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There has been increasing interest in developing bioadhesive nanoparticles due to their great potential as
carriers for therapeutics in oral drug delivery systems. Despite decades of research, such a system still has
not been successfully implemented. This paper demonstrates the enormous potential of such engineered
systems: the incorporation of a bioadhesive coating, poly(butadiene-maleic anhydride-co-L-DOPA) (PBMAD),
to non-bioadhesive nanospheres resulted in an enhancement of particle uptake in the small intestine from
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Biga dhesion 5.8 4+ 1.9% to 66.9 £ 12.9%. Direct correlation was obtained between bulk tensile strength, in vitro binding
Nanoparticles to everted intestinal sacs and quantitative in vivo uptake; this data suggests that bulk properties of polymers
Uptake can be used to predict bioadhesive properties of nano- and microparticles. The differential distribution of

the nanospheres to various tissues following uptake suggests surface chemistry plays a significant role in their
localization within the body. The results of these studies provide strong support for the use of bioadhesive poly-
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mers to enhance nano- and micro-particle uptake from the small intestine for oral drug delivery.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Micro- and nanosphere-based polymeric delivery systems have
great potential for oral drug delivery due to their ability to protect
encapsulated therapeutic agents from the harsh gastrointestinal
tract and to allow for controlled drug release kinetics. Although a sig-
nificant amount of effort has been focused on developing effective
delivery systems for translation into clinical use, a major obstacle in
the development of effective nanospheres for oral drug delivery is
achieving high enough levels of uptake to reach therapeutic concen-
trations of the encapsulated drugs after administration. Thus, a variety
of strategies have been evaluated for their potential to enhance the
translocation of particles from the intestinal lumen, but most with
limited success.

The phenomenon of bioadhesion or mucoadhesion, originally de-
scribed by Park and Robinson, refers to the interactive forces between
a synthetic or biological material and a mucosal surface [1]. When
applied to oral drug delivery, bioadhesive polymers result in adhesion
to the mucous membrane proximal to the intestinal cells allowing
for enhanced interactions with the absorptive epithelium thereby
increasing gastrointestinal transit time. There are several proposed
mechanisms that mediate bioadhesion between the polymer and bio-
logical substrate; the most studied are mechanical and/or chemical
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interactions [1,2]. Mechanical bonds can be the result of the physical
entanglement of mucin strands with polymer chains, as is the case for
hydrogels, which are most often used for bioadhesive drug delivery
[3,4]. Alternatively, chemical mechanisms can include strong primary
bonds, which are not desired, as well as weaker secondary forces such
as ionic bonds, Van der Waal's interactions and hydrogen bonds [3,5].
While the strengths of individual secondary forces are relatively weak,
the high numbers of these interactions possible with polymeric mate-
rials can generate strong bioadhesion to mucus. Thus, polymers with
high molecular weights and greater concentrations of reactive polar
groups (—COOH, —OH) tend to develop more intense mucoadhesive
bonds [2,5-11]. Studies have shown that thermoplastic polymers that
are high in carboxyl groups can also produce intense bioadhesive inter-
actions without physical entanglement [12-27] and be effective in im-
proving the bioavailability of orally administered therapeutics [28,29].

Nanoparticles made of bioadhesive polymers may, therefore, po-
tentiate effective oral drug delivery due to the combination of their
small size and high surface area [30-34]. Many reports have shown
that the surface chemistry greatly affects the uptake of particles
[35-40], which could be of particular interest given the high surface
area associated with nanoparticles. However, no systematic study has
directly investigated the relationship between bioadhesive nanospheres
and intestinal uptake of nano- or microparticles.

