
ARTICLE IN PRESS
0142-9612/$ - se

doi:10.1016/j.bi

�Correspond
USA. Tel.: +1

E-mail addr
1These autho
Biomaterials 29 (2008) 703–708

www.elsevier.com/locate/biomaterials
The use of deoxycholic acid to enhance the oral bioavailability
of biodegradable nanoparticles

Robert M. Samstein1, Karlo Perica1, Fanor Balderrama, Michael Look, Tarek M. Fahmy�

Department of Biomedical Engineering, Yale University, 55 Prospect St., New Haven, CT 06511, USA

Received 26 August 2007; accepted 16 October 2007
Abstract

Oral delivery of nanoparticles encapsulating drugs and proteins remains a challenging route for administration due to the many

barriers in the gastrointestinal tract that limit bioavailability. We hypothesized that bile salts could be used to improve the bioavailability

of poly(lactide-co-glycolide) (PLGA) nanoparticles by protecting them during their transport through the gastrointestinal tract and

enhancing their absorption by the intestinal epithelia. A deoxycholic acid emulsion is shown to protect PLGA nanoparticles from

degradation in acidic conditions and enhance their permeability across a Caco-2 cell monolayer, an in vitro model of human epithelium.

Oral administration of loaded PLGA nanoparticles to mice, using a deoxycholic acid emulsion, produced sustained levels of the

encapsulant in the blood over 24–48 h with a relative bioavailability of 1.81. Encapsulant concentration was highest in the liver,

demonstrating a novel means for targeted delivery to the liver by the oral route.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Oral delivery of peptides and drugs is one of the greatest
challenges for drug delivery due to the many obstacles
present in the gastrointestinal tract. These obstacles
include: (1) the acidity and presence of digestive enzymes
in the stomach, which are optimized to degrade many
molecules [1,2]; (2) the low absorption of therapeutics from
the intestinal lumen due to the tight junctions in the
epithelial lining [3,4]; (3) the deactivation or extrusion of
many drugs in the epithelial lining [5]; and (4) the exposure
of the intestinal lining to toxic levels of the drug resulting in
dose-limiting side effects [6]. These barriers significantly
decrease the bioavailability of drugs and peptides adminis-
tered orally while simultaneously limiting the maximum
tolerable dosage and thus compel intravenous administra-
tion of therapeutics. However, oral delivery remains the
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most attractive drug delivery route due to its ease and
convenience, resulting in improvements in quality of life for
patients and reduced administrative costs [7–9].
An objective in designing a drug delivery system for oral

administration is to maintain drug levels in the therapeutic
range for sustained periods of time. The delivery system
must protect the drug at low pH, facilitate absorption in
the intestinal tract, bypass unwanted metabolic degrada-
tion, and limit intestinal cell exposure. Particulate systems
for oral delivery have been attempted to address some of
these issues [10]. They can theoretically provide protection
from degradation and metabolic deactivation, as well as
limit intestinal exposure [11]. Nanoparticles of synthetic
poly-esters such as poly(lactic acid), poly(glycolic acid),
and their copolymers poly(lactide-co-glycolide) (PLGA)
are often chosen due to their biocompatibility and ver-
satility in encapsulating a variety of drugs and biologics, as
well as the ability to tune the dynamics of drug release by
varying monomer ratios and polymer molecular weight
[12–14]. Oral delivery of PLGA particles and uptake by
intestinal cells has also been well studied [15,16]. However,
absorption efficiency of particulates is typically very low
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with estimates of only 1% absorbed after oral administra-
tion [17]. In addition, PLGA particles are degraded via
acid-catalyzed ester hydrolysis and therefore release much
of their contents at the low pH of the stomach.

We reasoned that an existing physiological system, the
biliary system, could be exploited to address many of the
issues associated with oral delivery of therapeutics. Bile
acids are produced in the liver and recirculated 10–20 times
per day as part of the enterohepatic circulation [18]. After
being released into the duodenum, they are passively and
selectively reabsorbed in the intestinal lumen and returned
to the liver via the portal vascular system. These bile salts
are either passively diffused across the membranes of
intestinal epithelial cells or are actively taken up at the
ileum. The selective reabsorption of bile salts can pot-
entially be used to improve the bioavailability of particu-
lates. Bile salts have also been shown to disrupt tight
junctions in the epithelial lining, allowing for paracellular
and transcellular transport pathways [19,20]. In addition,
bile salts have been shown to aggregate at low pH, offering
protection inside the stomach [21]. There is also the
potential of targeting drugs to the liver due to the anatomy
of the portal circulation [22].

