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EProtein drugs have low bioavailability after oral administration, which is due in part to fast transit of the drugs or drug delivery vehicles

through the gastrointestinal tract. Increasing the time that the drugs spend in the intestine after dosing would allow for greater absorption
and increased bioavailability. We developed a formulation strategy that can be used to prolong intestinal retention of drug delivery vehicles
without substantial alterations to current polymeric encapsulation strategies. A model drug, insulin, was encapsulated in negatively charged
poly(lactic-co-glycolic acid) (PLGA) microparticles, and the microparticles were subsequently mixed with positively charged micromagnets,
whose size will prevent them from being absorbed. Stable complexes formed through electrostatic interaction. The complexes were effectively
immobilized in vitro in a model of the mouse small intestine by application of an external magnetic field. Mice that were gavaged with radio-
labeled complexes and fitted with a magnetic belt retained 32.5% of the 125I-insulin in the small intestine compared with 5.4% for the control
group 6 h after administration ( p¼ 0.005). Furthermore, mice similarly gavaged with complexes encapsulating insulin (120 Units/kg) exhibited
long-term glucose reduction in the groups with magnetic belts. The corresponding bioavailability of insulin was 5.11% compared with 0.87% for
the control group ( p¼ 0.007).
� 2007 Elsevier Ltd. All rights reserved.

Keywords: Drug delivery; Drug release; Microsphere; Magnetism; Protein
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C1. Introduction

The delivery of protein drugs through oral routes is gener-
ally inefficient, as the drugs face degradation, poor absorption
into the bloodstream, and fast transit through the intestine.
U
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Incremental progress has been made over the years addressing
the obstacles to effective oral delivery of proteins. Protection
of proteins from degradation in transit in the gastrointestinal
tract is possible through polymeric encapsulation [1,2]. How-
ever, even if the delivery vehicle reaches the small intestine,
release and absorption of the protein drug remains a problem
[3]. Adjuvants that increase the permeability of the intestinal
mucosa to the drug can help to increase absorption [4]. Fur-
thermore, mucoadhesive coatings of particles show promise
in increasing the residence time in the small intestine [5,6],
but still face some challenges due to quick mucin turnover
times [7]. Despites these advances, patients still have few
led polymeric microparticles and micromagnets for modulating the bioavail-
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clinical alternatives to the repeated injections required for
management of diseases such as insulin-dependent diabetes
mellitus.

In this work, we sought to devise a drug delivery strategy
that builds upon these advances while addressing some of their
shortcomings. Microparticles made from degradable polymers
like PLGA have been used to deliver protein drugs orally
[8,9]. These microparticles effectively protect the drugs from
enzymatic or acidic degradation in route to the small intestine,
and their degradable nature allows subsequent release of the
drugs in the small intestine to be absorbed. Previous ap-
proaches with microparticles also include using magnetic
force to slow the intestinal transit of the drug delivery vehicles
[10,11]. The use of magnetic fields in medicine is FDA-
approved, and its most common application is in diagnostics
like MRI [12,13]. Recently, more interest has been placed
on the possibility of magnetic drug targeting [12,14]. Co-
encapsulation of nano-magnetites with insulin in liposomes
or with microparticles for oral delivery has been shown to
increase drug retention and absorption [10,11]. However,
nano-magnetic interactions may not be sufficiently strong for
long-term retention of large quantities of drug. Furthermore,
the magnetic material is small enough to be absorbed system-
ically, which is not ideal.

Instead of co-encapsulation of magnetic material, we chose
to formulate the insulin-containing PLGA microparticles sepa-
rately from the magnetic material. We obtained separate mag-
netic microparticlesemicromagnets that were sufficiently
large to prevent them from being absorbed after oral dosing.
We then coupled the PLGA microparticles with the micromag-
nets by making use of their opposite surface charges. Positively
charged magnetic microparticles were used to facilitate electro-
static coupling with negatively charged, drug-containing
polymeric microparticles (Fig. 1A). An externally applied
magnetic field could then be used to retain the microparticlee
micromagnet complexes in the intestine after oral dosing,
providing an opportunity for long-term efficacy and high bio-
availability of orally delivered protein drugs.