For the last decade, work in our laboratory has focused on devel-
oping quantitative in vitro [2,12,16-23,41] and in vivo [16,18,24-26]
methods to measure bioadhesion between microspheres and intesti-
nal mucosal tissue. As part of this research, we have identified a series
of quantitative techniques that helped us evaluate, what we believe,
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to be the critical parameters to select effective bioadhesive polymers.
We then have made nanoparticles from those characterized materials
and revealed that the most adhesive materials exhibit substantial up-
take in vivo. The initial evaluations were judged by optical, confocal
and TEM microscopy. The results that have been published [21]
are summarized schematically in the first three columns of Fig. 1.
The data presents real measurements for fracture strength, contact
angles and everted sac values, and only relative values for uptake
as assessed by microscopy [21]. The data indicate strong correlation
between all the methods used to evaluate bioadhesion in those
four different polymers [21]. To be more specific, tensile work mea-
surements of the bulk bioadhesive properties of the polymers polysty-
rene (PS; non-erodible) and poly(fumaric-co-sebacic) acid (P(FASA),
bioerodible) exhibited the strongest mucoadhesive forces. Poly(lactic
acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) exhibited weaker
mucoadhesive forces. Studies of the contact angle which are also
strong indicators for bioadhesion, revealed that both PS and P(FASA)
had a high contact angle with water, indicating low affinity toward
aqueous solution. In contrast, when contact angle was measured
with mucus, it was clear that the first two polymers had the lowest
contact angle with mucus indicating strong affinity for mucus [1,21].
This was further confirmed by additional measurements using an
ex vivo everted sac assay, providing further evidence that the most ad-
hesive polymers in the series to be PS and P(FASA) followed by PLGA
then PLA. Interestingly, when we prepared nanospheres from each
of these polymers and evaluated uptake qualitatively from the small
intestine using optical, confocal and transmission electron microscopy
we found that PS and P(FASA) nanoparticles revealed qualitatively
high uptake while PLGA and PLA lagged behind [1,2,16,21,24]. The re-
sults of this prior work provide a series of important parameters that
allow for the identification and evaluation of potential bioadhesive
polymers for potential use in drug delivery applications. The most ad-
hesive polymers are those with hydrophobic backbones and with high
carboxylic end groups. [3,4,12,16-26,32,41]. While it is hard to monitor
the uptake of biodegradable polymers in vivo, particularly P(FASA) that
degrades extremely fast, it is easy to follow nondegradable polymers
such as PS that will stay intact after potential uptake. For the current
work we chose to work with non-degradable polymers, without any
drug, since the work focuses on evaluating the potential of total uptake
of the entire nano- or microparticles. Since PS, as well as PMMA, are
non-erodible polymers, they can be used to advance our previous stud-
ies by quantitatively tracking the fate of nanoparticles after in vivo
administration.
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Fig. 1. 3-D representation of critical in vitro and in vivo bioadhesion parameters for
PLGA, PLA, P(FASA) and PS. Qualitative uptake value is based on microscopy counts
of nanoparticle uptake from representative histological samples and normalized to
the number PS nanoparticle uptake [2,3,5-11,21,24].

Thus, the current study was directed to quantify the exact uptake of
polymeric nanoparticles in vivo (without any drug) using an isolated
loop technique and to evaluate the role of our most adhesive polymer,
poly(butadiene-maleic anhydride-co-L-DOPA) (PBMAD) [12-27] on
nanoparticle uptake and tissue distribution. To address this question
we chose two different nanosphere formulations made of non-
erodible polymers and characterized the tensile bioadhesive forces of
the bulk polymer and the amount binding to everted intestinal sacs.
The less adhesive formulation was coated with PBMAD and uptake
and biodistribution of all three formulations were evaluated in the
small intestine.

2. Materials and methods
2.1. Materials

Polystyrene beads (500 nm) were purchased from Polysciences, Inc.
(Warrington, PA) and stored at 4 °C until use. Suspensions were used as
supplied in concentrations of 25 mg/ml Polymethyl methacrylate
(PMMA; MW = 100 kDa) and polyvinyl alcohol (MW = 25 kDA, 88%
hydrolyzed) were purchased from Polysciences, Inc. (Warrington, PA)
and stored at room temperature.

2.1.1. Synthesis of PBMAD

Poly(butadiene-maleic anhydride-co-L-DOPA) (PBMAD), was syn-
thesized as described by [20,28,29]. Briefly, the PBMAD is prepared
using commercially available poly(butadiene-maleic anhydride)
(MW = 10,000-15,000 Da) through the ring opening of the maleic
anhydride via hydrolysis to maleic acid followed by the subsequent con-
jugation of L-DOPA to these newly formed carboxyl groups via an amide
bond. The polymer synthesis yield was ~50-60% [20,30-34]. FTIR and
DSC confirmed the successful side-chain grafting of the amino acid and
further analysis with NMR revealed a 75% grafting efficiency. The details
of the synthesis and characterization of this polymer are described in
[20,35-40]. All solvents were of the highest commercial grade available.

