 3).

The toxicity of PLGA-DDAB/DNA nanoparticles to
Cos-7 cells was assayed using a propidium iodide nucleic
acid stain (Molecular Probes, Eugene, OR). Cos-7 cells
seeded at 1 × 106 cells/cm2 were allowed to reach 60%
confluency and then incubated with PLGA-DDAB/DNA
nanoparticles, naked DNA, or PolyFect/DNA particles
and harvested after 48 h. The PLGA-DDAB/DNA particle
volume was adjusted to give final DNA amounts of 1.0,
2.5, and 5.0 µg per well, and naked DNA and PolyFect/
DNA concentrations were adjusted to result in a final
DNA content of 2.5 µg per well. Harvested cells were
resuspended in 500 µg/mL propidium iodide solution,
which intercalates with DNA released from necrotic cells.
The percentage of dead cells was assayed using flow
cytometry. Adsorption and emission maxima for pro-
pidium iodide are 535 and 617 nm.

Reconstituted Pig Gastric Mucus (PGM). Mucus
was formulated from 60 mg/mL PGM, 3.2 mg/mL
DPPC, and 32 mg/mL BSA in sputum buffer (85 mM
Na+, 75 mM Cl-, 20 mM Hepes, pH 7.4) (9). Mucus was
mixed on a stir plate for 48 h at 4 °C and stored at -20
°C (9).

Rheology and Confocal Microscopy. Rheological
characterization of gastric mucus was performed with a
strain controlled cone-and-plate rheometer (ARES-100,
Rheometrics, Piscataway, NJ) as previously described
(13, 14). Dynamic tests were performed at 25 °C, and
buffer evaporation was eliminated using a vapor trap.
We report the time-dependent in-phase component of the
stress divided by the amplitude of applied oscillatory
deformation of fixed frequency, G′(ω), the out-of-phase
component, G′′(ω), and the phase angle, φ ) tan-1 (G′′/
G′). G′ and G′′ are also commonly referred to as the elastic
and viscous moduli, respectively.

Confocal images of particles embedded in reconstituted
mucus were captured with a Zeiss LSM 510 Meta laser
scanning confocal microscope. Mucus was placed in a
Bioptechs thermal regulated chamber (Bioptechs, Butler,
PA) maintained at 37 °C. Three-dimensional images were
reconstructed using Metamorph software (Universal
Imaging Corp., West Chester, PA).

Nanoparticle Transport Rates in PGM with Mul-
tiple Particle Tracking (MPT). Trajectories of fluo-
rescently labeled carboxylated polystyrene particles
(COOH-PS; Molecular Probes; -5 mV ú-potential at pH
6; 200 nm diameter) and PLGA-DDAB/DNA nanopar-
ticles with condensed salmon testes DNA (35 mV, 196 (
29 nm diameter) in reconstituted PGM were recorded
using a silicon-intensified target camera (VE-1000, Dage-
MTI, Michigan, IN) mounted on an inverted epifluores-
cence microscope equipped with 100X oil-immersion
objective (numerical aperture 1.3). The trajectories of n
) 109 COOH-PS and n ) 120 PLGA-DDAB/DNA par-
ticles were tracked in PGM samples contained within a
microscope chamber maintained at 37 °C.

The centroid of each particle was tracked with 5 nm
spatial resolution, determined by tracking the apparent
displacements of microspheres immobilized on a glass
microslide with a strong adhesive (15). Nanoparticle
motion was tracked in 2-D by following the motion of
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nanoparticles in the plane of focus. For 2-D displacements
to accurately represent 3-D motion, the fluid must be
locally isotropic but need not be homogeneous (14).
Images of the microspheres were captured with a custom
routine incorporated in the Metamorph software (Uni-
versal Imaging Corp.) at a frequency of 30 Hz for 20 s,
which gives a temporal resolution of 33 ms. The coordi-
nates of nanoparticle centroids were transformed into
families of time-averaged mean squared displacements
(MSD), 〈∆r2(∆t)〉 ) 〈[x(t + ∆t) - x(t)]2 + [y(t + ∆t) - y(t)]2〉
(∆t ) time scale or time lag), from which distributions
of MSDs and time-dependent particle diffusion coef-
ficients (D(∆t) ) 〈∆r2(∆t)〉/4∆t) were calculated as previ-
ously demonstrated (16). Diffusion coefficients were
normalized with the theoretical diffusion coefficient of
200 nm particles in water as determined by the classical
Stokes-Einstein equation.