2. Materials and methods
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CPoly(lactic-co-glycolic acid) (PLGA) (50:50) with carboxylate end groups

(inherent viscosity 0.18 dL/g in HFIP) was purchased from Lactel Absorbable

Polymers (Pelham, AL, USA). Poly(vinyl alcohol) (PVA, Mw¼ 30 kDa), rho-

damineedextran, and HPLC grade solvents were purchased from Sigmae

Aldrich (St. Louis, MO, USA). ScintiSafe scintillation cocktail was purchased

from Fisher Scientific (Waltham, MA, USA), and Solvable tissue solubilizer

was purchased from PerkinElmer (Waltham, MA, USA). Superparamagnetic

iron oxide microparticles with amine functional groups (BioMagPlus Amine,

mean diameter w1 mm or w6 mm) were purchased from Polysciences, Inc.

(Warrington, PA, USA). Grade N40 neodymium iron boron rare earth mag-

nets, 1� 1� 0.5 in., magnetized through the thickness with surface strength

of 2500 gauss, were purchased from Amazing Magnets (amazingmagnets.

com). Human insulin (Humulin R, 500 U/mL) was purchased from Drugstor-

e.com (Bellevue, WA, USA). 3-[125I]IodotyrosylA14 insulin was purchased

from Amersham Biosciences (Piscataway, NJ, USA). Eight-week-old balb/c

mice were obtained from Charles River Laboratories (Wilmington, MA,

USA).
Please cite this article in press as: Benjamin A Teply et al., The use of charge-cou
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2.2. Methods

2.2.1. Preparation of drug-loaded polymeric microparticles
Polymeric microparticles were prepared using the water-in-oil-in-water

solvent evaporation procedure (double emulsion) to encapsulate model drugs.

Briefly, the procedure was as follows: 50 mg of PLGA in dichloromethane

(1 mL) was emulsified with 50 mL of the Humulin R (500 U/mL), 125I-Insulin

(5e10 mCi), or RhodamineeDextran (20 mg/mL) using a probe sonicator at

10 W for 30 s. This first emulsion was transferred to a 50-mL aqueous PVA

solution (1% w/v) and homogenized at 8000 rpm for 1 min. This second emul-

sion was immediately poured into a 150 mL aqueous PVA solution (0.3% w/v)

with gentle stirring. Organic solvent was removed through stirring in a fume

hood at room temperature for 2.5 h. The resulting drug-containing microparti-

cles were isolated by centrifugation at 4000 rpm and at 10 �C for 10 min,

washed twice with double-distilled water and lyophilized.

2.2.2. Preparation of microparticleemicromagnet complexes
The microparticleemicromagnet complexes were produced by simple

mixing. The microparticle solution (negatively charged) was added to the

micromagnet suspension (positively charged), and the resulting mixture was

vigorously shaken. The complexes were washed by placing the vial on top

of a magnet to pull the microparticleemicromagnet complexes to the bottom

of the container. The water along with any free microparticles was poured off.

The complexes were resuspended by adding water, and this procedure was

repeated several times. Complexes were generated at a range of mass ratios

(microparticles:micromagnets) from 1:1 to 20:1.

In order to demonstrate that the association of the microparticles and mi-

cromagnets was due to charge interaction, microparticles (negatively charged)

were separately mixed with a negatively charged micromagnet suspension

(carboxylate-functionalized micromagnets). The degree of immobilization of

the microparticles on the micromagnets was compared to the above mixture

of oppositely charged particles.

2.2.3. Characterization of microparticles and microparticleemicromagnet
complexes

Loading of Humulin R was determined by protein BCA Assay (Pierce,

Rockford, IL, USA) by dissolving microparticles using a mixture of acetoni-

trile and water. Loading of 125I-insulin was determined by dissolving micro-

particles in acetonitrile and water and counting radioactivity on the liquid

scintillation counter (TRI-CARB Liquid Scintillation Analyzer, Model

2200CA; Packard Instrument, Downers Grove, IL, USA). The sizes of micro-

particles were measured on a Beckman Coulter Multisizer�-3 Coulter

Counter (Beckman Coulter, Chaska, MN, USA). Zeta potentials were calcu-

lated by measuring electrophoretic mobilities on a ZetaPALS dynamic light

scattering system (Brookhaven Instruments) at 25 �C. The ZetaPALS system

employed BIC PALS zeta potential analysis software using the Smoluchowsky

model. Morphological characterization of the particles was performed by SEM

(model JSM 6060; JEOL USA, Peabody, MA, USA).