2.2. Preparation of PMMA microspheres by solvent evaporation

The PMMA is a linear polymer and thus, the solvent evaporation
technique was used to prepare the nanospheres; the process was
performed at room temperature and without the need for cross-
linking. PMMA was dissolved in chloroform at a concentration of 3.3%
w/v to comprise the organic phase. An aqueous phase of 1% w/v polyvi-
nyl alcohol (25 kDa, 88% hydrolyzed) was prepared and mixed under a
VirTis Cyclone 1Q2 SENTRY microprocessor at 25,000 rpm with a
straight open blade and VirTis baffled homogenizer flask. The organic
phase with polymer was then added to the aqueous phase forming an
o/w emulsion and continually mixed for 15 min. The emulsion was
then added to a 1% w/v polyvinyl alcohol (25 kDa, 88% hydrolyzed)
bath and mixed under an over-head stirrer for 12 h at 3000 rpm
to allow further evaporation and curing. This suspension was then
centrifuged at 4000 rpm for 20 min and the supernatant poured off.
The pellet was resuspended and washed in deionized water three
times. Finally, the formulation was lyophilized for 48 h and stored as a
dry powder at room temperature until use. The desired particle size
range was obtained through the optimization of the shear rate during
the emulsification step of nanosphere preparation. The freeze-drying
process leaves minimal concentrations of chloroform in the spheres
and no cytotoxic effect of residual solvent in nanospheres prepared
using this method were observed in in vitro cell culture models.

2.3. Preparation of coated PMMA nanospheres using phase inversion
nanoencapsulation

A modified version of phase inversion nanoencapsulation, origi-
nally described by Mathiowitz et al. [2,12,16-23,27,41], was utilized
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to fabricate spheres consisting of PMMA and PBMAD. First, PMMA
was dissolved in 5 ml of tetrahydrofuran (2% w/v) and, in a separate
vial, PBMAD was dissolved in 10 ml of ethanol (2% w/v). The polymer
solutions were mixed resulting in a precipitation of the PMMA only,
in the presence of the ethanol. The PMMA suspension with dissolved
PBMAD is then rapidly added to a non-solvent bath of petroleum
ether thus precipitating the PBMAD around the PMMA. As a result
of this two-step precipitation, the PBMAD is likely coating the
PMMA, but there is likely heterogeneity in the nanoparticles as well.
Nanospheres were collected by positive-pressure filtration through
PTFE filter paper with a pore diameter of 0.2 um and lyophilized
for 48 h. Formulations were stored under vacuum-seal at room tem-
perature until use. As described in our previous work, particle size is
a function of polymer solution viscosity; thus, the polymer solution
concentrations were optimized for the formation of particles of the
desired size range.

2.4. Evaluation of microspheres by scanning electron microscopy

Morphology and particle size of formulations fabricated by solvent
evaporation and phase inversion nanoencapsulation were analyzed
by scanning electron microscopy. Formulations in dry powder form
were placed on a carbon-backed adhesive and sputter-coated with
Au-Pd for 4 min at 20 mA and imaged on a Hitachi 2700 with an ac-
celerating voltage of 8 kV.

2.5. Particle size analysis of microspheres

Solvent removal and phase inversion nanoencapsulation formula-
tions were reconstituted from powder form into an aqueous solution
using 1% w/v sodium lauryl sulfate (SLS)/1% w/v polyvinylpyrrolidone
(PVP) reconstitution media and bath sonication in 0.5-2% w/v suspen-
sions. Polystyrene nanosphere suspensions were diluted with deion-
ized water down to ~1% w/v solutions from the original supplied
suspensions. A Beckman Coulter LS230 Laser Diffraction Particle Size
Analyzer was used to evaluate size and size distribution of nanoparti-
cle populations.

2.6. Characterization of microspheres by light microscopy

All formulations were imaged with light microscopy to evaluate
morphology and aggregation. Formulations were suspended in 1% w/v
SLS/1% w/v PVP reconstitution media at a concentration of 0.5% w/v.
Drops of the suspension were placed on a slide and sealed under a
cover slip with fast-drying nail polish. Slides were then imaged on
a Zeiss Axiovert 200 M microscope. To obtain bright field images a
40x water objective was used along with DIC and phase contrast tech-
niques. Images were taken with a Zeiss AxioCam MRc5 digital color CCD
camera. We selected the largest particle in the field (about 5 um) to
demonstrate the coating of one layer by another.