Results and Discussion
Cationic microparticles with DNA adsorbed to their

surfaces have been shown to efficiently transfect cells in
vitro (1-3, 17). However, obtaining high transfection
efficiencies in vivo is often limited by particle transport
through extracellular barriers, including the mucosal
barrier, which has been described as the foremost barrier
to transfection in mucus-covered cells (5, 18, 19). To
determine if cationic nanoparticles formulated from
PLGA and DDAB with condensed DNA may be effective
gene carriers for administration to mucosal sites, we
produced PLGA-DDAB/DNA nanoparticles and studied
their transport rates in reconstituted pig gastric mucus
(PGM). Reconstituted PGM was found to have composi-
tional and rheological properties physiologically relevant
to gastrointestinal (GI), nasal, and respiratory mucus (7).

PLGA-DDAB/DNA Nanoparticle Characteriza-
tion. PLGA-DDAB/DNA nanoparticles with sizes less
than 200 nm (Figure 1A and B) can be designed to tightly
bind DNA with high efficiency (Figure 1C). In addition,
their small size compared to previous cationic particles

in the micron-range (1-3, 17) allows them to enter cells,
either through nonspecific or receptor-mediated endocy-
tosis. Similar to the results that Singh found with cationic
microparticles (1, 2), the transfection efficiency of PLGA-
DDAB/DNA nanoparticles was 50-fold higher than that
of naked DNA (Figure 1D). At the concentration used in
the transfection study, PLGA-DDAB/DNA nanoparticles
(16.6 ( 6.2% dead cells) were less toxic than PolyFect/
DNA particles containing the same amount of DNA (23.9
( 1.2% dead cells) but more toxic than naked DNA alone
(4.7 ( 2.4% dead cells). The toxicity of PLGA-DDAB/DNA
nanoparticles showed a dose-dependency with slightly
lower particle concentrations (corresponding to 1 µg DNA
total, or 2.5-fold lower concentration than used in the
transfection study) resulting in background levels of cell
toxicity (7.2 ( 0.6% dead cells, not significantly different
than naked DNA controls). Singh and co-workers re-
ported that PLGA-DDAB/DNA microparticles caused no
acute toxicity with particle doses resulting in the equiva-
lent of 1 mg of DNA per animal (guinea pig) (1).

Incubation of PLGA-DDAB/DNA nanoparticles in mu-
cus for <30 min changed the average particle surface
charge from 39 ( 6 mV to -11 ( 7 mV, and the average
particle size increased from 196 ( 29 nm to 249 ( 21
nm. The change in size and surface charge of PLGA-
DDAB/DNA particles indicated that mucus constituents
adsorbed on particle surfaces, leading to a significant
increase in particle diameter.

Rheological Characterization of PGM. The highly
viscoelastic properties and gel formation of mucus (phase
angle <45°) arise primarily from the high molecular
weights and expanded conformations of mucin glycopro-
teins in aqueous solution. The ability of mucus to undergo
gelation is also strongly affected by the concentrations
of lipids and macromolecules, which noncovalently in-
teract with mucins promoting the formation of larger
mucin fibers that overlap to form dense mucus networks
(20, 21). Physiologically, the high viscoelasticity of mucus
gels is maintained to provide a barrier to microbial and
particle transport; high elasticity also allows mucus to
be engaged by ciliated cells or moved by pulsatory forces
as it is cleared from the body (20). The viscous and elastic
properties are properly matched in vivo to achieve
appropriate mucus clearance rates (5, 20).

The frequency-dependent elastic and viscous moduli
were used to characterize the viscoelastic nature of
reconstituted pig gastric mucus (PGM) used in this study
(Figure 2). The phase angle of the reconstituted mucus
(φ ) tan-1(G′′/G′) ) 30° at ω ) 1 s-1) showed that the
viscosity and elasticity of PGM were matched similarly
to physiological mucus (21). At low frequencies, PGM had