Attempts have been made to take advantage of
deoxycholate in drug delivery systems by covalently
conjugating drugs to bile salts [23]. For example, heparin
conjugated to deoxycholic acid (DCA) was shown to
significantly increase heparin absorption in the intestine,
particularly in the ileum [24]. Various peptides were
conjugated to bile acids and shown to increase absorption
[25,26]. Functional insulin conjugates with DCA were also
constructed for oral delivery in diabetes but have not been
tested orally [26]. However, covalent attachment of DCA
to the therapeutic can potentially impair the therapeutic’s
intended physiological response. Here, we describe a
system where PLGA particles are orally delivered in a
non-covalently associated emulsion of DCA. We show that
this system improved the bioavailability of encapsulated
model agent (rhodamine B) in PLGA nanoparticles. The
simplicity of preparation combined with the attractive
features of biodegradable particle technology positions this
formulation as a viable formulation for enhancing oral
administration of therapeutic agents.

2. Methods

2.1. Fabrication of PLGA nanoparticles

PLGA particles containing rhodamine B were prepared using a

modified double emulsion (W/O/W) process described previously [27].

Briefly, 200mg of PLGA was dissolved in 4mL methylene chloride. While

vortexing, 1mg of rhodamine B (10mg/mL in water) was added dropwise

to the methylene chloride–PLGA solution and then sonicated three times

for 10 s at an amplitude of 38% (600W Ultrasonic Processor). The

solution was then added drop-wise to a vortexing solution of 8mL of

5% poly-vinyl alcohol (PVA) and the resulting mixture was sonicated 3X.

This mixture was then added drop-wise to 200mL of 0.3% PVA while

stirring and the particles were hardened by evaporation of the organic

phase for 3 h under continuous stirring. Particles were collected by
centrifugation at 13,000 RPM for 10min at 4 1C, and washed 3X with de-

ionized water. The resulting particles were then frozen at �80 1C and

lyophilized for 48 h.

2.2. Scanning electron microscopy (SEM)

The lyophilized particles were imaged using SEM. The particles were

fixed on an aluminum stub using 2-sided carbon tape and then coated with

gold in an argon atmosphere using a sputter current of 40mA (Dynavac

Mini Coater, Dynavac, USA). The samples were imaged with a Philips

XL30 SEM using a LaB electron gun with an accelerating voltage of

5–10kV. Particle diameters were determined using the ImageJ particle

sizing software from the NIH.

2.3. Controlled release measurement

Release of encapsulated rhodamine was performed in sodium

phosphate buffer titrated with hydrochloric acid to pH 2 and 7 at 37 1C.

Samples were placed in dialysis tubing (exclusion size 10,000MW) at

20mg/mL and dialyzed against 50mL of buffer. At appropriate time

points, 100mL of buffer was removed and rhodamine concentration was

read by fluorescence (Molecular Devices SpectraMax M5; Ex: 540 nm;

Em: 620 nm). The fraction of rhodamine B released was calculated by

dividing the amount of rhodamine at the indicated time points by the total

content of dye in 10mg of the same stock of particles. Total rhodamine B

content was measured by dissolving 10mg of particles in 1 N dimethyl

sulfoxide overnight.

2.4. Permeability in Caco-2 monolayer

Caco-2 cells were seeded at 7� 104 cells/cm2 on 0.4 mm pore transwell

filters in Dulbecco’s modified eagle media containing 10% fetal bovine

serum (FBS), 100U/mL penicillin, 100mg/mL streptomycin, and 0.1mM

non-essential amino acids. The cells were grown to confluency and allowed

to mature for approximately 30 days at 37 1C and 5% CO2. Cell culture

media was changed every 2–3 days. Prior to performing permeability

studies, the transepithelial electrical resistance (TEER) was measured

using an epithelial voltometer (World Precision Instruments, EVOMX

with STX2 electrodes). Confluent cell layers with TEER values greater

than 300O� cm2 were used for permeability and cytotoxicity studies. For

permeability studies, a solution of 40mg/mL rhodamine-loaded PLGA

nanoparticles was prepared in phenol-free Hank’s balanced salt solution

(HBSS) containing 25mM glucose and varying concentrations of DCA.

The cells were kept incubated at 37 1C and 5% CO2. About 400mL of

DCA solution was added to the apical chamber of the transwell filter, and

400mL of HBSS containing 25mM glucose was added to the basolateral

chamber. Every 30min, 100mL of the media in the basolateral chamber

was sampled and replaced with 100mL of fresh HBSS containing 25mM

glucose. Basolateral media samples were obtained for 5 h. The amount of

rhodamine in the basolateral sampled media was determined by dissolving

it with 100mL of dimethyl sulfoxide overnight in a 37 1C rotary shaker,

and then measuring rhodamine fluorescence (Ex: 540 nm, Em: 620 nm).

