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Abstract
Mucosal surfaces are protected by a highly viscoelastic and adhesive mucus layer that traps most
foreign particles, including conventional drug and gene carriers. Trapped particles are eliminated
on the order of seconds to hours by mucus clearance mechanisms, precluding sustained and
targeted drug and nucleic acid delivery to mucosal tissues. We have previously shown that
polymeric coatings that minimize adhesive interactions with mucus constituents lead to particles
that rapidly penetrate human mucus secretions. Nevertheless, a particular challenge in formulating
drug-loaded mucus penetrating particles (MPP) is that many commonly used surfactants are either
mucoadhesive, or do not facilitate efficient drug encapsulation. We tested a novel surfactant
molecule for particle formulation composed of Vitamin E conjugated to 5 kDa polyethylene glycol
(VP5k). We show that VP5k-coated poly(lactide-co-glycolide) (PLGA) nanoparticles rapidly
penetrate human cervicovaginal mucus, whereas PLGA nanoparticles coated with polyvinyl
alcohol or Vitamin E conjugated to 1 kDa PEG were trapped. Importantly, VP5k facilitated high
loading of paclitaxel, a frontline chemo drug, into PLGA MPP, with controlled release for at least
4 days and negligible burst release. Our results offer a promising new method for engineering
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biodegradable, drug-loaded MPP for sustained and targeted delivery of therapeutics at mucosal
surfaces.
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1. Introduction
The eyes and the respiratory, gastrointestinal and cervicovaginal tracts are protected by a
highly viscoelastic and adhesive mucus layer that traps most foreign particles, including
conventional drug and gene nanocarriers [1–3]. Trapped particles are eliminated by different
mechanisms of mucus clearance, which typically occur on the order of seconds to hours [4–
5]. Thus, to achieve sustained and/or targeted drug and nucleic acid delivery to mucosal
tissues, synthetic particles must rapidly penetrate mucus secretions [5–6]. Mucus penetrating
particles (MPP) can be engineered by carefully tuning the surface properties of
nanoparticles; in particular, a dense covalent coating of low molecular weight (MW)
poly(ethylene glycol) (PEG) on polystyrene (latex) particles can effectively reduce their
affinity to mucus constituents [7–8]. Reduced adhesion enables coated particles to diffuse
rapidly in the interstitial fluid between mucus mesh fibers, without experiencing the bulk
viscosity of mucus [9–10], at rates up to only a few-fold slower than they would diffuse
through water, whereas uncoated particles are typically completely trapped [7–8, 11].

To stabilize emulsions and reduce particle aggregation during particle synthesis, storage and
use, the surfaces of drug-loaded polymeric particles are usually coated with surfactants.
Surfactants can influence particle size, morphology, encapsulation efficiency and drug
release kinetics [12–15]. A particular challenge in formulating drug-loaded MPP is that
many commonly used surfactants either yield particles that adhere to mucins (i.e.
mucoadhesive particles), or do not provide efficient drug encapsulation. For example,
poly(vinyl alcohol) (PVA) is one of the most widely used surfactants for nanoparticle-drug
formulation, and provides high drug loading efficiency [16], but PVA-coated particles are
likely mucoadhesive [17], perhaps due to hydrogen bonding between hydroxyl groups
extending from the polymer backbone and mucin glycoproteins. Chitosan-coatings are also
strongly mucoadhesive, perhaps due to a combination of electrostatic attraction, hydrogen
bonding and hydrophobic effects [18]. One strategy to present a dense layer of low MW
PEG on the surface of biodegradable MPP is to replace PVA, chitosan and other
mucoadhesive surfactants commonly used in particle formulation with surfactants that
contain a low MW PEG moiety. An increasingly adopted surfactant in the drug delivery
community is Vitamin E-PEG1k conjugate (VP1k, commonly referred to as Vitamin E
TPGS), prepared by esterifying the hydrophobic D-alpha-tocopheryl acid (i.e., Vitamin E)
succinate with PEG (Figure 1) [19]. Here, we sought to test whether surfactants based on
Vitamin E-PEG conjugates can facilitate the formulation of drug-loaded biodegradable
MPP.