Stability in high and low pH was assayed by incubating microparticlee
micromagnet complexes encapsulating 125I-Insulin in aqueous solutions

adjusted to various pH. After 1 h, the complexes were washed and remaining

radioactivity was counted in the liquid scintillation counter.

2.2.4. In vitro retention study

The retention of microparticles in the small intestine was modeled in flow

conditions using our in vitro model of the mouse small intestine (Fig. 2A) [11].

In the model, tubing that approximates the dimensions of small intestine of the

mouse [15] (inner diameter of 1/16 in.) was perfused by a syringe pump, model

NE-1600 (New Era Pump Systems, Wantagh, NY, USA). Microparticlee
micromagnet complexes encapsulating 0.5 mCi of 125I-Insulin (2.5 mg of com-

plexes, 1:1 ratio) were injected into the system. PBS was flowed through the

system at approximately 0.8 mL/min, to test retention of particles in greater

than physiologic flow conditions (typically 0.03 mL/min [16]). One tube was

placed in the proximity of a magnet, and one tube served as the control (no

applied magnetic field). The eluted liquid was collected at 5 min intervals

(about 4 mL). Scintillation cocktail (10 mL ScintiSafe) was added to the liq-

uid, and the radioactivity was measured using the liquid scintillation counter.
pled polymeric microparticles and micromagnets for modulating the bioavail-

omaterials.2007.11.018
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Fig. 1. (A) Scheme. Complexes formed through the interaction of negatively charged protein-containing polymer microparticles and positively charged micromag-

nets. (BeE) Particles in suspension: (B) PLGA microparticles alone; (C) microparticleemicromagnet complexes without external magnet; (D) complexes with

external magnet-applied particles have precipitated; and (E) non-interacting negatively charged microparticles and negatively charged micromagnets with external

magnet-applied particles remain in suspension. (FeI) Scanning electron microscopy (SEM) analysis for the interaction of carboxylate terminated, negatively

charged PLGA microparticles (spherical shape) (w4 mm) and positively charged micromagnets (w1 or 6 mm) (irregular shape): (F) PLGA microparticles alone;

(G) non-interacting negatively charged microparticles and negatively charged micromagnets; (H) a microparticleemicromagnet complex formed by charge inter-

action; (I) high magnification of one complex. (J) Mixing of microparticleemicromagnet complexes at various wt:wt ratios, demonstrating that the majority of

microparticles were complexed with micromagnets up to a 15:1 mass ratio.
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N2.2.5. In vivo retention study

In order to determine the magnetic responsiveness of the microparticlee

micromagnet complexes in vivo, we prepared complexes encapsulating

rhodamineedextran. The complexes were suspended in a 200-mL tap water

solution containing 7.5 mg of the complex (2:1 ratio: 5 mg of rhodaminee

dextran microparticles and 2.5 mg of micromagnets) and gavaged to mice

(n¼ 3). One group of mice was restrained 90 min after administration and

a magnetic field was applied to the abdominal area of each mouse. The magnetic

field was generated by a magnetic belt constructed using Velcro and the mag-

nets, and it was applied to the mice for the duration of the experiment. The sec-

ond group was similarly restrained in the absence of external magnetic field.

Mice were euthanized after 8 h. The small intestine was harvested from each

animal and washed in PBS. The tissue was fixed for 1 h in 10% formalin and

washed in 30% Sucrose before being frozen in O.C.T. embedding media (Sa-

kura Finetek, Torrance, CA, USA). Cryosections (5-micron thickness) were
Please cite this article in press as: Benjamin A Teply et al., The use of charge-coup

ability of orally delivered macromolecules, Biomaterials (2007), doi:10.1016/j.bi
cut of the tissue, and images were taken at 20� under halogen and fluorescent

settings (rhodamine-filtered). For each tissue, an overlay image was produced

showing rhodamine-encapsulated microparticles in the small intestine wall.