2.7. Determination of PMMA content in the PBMAD/PMMA formulation

To determine the weight percent of PMMA in the PBMAD/PMMA
formulation fabricated by phase inversion nanoencapsulation, an
extraction and chromatography detection method was used. First, a
known amount (25-50 mg) of the PBMAD/PMMA formulation was
weighed into a vial and 5 ml of chloroform was added. The solution
was mixed on an end-over-end mixer for 1 h to ensure complete
dissolution of PMMA into the chloroform. Then, a 1 ml sample of
the PMMA solution was filtered through a 0.2 um PTFE syringe filter
into a sample vial for gel permeation chromatography. The sample elu-
tion time of extracted PMMA was detected on a Shimadzu RID-10A
refractive index detector after flow (1 ml/min) through a column
bank consisting of Waters Styragel HR4E and HR5E columns. The area
under the distinctive PMMA peak on the refractive index versus elution

time graph was calculated using Shimadzu software and compared to a
linear standard curve of PMMA to directly yield the quantity of PMMA
in the PBMAD/PMMA formulation.

2.8. Bioadhesion measurements using texture analyzer

Testing the bioadhesion of bulk polymeric materials to ex vivo rat
jejunum was performed with a TA.XTplus Texture Analyzer (Texture
Technologies Corp., Scarsdale, NY) equipped with a 1 kg load cell
with 0.2 g sensitivity. Glass-headed pins with mean head diameter
~2.8 mm were dip-coated into various 5% w/v solutions of each poly-
mer (PMMA and PS in methylene chloride, PBMAD in acetone)
and dried between coatings to achieve a uniform coating around the
pinhead; the pins were dipped 8 times to ensure an adequate amount
of polymer was coated onto each pin. Individual probes were then
fitted onto the texture analyzer load arm and a biological sample
chamber placed on the stage containing freshly excised rat jejunum
submerged in phosphate buffer saline, pH 7.4 with luminal side
facing upward at 37 °C. The load arm descended at 0.5 mmy/s until a
specified target force (5 g) between the sample probe and intestinal
tissue was reached. This position was then held for 7 min (as has
been optimized by our group to allow for polymer hydration and
the generation of bioadhesive interactions with the small intestinal
tissue) [16-18,20,22-26] followed by a rising of the load arm at
0.5 mmy/s. In addition, to study the effect of adding surfactants that
will be later used to administer the microsphere, we evaluated the
same adhesive forces with all polymers in the present of 1% SLS and
1% PVP in the media. No change was observed in adhesive forces as
a result of these surfactants.

Fracture strength was determined by taking the peak tensile load
(found at the beginning of the fracture) and normalizing this value
for the projected surface area (PSA) of the probe. Calculation of PSA
by the relation PSA = m(r*> — [r — a]*) where r is the radius of the
sphere as measured by calipers and a is the depth of penetration.
Tensile work was determined by taking the area under the fracture
curve and normalizing for PSA.

2.9. Everted sac bioadhesion assay

Utilizing an everted sac assay modified from Santos et al. [17,21]
the relative bioadhesion for each nanosphere formulation was deter-
mined. Male, Sprague-Dawley rats weighing 200-250 g were anes-
thetized with 3% isoflurane prior to a midline abdominal incision.
The jejunum was removed, flushed with PBSG, and immediately im-
mersed in fresh PBSG. Segments of jejunum, 6 cm in length, were
everted, using a stainless steel rod, and ligated at both ends with silk
0-0 monofilament sutures. The everted sac was then filled with ~2 ml
PBSG (pH 7.4) and immersed in a nanosphere suspension prepared as
follows. Pre-warmed (37 °C) PBSG (pH 7.4) was added to 60 mg of for-
mulation (0.4% w/v) and bath sonicated for 5 min. Once the isolated
loop was added to the nanosphere suspensions, samples were placed
on an end-over-end mixer at 37 °C for a 30-minute period, which al-
lows for the maximal time for the nanoparticles to interact with the
small intestinal tissue while maintaining viability [17,21]. During this
incubation period nanospheres are allowed to adhere spontaneously
to the everted intestinal loop. Following incubation, the everted sac
was removed, gently rinsed and processed as two samples (the tissue
loop with adhered nanospheres and the nanosphere suspension).

To quantify the amount of marker polymer (polystyrene or PMMA)
in both the bound (everted sac tissue sample) and unbound (remaining
nanosphere suspension) samples, gel permeation chromatography was
used as described in further detail below. Results are presented as a
binding ratio for each formulation with the binding ratio being defined
as the ratio of the amount detected on the everted sac tissue to the
amount detected in the suspended supernatant after removal of the
everted sac tissue.
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2.10. In vivo dosage preparation

Suspensions of nanosphere formulations were utilized for all
in vivo experiments. Polystyrene nanospheres are supplied as a 2.5%
w/v suspension and were used as received. For PMMA and PBMAD/
PMMA formulations, the powder formulation was added to 1% SLS/
1% w/v PVP to a final concentration of 2.5% w/v. To adequately dis-
perse the formulations, solutions were bath sonicated for 10 min im-
mediately before administration. A dosage volume of 1 ml was used
in all studies and resulted in a total dose of 25 mg.