2. Methods
2.1. Synthesis of Vitamin E-PEG5k

PEG was conjugated to Vitamin E as described previously [20]. Briefly, Vitamin E
Succinate (0.65 g, 1.0 equivalent; Sigma-Aldrich Corp., St. Louis, MO) was dissolved in
DCM (dichloromethane; 20 mL) in 50 ml round type flask, and methoxy-PEG-OH (MW 5
kDa, 7.334 g, 1.2 equivalents; Sigma-Aldrich Corp., St. Louis, MO) was added afterwards.
After all PEG content was dissolved, DMAP (4-dimethylaminopyridine; 15 mg, 0.1
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equivalents) was added into the flask followed by addition of DCC (N,N′-
dicyclohexylcarbodiimide, 0.278 g, 1.1 equivalents). The reaction mixture was stirred at
room temperature overnight. Then, it was Buchner-filtered, and the filtrate was concentrated
under reduced pressure to obtain crude product. To eliminate DCC and unreacted Vit E
Succinate, both of which are insoluble in water, stock solution of crude product was
dissolved at 5% (w/v) in ultrapure water, ultracentrifuged (75600 rcf, 20 min, 2 times;
Avanti J-25 centrifuge, Beckman Coulter, Inc., Fullerton, CA), and further filtered (0.2
micron). The final yield of pure product was 92 %.

2.2. Characterization of Vitamin E-PEG5k
Conjugation of mPEG to Vit E Succinate was confirmed by 13-C-NMR (400 MHz, Bruker
BioSpin Corporation, Billerica, MA). The carbonyl carbon of the COOH group of Vit E
Succinate gave a signal at 178.8 ppm (Figure 2A), while the signal of same carbonyl carbon
of Vit E-PEG5k compound shifted to 172.2 ppm due to the conjugation of mPEG to Vit E
Succinate (Figure 2B). The signal of the second carbonyl carbon at 171.0 ppm, and aromatic
carbons signals located between 115 ppm and 150 ppm, remained unchanged between
reactant and product. Also, the -OCH2- groups of the mPEG unit in VitE-PEG5k gave a very
intense signal at 70.9 ppm.

2.3. Preparation and characterization of doxorubicin-labeled PLGA nanoparticles
To visualize particle motions in cervicovaginal mucus, poly(lactide-co-glycolide) (PLGA;
MW 11 kDa, 50:50; Alkermes Inc., Cambridge, MA) was fluorescently tagged with
doxorubicin (Dox; NetQem, Durham, NC) [21]. Dox-conjugated nanoparticles were
formulated by a solvent diffusion/nanoprecipitation technique. Briefly, 20 mg of the
polymer was dissolved in 1 mL of acetonitrile, and added dropwise into 36 mL of 1.65% Vit
E-PEG5k. After the volatile organic solvent was removed by stirring for 3 hr, the particles
(PLGA/VP5k) were collected by centrifugation at 12096 rcf for 20 min, washed twice and
resuspended in 0.4 mL of 0.5% Pluronic F127 (BASF, Florham Park, NJ) to reduce particle
aggregation and further facilitate mucus penetration. Size and ζ-potential were determined
by dynamic light scattering and laser Doppler anemometry, respectively, using a Zetasizer
Nano ZS90 (Malvern Instruments, Southborough, MA). Size measurements were performed
at 25°C at a scattering angle of 90°. PLGA nanoparticles coated with Vit E-PEG1k
(Eastman Chemical Co., Kingsport, TN) (PLGA/VP1k) were formulated by the same
methodology as mentioned above.

2.4. Preparation and characterization of paclitaxel-encapsulated PLGA nanoparticles
Briefly, 20 mg of the PLGA and 4 mg paclitaxel (LC Laboratories, Woburn, MA) were
dissolved in 1 mL of acetonitrile, and added dropwise into 36 mL of 1.1% Vit E-PEG5k.
After the volatile organic solvent was removed by stirring for 3 hr in a chemical fume hood,
the particles were collected by centrifugation at 12096 rcf for 20 min, washed twice and
resuspended in 0.2 mL of ultrapure water. The particle suspension was incubated with 200
μL of 1% F127 for 30 min. We set aside 5 μL of particle suspension for the measurement of
hydrodynamic size and surface charge, performed as described above. To measure drug
loading, paclitaxel-loaded as well as blank particles were frozen in liquid nitrogen,
lyophilized at −50 °C, dissolved in acetonitrile and characterized for paclitaxel content by
HPLC equipped with a C18 reverse phase column (5 μm, 4.6×250 mm; Varian Inc., Santa
Clara, CA). F127-coated paclitaxel-loaded PLGA nanoparticles were prepared similarly,
with F127 used as the aqueous phase instead of VP5k, followed by washing with F127
instead water. The particle morphologies of both particle types were determined using
scanning electron microscopy (JEOL JSM-6700F, Peabody, MA). To measure release
kinetics, particles were suspended in phosphate buffered saline (PBS, pH 7.4) and incubated
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at 37 °C. Supernatant was collected at predetermined intervals, and the drug concentration
measured by HPLC, as described above.