For quantitative analysis, a similar experiment was performed with com-

plexes encapsulating 125I-Insulin. Mice (n¼ 3) were gavaged with a 200-mL

suspension of the complexes and restrained after 90 min. One group was fitted

with the magnetic belts, and one group served as control. After 19 h, mice

were euthanized, and the small intestines were harvested and solubilized using

Solvable. The solubilized tissue solutions were de-colored with hydrogen per-

oxide and analyzed for 125I content by liquid scintillation counting. Aliquots of

the complexes were also counted to determine 100% dose.

2.2.6. Bioavailability study

In order to test the efficacy of the system for a model drug, we formulated

complexes encapsulating Humulin R. Mice were fasted overnight and gavaged
led polymeric microparticles and micromagnets for modulating the bioavail-

omaterials.2007.11.018
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with 200 mL of the complexes, which were prepared to give a dose of

120 Units of insulin/kg for each mouse. All mice (n¼ 4 per group) were re-

strained 90 min. After administration of the complexes, a magnetic field was

externally applied to the abdomen of the experimental group. An additional

control group received 200 mL water only (no complexes or magnetic belts).

The glucose level of each mouse was monitored over time using the One

Touch Ultra glucose monitor (Lifescan, Milpitas, CA, USA). The bioavailabil-

ity of insulin was calculated by comparing the Area-Under-Curve (AUC) for

the various groupsdfor purposes of calculation, the glucose level was com-

pared to fasting blood level and integrated over the time course of the study.

Standards for insulin bioavailability were calculated by direct i.v. administra-

tion for another group of mice, and bioavailabilities were calculated as a per-

centage of the AUC for i.v. administration of the same dose.

2.2.7. Acute toxicity study

The toxicity of the microparticleemicromagnet complexes was acutely as-

sayed in a separate experiment, performed similarly as the bioavailability

study. Mice were fasted overnight and gavaged with 200 mL of the complexes.

After 90 min post-administration, mice were restrained with magnetic belts

(n¼ 2). These mice were euthanized after 24 h, along with mice that had

been given no treatment at all (n¼ 2). The small intestine, liver, spleen, and

kidney were collected from each mouse and fixed in 10% formalin. The tissues

were further processed and fixed by standard histological techniques. Tissue

sections were stained with hematoxylin and eosin (H&E). They were exam-

ined for any evidence of acute inflammation and complex toxicity.

The retention, bioavailability, and toxicity studies involving animals were

performed according to the NIH’s Principles of Laboratory Animal Care and

under the supervision of MIT’s Committee on Animal Care.

2.2.8. Statistical analysis

Statistical analysis was performed using a Student’s t-test. P-values less

than 0.05 were considered statistically significant.

3. Results
 U

448

449

450
3.1. Characterization of microparticles
and microparticleemicromagnet complexes
451

452

453

454

455

456
The polymeric microparticles were fabricated from PLGA
with carboxylate end groups, resulting in a negatively charged
surface. The diameter of the polymeric microparticles mea-
sured 3e5 microns, and the yields were in a range of 50e
60% with encapsulation efficiencies of 60e80%. The double
Please cite this article in press as: Benjamin A Teply et al., The use of charge-cou

ability of orally delivered macromolecules, Biomaterials (2007), doi:10.1016/j.bi
D
P
Remulsion processes that involved sonication and organic sol-

vent caused minimum degradation of insulin and minimal
loss of its biological activities [17], therefore full biological
activity of the encapsulated insulin was assumed to be retained.
The micromagnets were chosen because they bore amine func-
tional groups on the surface, endowing them with a positively
charged surface. Upon mixing of the microparticles with the
micromagnets in solution, the particles aggregated. The com-
plexes, formed by mixing the two components together, associ-
ated due to charge interaction of the negatively charged
microparticles and the positively charged micromagnets.