2.11. In vivo isolated loop particle uptake experiments

For a controlled, direct administration of formulations to a specific
gastro-intestinal region, an isolated loop technique was employed.
Male, Sprague-Dawley rats, weighing 200-250 g were allowed access
to standard chow and water ad libitum. Rats were anesthetized with
3% isoflurane inhalation. A 6 cm intestinal length was isolated by su-
ture ligation with monofilament silk 0-0 sutures at each end taking
care not to disrupt blood flow from mesenteric arteries. Suspensions
of the nanospheres were then injected directly into the isolated
region's lumen. The isolated loop was returned to the abdomen,
which was then closed to maintain body temperature and moisture.
Following a 5 hour incubation period, the following samples were
collected in order: 1 ml of blood from the portal vein, 1 ml of blood
from the celiac artery, lungs, heart, spleen, kidneys, liver, isolated
loop, rinse of isolated loop, and brain. The 5-hour time point was se-
lected based on previous experience from our research group with PS
nanoparticle uptake studies and is the optimal point for investigation
of nanoparticle uptake. All tissues were stored at — 18 °C until further
processing. Studies were run in animal cohort groups of 4 (n = 4) for
each study.

2.12. Tissue processing and polymer detection

All samples from everted sac bioadhesion analysis and in vivo iso-
lated loop experiments were processed and quantitatively analyzed
for polymer content by gel permeation chromatography (GPC) as de-
scribed herein. Nanospheres are comprised of nondegradable mate-
rials and the following methodology extracts intact nanospheres
from samples for polymer detection. Tissue samples were physically
cut into small pieces, added to ~5 ml PBS and homogenized on a
Cole-Palmer Ultrasonic Homogenizer CV26 with a high gain Q horn
and extender set at 40% amplitude for 30 s. Homogenized samples
were then lyophilized for 48 h resulting in a powdered tissue digest.
An extraction of the marker polymer was then performed by the
addition of chloroform and mixing on an end-over-end mixer for
96 h. Extractions were then filtered through PTFE filters of 0.2 um
pore diameter to remove non-soluble debris. Filtered extractions
were lyophilized for 24 h and stored at — 18 °C until analysis.

Lyophilized extractions were reconstituted in 1 ml of chloroform
by mixing on an end-over-end mixer for 1 h. The solution was filtered
afinal time through a 0.1 um PTFE syringe filter and ran on a Shimadzu
GPC equipped with Waters Styragel HR5E and HR4E columns and a
Shimadzu RID-10A refractive index detector.

A specific peak for the marker polymer is identified and the area
under the curve is calculated and related to the polymer concentra-
tion by comparison to a linear standard curve for PS and PMMA
with R? values of 0.9993 and 0.9998, respectively. The PS curve was
used for determining the content of PS using the tissue extracts
while the PMMA curve was used to determine the tissue content of
the PMMA studies; the PMMA loading of the double-walled formula-
tion was used in conjunction with the PMMA standard curve for the
PBMAD/PMMA studies. Sensitivity of the assay was tested over a
range of 0.05 mg/ml to 25 mg/ml from doped tissue extracts. The
linear relationship existed over the range of 0.2 mg/ml to 25 mg/ml.

Below 0.8 mg/ml, peaks had to be manually selected as they were
below the peak detection threshold of the software. Since the sample
volume is known, the exact mass of polymer can be calculated from
the detected concentrations. The uptake values were calculated
using the amount of polymer detected in the tissues, which represents
nanoparticles that have been taken up by the small intestine and
distributed systemically. Residual nanospheres in the isolated loop
lumen as well as particles attached to the isolated loop tissue were
not included in the fraction of particles that have undergone uptake.
Only the particles that have been taken up and translocated from the
intestinal lumen to the circulation then distributed throughout the
tissue have been considered in the determining uptake; thus, the up-
take data in the manuscript are a strong indication of particle uptake.