From these measurements, the cumulative amount of rhodamine transport

to the basolateral chamber was determined as a function of time. The rate

of cumulative rhodamine transport to the basolateral chamber gave the

flux, dQ/dt. The permeability (P) was calculated by dividing the flux by the

initial concentration of total rhodamine in the apical chamber (C0) and the

area of the transwell filter (A).

2.5. Cytotoxicity measurements

Cell titer blue assay (Promegas) was used to measure the cytotoxicity

of deoxycholate in vitro. After the 5 h permeability measurements, cells

were washed with buffer, then replaced with 200mL of varying

concentrations of DCA in the apical chamber. About 50mL of cell titer

blue reagent was added to the apical chamber, and allowed to incubate
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Fig. 1. PLGA nanoparticles were prepared using a modified water–oil–-

water (W/O/W) emulsion as described under materials and methods. (A)

Samples were characterized by scanning electron microscopy. (B)

Diameters were quantified using the NIHI ImageJ particle sizing software.

R.M. Samstein et al. / Biomaterials 29 (2008) 703–708 705
with cells for an additional 90min. Following incubation, 100mL of media

from the apical chamber was read in a fluorimeter (Ex: 560 nm, Em:

590 nm). The media was diluted until fluorescence reading was linear with

dilution.

2.6. Oral gavage of mice

C3H mice were obtained from Charles River Laboratories (Wilming-

ton, MA) and maintained under pathogen free conditions and routinely

monitored by Yale Animal Resource Center. Mice of 10–12 weeks were

fasted overnight and fed 300mL of solution using a blunted end oral

gavage needle containing 25 mg of rhodamine in PLGA in PBS or in an

emulsion of DCA.

2.7. Rhodamine extraction and quantification

At indicated time points, mice were sacrificed by CO2 asphyxiation on

dry ice and blood was collected by cardiac puncture. Blood was allowed to

clot at 37 1C for 15min, centrifuged at 3000g for 15min, and serum was

collected for analysis. Heart, lung, liver, spleen and kidney were collected

and homogenized in water. Rhodamine extraction was performed in a

solution of 8:1:1 70% methanol, 10% Triton-X 100, and sample at �20 1C

overnight. The samples were then centrifuged at 13,000 RPM and the

fluorescence of supernatant was measured (Ex: 540 nm; Em: 620 nm). Cmax

and Tmax were defined as the maximum concentration measured and the

timepoint at which this concentration was observed respectively. Back-

ground fluorescent levels were subtracted based on control mice fed PBS.

Area under the curve (AUC) values were estimated by the log-linear

trapezoidal method applied to the concentration vs. time curve. The

relative bioavailability (F%) was defined as the AUC of the PLGA with

DCA divided by the AUC of PLGA alone.

2.8. Statistical methods

Where appropriate the unpaired, two-tailed student’s t-test was used to

measure significance.

3. Results and discussion

3.1. Preparation and characterization of particles

Biodegradable PLGA nanoparticles containing rhoda-
mine B were fabricated using a commonly used double
emulsion process. Particle diameters ranged from 80 to
400 nm with a mean diameter of 212761 nm (Fig. 1).
Nanoparticles were fabricated instead of microparticles
since they have been shown to have increased uptake in the
intestinal tract by endocytosis, transcellular passage, and
lymphatic uptake [15]. The double emulsion method allows
for a variety of encapsulants ranging in hydrophobicity
including small molecule drugs as well as proteins.

3.2. In vitro release studies

The release of rhodamine B from the PLGA particles
was measured at pH 7.4 and found to have a characteristic
burst release followed by linear release. The emulsion of
DCA had little effect on the release rate of rhodamine at
pH 7.4 (Fig. 2a). At pH 2, a large increase in the rate of
release was observed, as expected due to acid-catalyzed
ester hydrolysis (Fig. 2b). However, with the addition of
the DCA emulsion visible aggregation was observed (data
not shown). This corresponded with a significant difference
in the release patterns at pH 2 (Fig. 2c). This release
pattern is ideal for oral applications, offering protection in
the acidic environment of the stomach but not inhibiting
release in the intestine or bloodstream.

3.3. Caco-2 studies of intestinal transport and cytotoxicity

The delivery system was then tested in vitro using the
Caco-2 cell line, a model for the epithelial lining of
the intestine. As seen in Fig. 3a, increased permeability of
the monolayer was observed as the concentration of DCA
was increased. This has been demonstrated for a wide
variety of molecules but never for a nanoparticulate system
[28]. Cytotoxicity, using the cell titer blue assay, was also
observed at high concentrations (Fig. 3b). An effective but
non-toxic range between 1 and 2.5mg/mL of DCA was
demonstrated in these conditions. This suggests that
conditions may exist in vivo where DCA enhances
permeability with limited damage to the epithelial lining.
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Fig. 2. Release of encapsulated rhodamine was carried out in sodium