2.5. Preparation and characterization of PEG-coated latex nanoparticles
Latex beads densely coated with PEG were prepared by conjugating methoxy-PEG-amine
(MW 2 kDa, Nektar Therapeutics, San Carlos, CA) to fluorescent carboxyl-modified
polystyrene particles (Molecular Probes, Eugene, OR; ~200 nm) as described previously [7–
8]. Size and ζ-potential were measured as described above (Table 1).

2.6. Collection of human cervicovaginal mucus (CVM)
CVM was collected as previously described [7, 22]. Briefly, undiluted cervicovaginal
secretions from women with normal vaginal flora were obtained using a self-sampling
menstrual collection device following a protocol approved by the Institutional Review Board
of the Johns Hopkins University. The device was inserted into the vagina for ~30 s,
removed, and placed into a 50 mL centrifuge tube. Samples were centrifuged at 210 rcf for 2
min to collect the mucus secretions.

2.7. Multiple particle tracking
Particle transport rates were measured by analyzing trajectories of fluorescent Dox-labeled
PLGA nanoparticles made with VP5k, VP1k and PVA surfactants, as well as yellow-green
or red fluorescent uncoated COOH-modified (PS-COOH; negative control) or PEG-coated
(PS-PEG; positive control) polystyrene particles. Particle motions were recorded using a
silicon-intensified target camera (VE-1000, Dage-MTI, Michigan, IN) mounted on an
inverted epifluorescence microscope (Zeiss, Thornwood, NY) equipped with a 100x oil-
immersion objective (N.A., 1.3) and the appropriate filters. Experiments were carried out in
custom-made chamber slides, where diluted particle solutions (~1010 particles/mL) were
added to 20 μL of fresh mucus to a final concentration of 3 % v/v and incubated at 37°C for
2 hr before microscopy. Trajectories of n ≥ 110 particles were analyzed for each experiment,
and at least three independent experiments were performed for each condition. Movies were
captured with MetaMorph software (Molecular Devices Inc., Downingtown, PA) at a
temporal resolution of 66.7 ms for 20 s. The tracking resolution was 10 nm, as determined
by tracking the displacements of particles immobilized with a strong adhesive [23]. The
coordinates of nanoparticle centroids were transformed into time-averaged mean square
displacement (MSD), calculated as <Δr2(τ)> = [x(t+τ) − x(t)]2 + [y(t+τ) − y(t)]2 [24], where
x and y represent the nanoparticle coordinates at a given time and τ is the time scale or time
lag. Effective diffusivity was calculated as Deff = MSD/(4τ), for 2D particle tracking.
Distributions of MSDs and effective diffusivities were calculated from this data, as
demonstrated previously [7–8].

3. Results & Discussion
VP1k is a Generally Regarded As Safe (GRAS) excipient approved by the FDA for use in a
variety of oral, topical and ophthalmic dosage forms with reduced toxicity [25–26]. It has
also been increasingly used in nanoparticle formulations to provide greater colloidal stability
and improved circulation time and/or bioavailability due to the presence of a surface PEG
coating [19, 27–30]. We recently discovered that PEG coatings with MW as low as ~1 kDa,
achieved by coating polymeric nanoparticles with Pluronic® P103, an ABA triblock
copolymer with two ~1 kDa PEG chains flanking a ~3.5 kDa polypropylene oxide segment,
can effectively reduce the mucoadhesion of nanoparticles [31]. To test whether coating
nanoparticles with VP1k may also reduce mucoadhesion due to its comparable PEG MW,
we formulated poly(lactide-co-glycolide) (PLGA) nanoparticles by nanoprecipitation with
VP1k in the aqueous phase (PLGA/VP1k). The VP1k coating on the surface of the PLGA/
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VP1k nanoparticles was confirmed by their markedly less negative surface charge (−19 ± 3
mV) compared to the highly negative surface charge of uncoated PLGA nanoparticles (−50
± 4 mV; Table 1). We assessed the movement of PLGA/VP1k nanoparticles in fresh human
cervicovaginal mucus (CVM), collected from donors with healthy vaginal flora, using
multiple particle tracking [23–24]. Despite the presence of VP1k on the particle surface,
PLGA/VP1k nanoparticles were strongly trapped in human CVM to nearly the same extent
as uncoated polystyrene (PS-COOH) nanoparticles and PLGA nanoparticles coated with
PVA (Figure 3A–C, Supplementary Videos 1–3).