The resulting data was computed to yield quantitative information
regarding the uptake and tissue distribution by the following calcula-
tions. Percent uptake was calculated by taking the sum of all amounts
detected in tissues (excluding isolated loop and loop rinse samples)
divided by the total dose administered and multiplied by 100. Tissue
distribution could be directly compared for each tissue across study
groups. However, further information may be gained by comparison
of each tissue across study groups after normalizing for uptake. Mass
balance was determined as the sum of all amounts detected in tissues,
isolated loop and loop rinse samples divided by the total administered
dose. Mass balance values of 49.54 + 0.78%, 102.96 + 7.78% and
111.34 4+ 67.0% were found for the PMMA, PS and PBMAD experi-
ments, respectively (see Supplement material).

2.13. Statistical analyses

Standard errors were calculated and a 1-way ANOVA was performed
with Microcal Origin Graphical Software (Northampton, MA). Signifi-
cance was determined at p < 0.05.

3. Results and discussion

The motivation to quantify the amount of particle uptake was the
direct result of the work presented in Fig. 1 [21]. While the original
work focused on biodegradable polymers, which are hard to detect
in vivo, polystyrene is a material that seemed to have appropriate
bioadhesive forces and high uptake as judged by microscopy.
Commercially available PS nanospheres and non-bioadhesive PMMA
nanospheres were used as model polymers. To create a highly
bioadhesive formulation, non-adhesive PMMA nanoparticles were
coated with PBMAD, which was selected due to the high amount of
carboxylic groups exposed on each side group (Fig. S3) which results
in high bioadhesive properties and unique pH-dependent solubility in
the gastrointestinal environment [18]. The polymer is stable at low
pH and dissolves at high pH (above pH 8). Adhesion measurements
of the bulk materials were compared to the everted sac measure-
ments of each nanosphere formulation followed by quantification of
the total uptake and biodistribution of the nanospheres after direct
injection into isolated intestinal loops of rats in vivo.

The fabrication of the coated microsphere was done by phase in-
version nanoencapsulation [16,27]. The process involves two steps
of controlled precipitation: First, PMMA is dissolved tetrahydrofuran
and PBMAD is dissolved in ethanol. The solvents are chosen such
that once the polymer solutions are mixed PMMA precipitates due
to the presence of the ethanol solution while the PBMAD is still solu-
ble. The suspension (with dissolved PBMAD) is then rapidly added
to a non-solvent bath of petroleum ether, which forces the precipita-
tion of the PBMAD around the PMMA. As a result of this two-step
precipitation, the PBMAD is likely coating the PMMA, but there is
likely heterogeneity in the nanoparticles as well [36]. The PMMA
loading results showed that 29.7% of the components are PMMA in
the PBMAD/PMMA nanospheres composition. PMMA and PBMAD/
PMMA nanospheres were spherical with a smooth external surface
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morphology. SEM images of each formulation are shown in Fig. 2A-C.
Average diameters of the formulated PMMA and PBMAD/PMMA
nanospheres, as measured by laser diffraction, are 490 + 550 and
540 + 650 nm, respectively, and the purchased PS nanosphers are
540 4+ 80 nm PS nanospheres. Volume average size distribution
profiles of PS, PMMA and PBMAD/PMMA nanospheres are shown
in Fig. 2D. The polydispersity of the formulated PMMA and PMMA/
PBMAD nanospheres is much higher than the purchased PS nano-
particles and is considered in the interpretation of subsequent uptake
results below. Electron microscopy has shown that the second larger
peak in the size distribution profiles observed with the PBMAD/
PMMA formulation is the result of aggregation due to the adhesive na-
ture of the PBMAD.

Imaging with light microscopy showed a well-dispersed population
of PMMA nanospheres (Fig. 2E) that appear translucent (Fig. 2e).
PBMAD/PMMA nanospheres had a tendency to aggregate into irregular
clumps when in solution (Fig. 2F) and appear yellow-brown due to
optical properties of PBMAD. One large bead that was imaged under
high magnification (Fig. 2f), depicts the yellow-brown colored PBMAD
coating the clear PMMA core. FTIR of the raw materials of PMMA and
PBMAD and the PBMAD/PMMA formulation (Fig. S1) confirm that
both polymers are present in the final formulation while DSC analysis
(Fig. S2) confirmed the phase separation of the two polymers in the
formulation.