Figure 1. Characterization of PLGA-DDAB/DNA nanopar-
ticles. (A, B) Transmission electron micrographs showed nano-
particle sizes <300 nm. (C) Complexation of salmon testes DNA
with cationic PLGA-DDAB nanoparticles was assayed by UV
gel electrophoresis. Lanes 1 and 2: free DNA (arrow shows
primary band ∼2 kb). Lanes 3 and 4: PLGA-DNA (no DDAB).
Lanes 5 and 6: PLGA-DDAB/DNA nanoparticles . (D) PLGA-
DDAB/DNA nanoparticles transfect Cos-7 cells with 50-fold
increase in transfection efficiency compared to naked DNA. (E)
The size and ú-potential of PLGA-DDAB/DNA nanoparticles
were assayed in 150 mM NaCl and in PGM. Size values
represent the average value from 10 measurements, while the
ú-potential values were an average of three measurements (n
) 2 separate batches).

Figure 2. Elastic (G′) and viscous (G′′) moduli of reconstituted
pig gastric mucus (n ) 3). Note that at low frequencies PGM
acts more elastic than viscous, with phase angle, φ ) tan-1(G′′/
G′) ∼30°, but it yields at low frequency (2.5 s-1) and the phase
angle shifts to φ ∼50°.
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strong gel-forming properties, but gelation was disrupted
at shear rates corresponding to a frequency of ω ) 2.5
s-1. Reconstituted mucus deforms at lower shear rates
than crude mucus (21). However, particle transport
studies are performed on quiescent fluids in this work,
and thus, mucus is not subjected to deforming shear
conditions.

PLGA-DDAB/DNA and 200 nm COOH-PS Nano-
particles Embedded in PGM. Following incubation in
mucus, the ú-potential measured for carboxylated poly-
styrene (COOH-PS) particles (-17.5 mV at pH 6) was
close to that for PLGA-DDAB/DNA nanoparticles (-11
( 7 mV at pH 6), even though the initial ú-potentials of
the two particle types were quite different prior to
incubation with mucus (39 ( 6 for PLGA-DDAB/DNA
and -5 mV for COOH-PS). This result suggests that
mucus components readily adsorb to the surface of each
type of particle within minutes of their addition to mucus.

Confocal microscopy was used to collect three-dimen-
sional images of nanoparticles embedded in reconstituted
PGM samples (bead solution was ∼3% total volume)
(Figure 3A, B, D, and E). COOH-PS nanoparticles showed
reduced aggregation when compared to PLGA-DDAB/
DNA nanoparticles, which indicated that PLGA-DDAB/
DNA nanoparticles were either adhering as clumps to
mucin fibers or aggregating via particle-particle interac-
tions mediated by mucus. Adhesion to mucus may not
be surprising since DDAB, which remains on the surface
of PLGA-DDAB/DNA nanoparticles, is a cationic surfac-
tant and mucin and other macromolecules found in PGM
are strongly anionic (22). Note that although COOH-PS
particles did not appear to aggregate heavily in mucus,
they may still be adherent to mucus as individual
particles (see next section).

Nanoparticle Transport Rates Measured with
Multiple Particle Tracking (MPT). The mobility of
COOH-PS and PLGA-DDAB/DNA nanoparticles in PGM
was tracked in real time in two-dimensions. Suggesting
2-D tracking represents the 3-D mobility of particles
assumes that mucus is an isotropic fluid but not neces-
sarily homogeneous. We verified with 3-D confocal mi-
croscopy that PLGA-DDAB/DNA and COOH-PS particle
distributions in mucus are independent of location within
the gel in the x, y, and z directions (Figure 3).

Twenty-second trajectories of nanoparticle motion in
PGM showed that PLGA-DDAB/DNA nanoparticles ap-
peared to be considerably more mobile than COOH-PS
nanoparticles (Figure 3C and F). Individual particle

MSDs were used to determine the average (or “ensemble-
average”) MSD, allowing the variation in particle trans-
port rates with respect to time to be directly computed.
The ensemble MSD of PLGA-DDAB/DNA nanoparticles
was 10-fold higher than the ensemble MSD of 200 nm
COOH-PS nanoparticles over a range of time scales
(Figure 4A). Furthermore, the ensemble MSD of PLGA-
DDAB/DNA nanoparticles had an almost linear depen-
dency on time, indicating that the average transport rate
in PGM was dominated by diffusive carriers. Neverthe-
less, particle motion is severely limited by the viscoelastic
nature of PGM, as indicated by the normalized average
(or “effective”) diffusion coefficients, which are 50- to 500-
fold lower than their theoretical diffusivities in water
(Figure 4B). The normalized diffusion coefficients show
that the average particle transport rate decreases slightly
with respect to time (Figure 4B), which would be ex-
pected, for example, if a significant fraction of particles
underwent sub-diffusive transport (for example, particles
adherent to mucus fibers).