The interaction of the microparticles and micromagnets
was easily seen macroscopically. After the solution of micro-
particles (Fig. 1B) was mixed with the oppositely charged
micromagnets (Fig. 1C), both the microparticles and the
micromagnets could be precipitated by application of the mag-
net. The supernatant of the resulting solution was clear
(Fig. 1D), indicating that the microparticles had associated
with the micromagnets and were pulled from solution along
with the magnets. When micromagnets with the same surface
charge as the microparticles were used, no complex was formed
and the polymeric microparticles remained in solution when
the micromagnets were precipitated by the applied magnet
(Fig. 1E).

Scanning electron microscopy (SEM) analysis demonstrated
that the aggregates formed were comprised of a micromagnet
core surrounded by microparticles. Microparticles alone
(Fig. 1F) and mixtures of microparticles and micromagnets
(Fig. 1GeI) were imaged. Negatively charged microparticles
that were mixed with negatively charged micromagnets
(Fig. 1G) did not show closely interacting particles. However,
when the microparticles were mixed with the positively charged
micromagnets (Fig. 1HeI), closely associating complexes of
the particles were observed.

After demonstrating that stable complexes could be formed
by the mixing of oppositely charged microparticles and micro-
magnets, the relative amount of micromagnets necessary to
complex the majority of the microparticles was titrated. For
pled polymeric microparticles and micromagnets for modulating the bioavail-

omaterials.2007.11.018
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a mass ratio of up to 15:1 of microparticles to micromagnets,
greater than 95% of the polymeric microparticles were incor-
porated into complexes (Fig. 1J). Once coupled, the micropar-
ticles were not separable from the micromagnets under
physiological conditions ranging from pH 2.5 to 8.3. After in-
cubation of the complexes at pH 2.5 and 8.3, 88� 8% and
98� 5% of the original 125I-insulin was recovered in the com-
plexes, respectively (mean� s.d., n¼ 3). This recovery was
comparable to complexes incubated at a pH of 7.4, which
yielded 97� 4% ( p> 0.05). This pH range covers a range
of environments from the acidic environment of the stomach
to the slightly basic environment of the lower small intestine.
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3.2. In vitro retention study
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The eluted fractions recovered during the in vitro flow ex-
periment showed almost no release of insulin or insulin-
containing particles for the group with an applied magnetic
field (Fig. 2B). For the control group with no applied magnet,
the particles were not retaineddthe 125I-insulin was recovered
in the eluted fractions within 15 min. In the first 5 min frac-
tion, 3.8% of the experimental magnet-applied group and
12.4% of the control 125I-Insulin was collected. The difference
in retention became readily apparent in the second fraction,
with 4.1% of the control 125I-Insulin collected compared to
21.2% of the experimental magnet-applied group. By the third
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Fig. 3. (AeB) Histology of the small intestine of mice orally dosed with the mic

absence (A) and presence (B) of an abdominally applied magnet after 8 h. Images

(scale bar¼ 200 mm). (C) Recovered total radioactivity in small intestine of mice
125I-Insulin. The small intestine was analyzed for radioactive content 6 h after do

the 125I-Insulin ( p¼ 0.005).
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fraction, all the control 125I-Insulin was recovered, while
95.1% of the experimental 125I-Insulin remained immobilized
in the tubing. The complexed microparticles that are anchored
in the tubing could then release insulin to be absorbed over
time.
3.3. In vivo retention study
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Examination of the histology sections from the small intes-
tines of mice gavaged with microparticleemicromagnet com-
plexes encapsulating rhodamineedextran showed retention of
the particles by application of a magnetic field. Sections from
control mice that were not applied with a magnetic field did
not show any fluorescence using the rhodamine filter on the
fluorescent microscope (Fig. 3A). Random sections from mag-
net-applied mice showed microparticles, marked by rhoda-
mine, on the walls of the small intestine (Fig. 3B).