Since we previously found PEG as low as ~1 kDa in MW can still provide an effective non-
mucoadhesive coating [31], we hypothesized that the immobilization of PLGA/VP1k
nanoparticles in CVM must be due to inadequate PEG shielding of the hydrophobic PLGA
core by VP1k. To increase the PEG coverage, we conjugated a 5 kDa PEG to activated
Vitamin E succinate (VP5k) (Figure 1). The choice of 5 kDa PEG was based on our
previous finding that 2–5 kDa PEG coatings mediated rapid particle penetration in mucus,
whereas 10 kDa PEG coatings did not, presumably due to interpenetration of longer PEG
chains into the mucin mesh network [8]. Successful conjugation of PEG to Vitamin E was
confirmed by 13C-NMR (Figure 2). We prepared VP5k-coated PLGA nanoparticles (PLGA/
VP5k) using the same nanoprecipitation method as PLGA/VP1k. In comparison to PLGA/
VP1k, PLGA/VP5k nanoparticles exhibited a much more neutral surface charge, suggesting
the VP5k coating afforded a greater density of surface PEG coverage (Table 1).

We again performed video microscopy to record the motions of PLGA/VP5k nanoparticles
in mucus, and found that they rapidly penetrated CVM, as reflected by their diffusive,
Brownian (i.e., highly mobile) time-lapse traces (Figure 3D, Supplementary Video 4). The
trajectories were similar to those of similarly sized, diffusive PEG-coated polystyrene (PS-
PEG) particles in the same mucus samples (Figure 3E, Supplementary Video 5). In
comparison, PS-COOH particles and PVA-coated PLGA particles (PLGA/PVA), which
served as negative controls, were trapped. We used multiple particle tracking, a technique
that allows the motions of hundreds of individual nanoparticles to be tracked, to quantify
particle diffusion rates in the form of time-scale dependent ensemble mean squared
displacements (<MSD>). The <MSD> of PLGA/VP5k nanoparticles in CVM was ~210 and
~33-fold higher than that for PS-COOH and PLGA/VP1k nanoparticles, respectively, at a
time scale of 1s (p < 0.01; Figure 3F). The rapid transport of PLGA/VP5k nanoparticles was
also reflected by the slope, α, of log-log plots of MSD versus time scale (α = 1 represents
unobstructed Brownian transport, whereas increased obstruction to particle movement is
reflected by a decrease in α): the average α was 0.64 for PLGA/VP5k nanoparticles
compared to 0.79, 0.31 and 0.21 for PS-PEG, PS-COOH and PLGA/VP1k nanoparticles,
respectively. The fastest 50% of PLGA/VP5k nanoparticles penetrated CVM with an
average speed only 7-fold reduced compared to their theoretical speed in pure water, while
the fastest 50% of PLGA/VP1k was slowed on average ~900-fold compared to in water
(Figure 3G).

Based on the comparable speeds in CVM of PLGA/VP5k nanoparticles and PS-PEG
nanoparticles, the surface-adsorbed, non-covalent VP5k coating appeared to resist
mucoadhesion to the same extent as PEG coatings generated by covalent conjugation under
harsh conditions (vortex and sonication) for prolonged durations (overnight). In contrast,
neither co-precipitation of PLGA and PEG nor incubation of PLGA particles with PEG
produced mobile particles in several independent mucus samples (data not shown). Our
findings highlight a number of potential advantages of using VP5k-coated particles for drug
delivery applications. An important criterion for a suitable surfactant for the formulation of
biodegradable MPP drug carriers is efficient encapsulation of therapeutics. The elimination
of post-formulation PEGylation is expected to markedly improve the drug loading and
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encapsulation efficiency of cargo therapeutics into biodegradable MPP drug carriers. In
addition, the non-covalent adsorption of VP5k onto particle surfaces can likely be used to
coat a wide range of polymeric core materials; materials with optimal degradation kinetics
and polymer-drug affinity can therefore be chosen to achieve tailored release profiles and
high encapsulation efficiencies for a wide array of cargo therapeutics. Although we are not
aware of safety studies of VP1k in the human lung or vagina, VP1k has been incorporated
into various oral, topical and ophthalmic dosage forms with no signs of acute toxicity; we
thus expect VP5k to likely be safe for mucosal drug delivery. Finally, our method involves
only incorporation of VP5k in the aqueous phase of the typical solvent diffusion formulation
method, a simple process that may accelerate economical and scalable translational
development of the MPP technology.