The observation that PLGA-DDAB/DNA particles moved
faster on average than COOH-PS particles was somewhat
counterintuitive since PLGA-DDAB/DNA nanoparticle
aggregation was expected to reduce their transport rates.
Therefore, to further elucidate the mode and rate of
particle transport in PGM, we examined the distributions
of individual particle MSDs (Figure 5). The mode of
transport of each individual particle was determined by
the slope of the particle MSD versus time on a log-log
scale. A slope of <1 indicated that transport was sub-
diffusive, or hindered, whereas a slope of ∼1 indicated
that transport was diffusive. For time scales <1 s, COOH-
PS nanoparticle MSDs were primarily sub-diffusive
(Figure 5A), indicating that a majority of these particles
(101 of 109, or 93%, at time scales between 0.1 and 1 s)
are transiently adherent to mucus or are temporarily
trapped within cages formed by mucus fibers. In contrast,
considerably more PLGA-DDAB/DNA nanoparticles had
diffusive MSDs at earlier time scales (Figure 5B), with
only 78% (94 of 120) undergoing sub-diffusive transport
at time scales between 0.1-1 s. Therefore, although a
considerable fraction of PLGA-DDAB/DNA particles ap-
pear to aggregate in PGM, a significantly higher percent-
age of PLGA-DDAB/DNA particles (22%) undergo diffu-
sive transport at early time scales compared to COOH-
PS particles (7%).

To quantify the degree of heterogeneity in particle
transport rates, the distributions of the individual MSDs

Figure 3. Reconstructed 3-D confocal images of fluorescently labeled (A, B) COOH-PS (note the uniform size and distribution) and
(D, E) PLGA-DDAB/DNA nanoparticles (particle size is less uniform with aggregates). Diffusive and sub-diffusive 20-s trajectories
of (C) COOH-PS and (F) PLGA-DDAB/DNA nanoparticle motion in PGM.
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of COOH-PS and PLGA-DDAB/DNA nanoparticles at
time scales of ∆t ) 0.1 and 1 s were normalized by their
respective ensemble average MSDs (Figure 5C and D).
In general, the mean MSD of each particle type was
significantly smaller than the ensemble average MSD,
indicating that a small percentage (∼10%) of the particles
contributed significantly to the average rate of transport.
At early time scales (∆t ) 0.1 s), when transport of
COOH-PS nanoparticles was primarily sub-diffusive, the
mean of the MSD was only 2-fold lower than the average;
at larger time scales (∆t ) 1 s), the mean was nearly
5-fold lower than the average. In contrast, for all time
scales, PLGA-DDAB/DNA nanoparticles had mean trans-
port rates that were 5-fold lower than the average. This
result provided further evidence that a high percentage

of COOH-PS nanoparticles were either transiently ad-
herent to mucus or temporarily trapped in microscopic
cages in PGM over short time scales (thereby leading to
a more homogeneous distribution of transport rates).
Given time, some COOH-PS particles could resume
diffusion by desorbing or escaping their sub-diffusive
cages (leading to an increase in the heterogeneity of the
particle transport rates). On the other hand, a higher
number of PLGA-DDAB/DNA nanoparticles had diffusive
transport rates at short time scales, leading to high
heterogeneity in particle transport rates, but fewer
changed their mode of transport over time, which was
apparent in the similarities of the mean MSD at time
scales of ∆t ) 0.1 and 1 s. This result suggests that,
following the adhesion of a fraction of the PLGA-DDAB/

Figure 4. (A) Ensemble MSD of PLGA-DDAB/DNA and COOH-PS nanoparticles in PGM. (B) The average diffusion coefficients,
normalized with the theoretical diffusivity of 200 nm particles in water, of COOH-PS and PLGA-DDAB/DNA show slight time
dependence.