phosphate buffer titrated with hydrochloric acid to pH 2 and 7.4 at 37 1C

as described under Materials and methods. Rhodamine B concentration

was measured by fluorescence (Ex: 540; Em: 620). The fraction of dye

released was calculated by dividing the amount of rhodamine at the

indicated time points by the total content of both model drug in 10mg of

the same stock of particles. (A) At pH 7.4, deoxycholic acid was found to

have little effect on the release characteristic of the PLGA particles; (B) as

expected, at pH 2 release occurs over several hours; (C) the DCA emulsion

protects the particles and slows down release at pH 2.
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methods. DCA was found to be toxic at high concentrations but an

intermediate range was found in vitro with enhanced permeability and
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However, levels of DCA must be maintained in a narrow
effective range due to its potential toxicity. DCA has been
suggested as a potential tumor promoter and induces
apoptosis in cancer cells, suggesting that the chemopre-
ventive ursodeoxycholic acid, which has similar properties
to DCA, should potentially be used instead [29–31].

3.4. Pharmacokinetics and the effect of deoxycholic acid

To test whether DCA improves the dynamics of
absorption of PLGA, mice were fed PLGA nanoparticles
loaded with rhodamine B with and without DCA emulsion,
and the concentrations of rhodamine in serum and tissues
were measured over time. PLGA particles delivered with-
out deoxycholate resulted in a kinetic profile similar to that
observed with free rhodamine (data not shown); peak
rhodamine levels were measured 4 h after PLGA adminis-
tration and levels of the dye were observed up to �12 h.
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Table 1

Pharmacokinetic characteristics after oral administration

AUC (mg*h/mL) Cmax (ng/mL) Tmax (h) F%

PLGA 5.377.282 14.47 4 —

PLGA+deox 9.7471.34 6.83 4 1.81
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Fig. 4. C3H mice of 10–12 weeks were fasted overnight and fed 300mL of

solution containing PLGA nanoparticles alone or in an emulsion of

deoxycholic acid. At indicated time points, mice were sacrificed and serum

and organs were analyzed by fluorescence after extraction as described

under Materials and methods. (A) Serum concentrations of rhodamine b

at indicated time points. po.01 for all time points. (B) Organ distribution

of rhodamine at 24 h demonstrating higher relative levels in the liver.
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The PLGA particles in the DCA emulsion produced
extended serum levels after oral administration, with peak
levels occurring 4–24 h and the duration of delivery
extending beyond 24 h. AUC was calculated using the
log-linear trapezoidal rule due to the limit on data points
[32]. Increased bioavailability was also observed since the
particles with DCA yielded an AUC of 9.7471.34
compared to 5.377282 without DCA or a relative bio-
availability of 1.81 (Table 1, po.01). A significantly higher
Cmax was seen with the free particles, potentially exposing
cells to toxic levels as compared to the intermediate levels
maintained with the emulsion. Rhodamine concentrations
in the liver were significantly higher with DCA potentially
due to the hepatic portal reabsorption of deoxycholate
(Fig. 4c). Free particles were found to be similar to free
rhodamine most likely due to acid-catalyzed degradation
of the PLGA in the stomach. DCA/PLGA emulsion
showed increased bioavailability with maintenance of
rhodamine concentrations at intermediate levels for
24–48 h. Rhodamine B has been shown to be cleared from
circulation within hours [33], so the levels observed in the
blood can be attributed to additional absorption from the
intestine or release from particles. Rhodamine B has also
been shown to have several metabolites with different
fluorescent emissions, [34] demonstrating that the system
delivers significant amounts of unmetabolized dye to the
circulation. This increased absorption could be due to
several factors. Aggregation of the particles in the stomach
could result in delayed transit time, facilitating increased
absorption [35]. Disruption of the tight junctions by DCA
could allow transport of the nanoparticles across the
intestinal lining between the cell [36]. Alternatively, the dye
or particles may have been transported through the cells
via the active and passive pathways for DCA [37]. In
addition, cycling of the dye in the enterohepatic circulation
could provide sustained release into the bloodstream [38].
Patient compliance is also a major concern when

switching to out-patient oral administration, [39] but the
extended levels with a single dose observed with this system
can limit the number of required doses and thus increase
compliance. In addition, enhanced delivery of rhodamine
to the liver was observed, suggesting that the application of
deoxycholic delivery systems may be useful for treating
liver diseases or for obtaining first-pass metabolism of
prodrugs.

4. Conclusion

In this study, we demonstrated the potential of bile salts
such as DCA for improving oral delivery. In combination
with existing biodegradable systems, DCA can offer
protection in the stomach as well as improved bioavail-
ability. The versatility of this system also allows DCA to be
combined as an emulsion with many other existing systems
for delivery of drugs and biologics to provide further
protection and increased bioavailability.
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