As a proof of concept to demonstrate the PLGA/VP5k nanoparticle platform can facilitate
high drug loading levels, we encapsulated paclitaxel, a widely used anti-neoplastic agent
that stabilizes microtubules and arrests tumor cells in the G2/M cell cycle phase [32]. We
first prepared pactlitaxel-loaded particles by co-precipitation of paclitaxel and PLGA using
1% Pluronic F127 as the sole surfactant in the aqueous phase (PLGA/Paclitaxel/F127), a
process which we have shown to generate MPP [31]. Electron micrographs of PLGA/
Paclitaxel/F127 particles showed extensive formation of crystalline structures on the exterior
of the spherical particles (presumably paclitaxel crystals formed due to low water solubility
[33]), indicating poor encapsulation (Figure 4A). Particles prepared without surfactants also
exhibited similar crystalline structures outside of particles (data not shown). In contrast,
paclitaxel-loaded particles prepared with VP5k (PLGA/Paclitaxel/VP5k) were free of any
visible crystals and exhibited uniform, smooth and nonporous surfaces (Figure 4B). The
paclitaxel loading was 7.9 ± 0.5% (weight of paclitaxel to weight of polymer/surfactant) into
particles with an average diameter of 245 ± 14 nm. These particles exhibited minimal burst
effect, followed by sustained release for ~5 days (Figure 4C).

In summary, VP5k is a novel surfactant for polymer formulation that simultaneously enables
several highly desirable features for a biodegradable MPP drug delivery platform: (1) rapid
penetration of undiluted human mucus; (2) good nanoparticle dispersity, low porosity and a
smooth surface; (3) high loading of a small molecule drug (paclitaxel); and (4) sustained
release of the drug over several days with minimal burst. The same features cannot easily be
simultaneously achieved using conventional surfactants, such as PVA or VP1k. Given that
human CVM possesses biochemical and rheological properties similar to those of mucus
fluids derived from the eyes, nose, lungs, gastrointestinal tract and more [1–2, 5], we expect
the VP5k coating to also facilitate rapid particle penetration at other mucosal surfaces.
Additional surfactants with functional characteristics similar to VP5k may be generated by
conjugating PEG or other non-mucoadhesive polymers of an appropriate MW to
hydrophobic or charged molecules. We anticipate the use of VP5k to extend beyond
mucosal drug delivery applications, since denser PEG coatings are expected to further
improve colloidal stability in other biological fluids, as well as prolong the circulation time
of nanoparticles administered intravenously.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the conjugation of methoxy-PEG5k-OH to Vitamin E succinate to prepare
Vitamin E-PEG5k conjugate (VP5k).
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Figure 2.
13C-NMR spectrums of (A) Vitamin E Succinate and (B) VP5k confirm successful
conjugation. Please refer to Methods for more details.
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Figure 3.
Effect of surfactants on the transport of PLGA particles in fresh human cervicovaginal
mucus. Representative traces, for particles with an effective diffusivity within one standard
error of the mean (SEM), of (A) mucoadhesive, uncoated polystyrene particles (PS-COOH;
negative control), (B) PLGA particles coated with PVA (PLGA/PVA), (C) PLGA particles
coated with Vitamin E TGPS (PLGA/VP1k), (D) PLGA particles coated with a novel
surfactant synthesized by conjugating methoxy-PEG5k-OH to Vitamin E succinate (PLGA/
VP5k), and (E) polystyrene particles densely conjugated with 2 kDa PEG (PS-PEG), known
to be muco-inert (positive control). (F) Ensemble-averaged geometric mean square
displacements (<MSD>) of PLGA/VP5k, PLGA/VP1k, PS-COOH and PS-PEG as a
function of time scale. Error bars represent SEM. * denotes statistically significant
difference for PLGA/VP5k across all time scales compared to PS-COOH and PLGA/VP1k
(p < 0.01) (G) Distributions of the logarithms of individual particle effective diffusivities
(Deff) at a time scale of 1 s for PLGA/VP5k and PLGA/VP1k particles.
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Figure 4.
Characterization of paclitaxel-encapsulated polymeric particles. (A) SEM images of PLGA
particles prepared with a commonly used surfactant (Pluronic F127) show extensive
paclitaxel crystal formation due to poor encapsulation of paclitaxel into the particles. PLGA
particles prepared without surfactants exhibit similar drug crystals (data not shown). (B)
SEM images of PLGA particles prepared with VP5k surfactant show no trace of paclitaxel
crystals in solution. (C) Release of paclitaxel from PLGA/VP5k particles at 37°C in PBS.
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Table 1

Characterization of nanoparticles size and ζ-potential.

Particle Diameter [nm] ζ- Potential [mV]

PS (Uncoated) 217 ± 5 −59 ± 4

PLGA (Uncoated) 110 ± 4 −50 ± 2

PLGA/PVA 141 ± 9 −1 ± 1

PLGA/VP1k 215 ± 18 −19 ± 3

PLGA/VP5k 271 ± 10 −8 ± 1

PS-PEG 232 ± 7 −2 ± 1
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