Figure 5. Twenty time-dependent particle MSDs for (A) COOH-PS and (B) PLGA-DDAB/DNA nanoparticles, randomly selected (n
) 109 and 120, respectively). The distribution of MSDs for COOH-PS (hatched bars) and PLGA-DDAB/DNA (open bars) particles,
normalized with their respective ensemble averaged MSD, at (C) ∆t ) 0.1 s and (D) ∆t ) 1 s indicate that the majority of particles
have MSDs less than the average. Note that a small percentage of faster particles largely affects the average rate of transport (see
insets), especially at small time scales when many particles are moving with more sub-diffusive transport rates.

Biotechnol. Prog., 2004, Vol. 20, No. 3 855



DNA particles, a significant percentage of the remaining
particles were able to undergo unrestricted diffusive
transport. Heterogeneities in particle transport rates may
be important in assessing the efficiency of particles in
traversing the mucosal barrier since gene delivery may
only require a small percentage of gene carriers to reach
target epithelial cells (5).

There are several possible explanations for the more
rapid transport of the slightly aggregated (and thus,
larger) PLGA-DDAB/DNA particles compared to COOH-
PS particles. For example, Olmstead and co-workers (10)
demonstrated that herpes simplex virus (HSV) particles
adhere to mucin fibers found in cervical mucus, causing
the fibers to collapse into coil-like structures and inducing
the formation of larger pores around the condensed
mucus. The rearrangement of the mucus network pro-
moted more rapid local transport of HSV particles (10).
Similarly, the observed PLGA-DDAB/DNA particle ag-
gregates with mucus may have led to larger pores that
promoted more rapid transport of PLGA-DDAB/DNA
particles compared to COOH-PS particles. This hypoth-
esis is supported indirectly by the fact that a considerably
higher percentage of PLGA-DDAB/DNA nanoparticles
(8.5%) exhibited a MSD greater than 5-fold of their
ensemble average MSD compared to only 2.9% for
COOH-PS nanoparticles, each at a time scale of 0.1 s
(7.7% versus 3.9% at a time scale of 1 s for PLGA-DDAB/
DNA versus COOH-PS, respectively).

A second possible explanation for the increased trans-
port rates of PLGA-DDAB/DNA nanoparticles compared
to those of the slightly smaller COOH-PS nanoparticles
may be related to the difference in surface chemistries
of the two particle types. PLGA-DDAB/DNA nanoparticle
surfaces are coated with DNA, making them relatively
hydrophilic compared to COOH-PS nanoparticles. Mucus
is composed of a dense network of fibers that are
relatively hydrophobic compared to the solution contained
within the network pores. Therefore, it is possible that
the fraction of PLGA-DDAB/DNA nanoparticles that do
not interact electrostatically with negatively charged
mucin glycoproteins are capable of enhanced transport
in the hydrophilic mucus pores compared to COOH-PS
particles, a larger fraction of which may adhere as single
particles to the mucus network. This hypothesis is
supported by the finding that a larger fraction of COOH-
PS particles undergo sub-diffusive, or hindered, transport
compared to PLGA-DDAB/DNA particles (Figure 5). The
fact that each particle type appears to adsorb mucus
components (as indicated by the decrease in ú-potential
for each particle upon incubation in mucus) presumably
makes the particle surfaces more similar. If the entire
surface is coated by mucus components, then the differ-
ences in initial surface chemistries may not be important,
thus favoring the former hypothesis. Future studies
aimed at quantifying the effects of particles on the pore
structure of the mucus mesh and at determining the
surface composition of the particles following incubation
in mucus should help explain the transport phenomena
observed.

Conclusions
Multiple particle tracking (MPT) was used to study

transport rates of individual gene carriers in gastric
mucus. Advantages of MPT include the ability to study
individual particle transport and distributions of trans-
port rates, as well as their contributions to the average
or “bulk” properties, in complex biological environments
(14, 23). We measured transport rates of cationic nano-
particles made from PLGA-DDAB/DNA in PGM and

found that their transport rates were much higher (∼10-
fold) than that of slightly smaller COOH-PS nanopar-
ticles. It is possible for larger particles (such as the
PLGA-DDAB/DNA particles) to move more rapidly
through a porous media than smaller particles by, for
example, altering the pore network of the mucus or by
spending less time on average either physically trapped
within cages formed by elastic mucus fibers or, perhaps
more likely, adherent to mucus fibers. Regardless, rapid
transport through mucus and the ability to transfect cells
make PLGA-DDAB/DNA particles interesting for further
in vitro and in vivo testing as gene delivery agents.
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