Bioadhesive measurements were performed on both the bulk mate-
rials and all nanosphere formulations. Adhesion measurements of the
bulk materials, performed with a Texture Analyzer probe on freshly
excised rat intestinal tissue, yielded statistically significant results for
PMMA and PS, but PBMAD had a significant increase in bioadhesion
both in terms of fracture strength (103.6 &+ 8.3, 193.1 + 31.4 and
242.6 + 21.2 mN/cm?, respectively), as shown in Fig. 3A, and tensile

work (0.327 £ 0.09, 309.3 + 28.6 and 20445.0 + 5733.5 nJ, respec-
tively). Texture analyzer bioadhesion studies were repeated for all
three polymers in the presence of 1% SLS/1% PVP on freshly excised
rat small intestinal tissue and revealed no difference in the bioadhesive
forces measured compared to those discussed above (Fig. S4). There-
fore, the presence of the surfactant, used for the dispersion of
nanospheres for the subsequent everted sac and isolated loop studies,
likely has minimal impact on the bioadhesion of the nanospheres to
the intestinal tissue.

Bioadhesion of the nanosphere formulations was directly mea-
sured with the use of an everted sac technique with rat intestinal sec-
tions followed by quantitative extraction of nanospheres and GPC
analysis. GPC analysis of the PBMAD/PMMA nanospheres showed
that 29.7% of the composition is PMMA; thus, this data was used to
determine the amount of the PBMAD/PMMA formulations detected
in the tissue samples. Results are shown as a binding ratio (amount
adhered to tissue:amount remaining in suspension) in Fig. 3B for PS,
PMMA and PBMAD/PMMA nanospheres. PMMA nanospheres had
the lowest bioadhesion with a binding ratio of 1.49 + 0.82, followed
by PS nanospheres with a binding ratio of 2.51 4+ 0.40 and PBMAD/
PMMA nanospheres had the highest bioadhesion with a binding
ratio of 3.67 4 2.38. There was an increase in bioadhesion of the
PBMAD/PMMA nanospheres over the PMMA nanospheres with PS
having an intermediate level of bioadhesion. The everted sac tech-
nique is useful in measuring the bioadhesion of the actual nanosphere
formulations without an external force being applied; however, the
variation with this method was high.

Comparison of the everted sac data for the bioadhesion of the
nanospheres to the texture analyzer data for the bioadhesion of the
bulk polymer revealed a strong direct correlation (R?> = 0.9608)
suggesting that the bioadhesive properties of the bulk polymer can
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intestines of rats (n = 6).

be used to predict bioadhesive behavior on the nanoscale for these for-
mulations and vice versa. The experiments were designed to ensure at
least similar average diameters of the different formulations so that
differences in bioadhesion are likely the predominant factor in uptake.
The enhanced bioadhesion of the PBMAD/PMMA nanospheres is the
result of the increased hydrogen bonding potential of the PBMAD
polymer relative to the PMMA and PS, which allows for increased
interactions with the mucin in the small intestine. Additionally, the
PBMAD has unique characteristics that make it favorable for use in
bioadhesive oral drug delivery applications. The chemical structure
of the PBMAD dictates that the polymer is in its insoluble non-
bioadhesive state at low pH environments, such as the stomach. How-
ever, upon exposure to more alkaline environments, like the small
intestine, the polymer begins to solubilize and allow for bioadhesive
interactions for more effective uptake of the carrier [20].

Delivering 500 nm PS, PMMA and PBMAD/PMMA nanospheres
locally to the rat jejunum for a 5-hour period resulted in uptake of
45.8 £ 8.6%, 5.8 £ 1.9% and 66.9 £ 12.9% of the administered dose,
respectively (Fig. 4A). Most surprisingly, by adding a bioadhesive
PBMAD coating to the PMMA nanospheres, the uptake of these
nanoparticles from the jejunum was increased substantially from
58 + 1.9% to 66.9 + 12.9%, a significant improvement over the
non-bioadhesive PMMA formulation. It is previously noted that the
formulated nanoparticles have a high size distribution relative to
the purchased PS nanoparticles. It is shown in Fig. 2D that the
PMMA/PBMAD nanoparticles are characterized with a slightly larger
size distribution than the other formulations. Despite the growing
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Fig. 4. (A) In vivo uptake: Total uptake of 500 nm nanospheres from isolated loop up-
take studies in the jejunum (n = 6), **p < 0.01; (B) biodistribution: % tissue distribu-
tion of translocated 500 nm nanospheres following administration to the jejunum via
isolated loop uptake study (n = 6), *p < 0.05.

literature indicating an inverse size relationship of nanoparticle size
to cellular uptake [37,39,42,43], the bioadhesive nanoparticles still
had higher uptake. We are unable to separate the nanoparticles
of PMMA that were not coated with the PBMAD polymer, thus addi-
tional experiments were conducted in which PMMA microspheres
were physically mixed with the bioadhesive polymer and adminis-
tered under the same condition. The same enhanced uptake was
obtained as seen with the coated nanoparticle, but with a much higher
variability/standard deviation (See Fig. S5). Therefore, the high uptake
is due to the presence of PBMAD polymer and nanoparticle coating like-
ly ensures a higher percentage of uptake. Given this data we also postu-
late that the majority of the nanoparticles in the coated formulation are
indeed coated with the PMAD polymer. This provides strong evidence
for the use of bioadhesive polymers as a means of enhancing particle
uptake from the small intestine. This is significant not only due to the
high amount of uptake of the bioadhesive nanospheres, but also be-
cause it occurred in jejunum tissue free of Peyer's patches. Therefore,
uptake likely occurred via the absorptive epithelium comprising ~98%
of the surface of the small intestine. The likely mechanisms involved
are a current area of further investigation in our laboratory.

The organ distribution following nanosphere uptake of the 500 nm
PMMA, PS and PBMAD/PMMA formulations differed by a great amount
as is evident in Fig. 4B. The PS nanospheres distributed almost entirely
to the liver with some evident in the kidneys as well. However, for
PBMAD/PMMA nanospheres an insignificant amount distributed to
the liver, but instead distributed to many other tissues. PBMAD/
PMMA nanospheres had 274 4+ 164, 27.0 £ 12.5, 17.5 £+ 15.2 and
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13.1 £ 10.3% of the total uptake distributed to the heart, central blood
compartment, spleen and lungs, respectively. Despite both formula-
tions being similar in average size and morphology, they had largely
different biodistribution profiles. The varied surface chemistries could
have resulted in the varied biodistribution profiles, and could lead to
the potential of passive targeting of nanospheres from the oral route
by altering the surface properties. However, the mechanisms involved
in disparate organ fate as a result of the three polymers investigated
cannot be determined from these studies. Determinations of such
mechanisms are very complex due to the numerous biological factors
that may be involved (e.g. surface protein absorption, cell interaction,
cell transit mechanisms, polymer matrix dynamics/swelling in biologi-
cal fluids, etc.) and this is an area of continued investigation.

It is evident from the uptake data that the bioadhesive formulation
(PBMAD/PMMA nanospheres) resulted in a much higher amount
of intestinal uptake. When considering the bioadhesion and uptake
of the three materials tested (PMMA, relatively non-adhesive; PS,
moderately adhesive due to hydrophobic interaction; PBMAD, highly
bioadhesive due to hydrogen bonding) there is a direct correlation of
bioadhesion to intestinal uptake. Although many research groups, in-
cluding our own, have theorized the potential benefit of bioadhesive
nanospheres in oral drug delivery, this is the first time that a quanti-
tative study has directly related bioadhesion to nanosphere uptake.
Comparison of the bioadhesion measurements to the total intestinal
uptake showed a strong linear correlation regardless of whether
the nanosphere formulations were measured (R* = 0.9255) or the
bioadhesion of the bulk materials were measured (R? = 0.9941).

4. Conclusion

In summary, this work demonstrates the high potential of
bioadhesive nanospheres for potential applications in the delivery of
therapeutics via oral administration. Strong correlations of intestinal
uptake to the bioadhesive propertiesy of the bulk material as well
as the bioadhesive properties of the nanosphere formulations were
reported. Furthermore, the strong correlation observed between
the bioadhesion testing of the bulk polymer and the nanospheres
suggests that effective methods of testing bioadhesive phenomena
can provide insight into both the macro- and nanoscale behavior of
bioadhesive polymers. Lastly, nanospheres of different surface chem-
istries (PMMA, PS and PMAD) were observed to distribute differently
to organs following internalization and may allow for the passive
targeting of oral nanosphere drug delivery systems. This finding is
currently under further investigation by the authors.

While the work presented in this paper evaluated the role of
bioadhesion on total uptake of nanoshperes we are aware of the im-
portance of drug encapsulation that was not included in this study.
Indeed the success of this type of work will strongly depend on en-
capsulation and loading of the drug within the delivery system,
through the use of biodegradable polymers. The evaluation of drug
bioavailability and bioavailability of the delivery systems are two
factors that need to be evaluated separately. We have addressed the
uptake of the delivery system while other groups are currently evalu-
ating uptake of delivery systems with model drugs such as insulin.
We hope that our work may give inspiration to continue the research
in that direction.
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