Mice that were gavaged with complexes encapsulating
125I-Insulin confirmed the above result using the fluorescent
complexes (Fig. 3C). In the experimental group in which
a magnetic field was applied after dosing, 32.5� 3.13%
(mean� s.d., n¼ 3) of the administered 125I-Insulin was re-
covered in the small intestine of the mice after 6 h. In the con-
trol group, only 5.4� 4.41% (mean� s.d., n¼ 3) of the
administered 125I-Insulin was recovered. This w6-fold in-
crease in retention was statistically significant ( p¼ 0.005).
without-magnet with-magnet

*

roparticleemicromagnet complexes encapsulating rhodamineedextran in the

are 20� overlays showing fluorescence of retained particles in small intestine

administered with microparticleemicromagnet complexes containing 1 mCi

sing, with the magnet-applied group retaining significantly higher quantity of
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3.4. Bioavailability study
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The results from the in vitro and in vivo retention studies
suggested that the microparticleemicromagnet complexes
could be effectively retained in the small intestine for many
hours. As the PLGA degrades and insulin is released from
the microparticles, the insulin can potentially be absorbed to
enter the bloodstream to regulate glucose levels. In order to
monitor the long-term efficacy of this approach for the deliv-
ery of insulin, complexes encapsulating Humulin R were ad-
ministered to fasted mice. The mice that were administered
with the Humulin-containing complexes exhibited reduced
glucose levels for as long as 36 h with abdominally applied
magnetic fields (Fig. 4). The corresponding bioavailability of
insulin was calculated to be 5.11� 1.24% (mean� s.d.,
n¼ 4). This value was significantly higher than the non-mag-
net control group, which had bioavailability¼ 0.82� 0.37%
(mean� s.d., n¼ 4; p¼ 0.007).

The results of the long-term efficacy study with the insulin
showed that the complexes could be immobilized in the small
intestine for long periods of time, allowing the insulin to be
released and absorbed.
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3.5. Acute toxicity study
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As a first step in assaying the safety of this approach for the
long-term delivery of insulin in the small intestine, we exam-
ined the effects of a 24-h treatment of the mice with the com-
plexes on several organs. Upon histological examination of
experimental tissues (those from mice that had been gavaged
complexes and applied with a magnetic field), no evidence
of acute inflammation was observed. In particular, no tissue
necrosis, edema, or leukocyte infiltration was seen. Generally,
appearance of the control tissues is similar to those of the ex-
perimental tissues, and some differences appear to be artifact
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Fig. 4. Glucose reduction assay in mice (n¼ 4) orally administered with

microparticleemicromagnet complexes encapsulating Humulin R (120 Units/kg)

with and without applied magnetic fields. An additional group of mice were

orally gavaged with tap water to serve as a control. The group with the applied

magnetic field had significantly more glucose reduction compared with both

controls (*p< 0.05). The corresponding bioavailability for the magnet-applied

group was 5.11� 1.24, compared with 0.82� 0.37 in the non-magnet-applied

control group ( p¼ 0.007).
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from processing. Representative H&E sections for each group
are shown in Fig. 5.

4. Discussion

To formulate the vehicles used in this drug delivery strat-
egy, we encapsulated insulin as a model drug in PLGA micro-
particles through double emulsiondan established method of
drug encapsulation. The microparticles had a negative surface
charge, and they were complexed with positively charged mi-
cromagnets due to electrostatic interaction. This method of
non-covalent complexation using surface charge potentially
represents a major advantage of the strategy. The strategy
can be generalized to many other polymer systems and other
drugs because no modification of the encapsulation procedure
was required. Any drug-containing microparticles, as long as
they had a surface charge, could be complexed with oppositely
charged micromagnets.

Another major advantage of a system using micron-sized
magnets is that the size of the magnets should preclude
them from being absorbed systemically. Previous work has
demonstrated a size-dependence on the absorption of micro-
particles into the lymphatic system through Peyer’s Patches
and intestinal epithelium, with microparticles greater than
a few micron in size being largely excluded from absorption
[18]. Therefore, with our system the only materials that should
be available for uptake by the intestine are the polymers used
in the formulation of the microparticles and the encapsulated
drug. The polymer used in this study was PLGA, which is
FDA-approved for use in humans and has an established safety
profile.

Only small quantities of micromagnets were required to
complex the vast majority of the microparticles. Beyond dem-
onstrating that the complexes were effectively immobilized
after mixing together during washing steps, the complexes
maintained their strong interaction in flow conditions. While
our in vitro model did not simulate peristaltic waves in the tub-
ing that normally occur at a frequency of 8e12 per min, we
used a fast flow ratedgreater than 25-times the expected phys-
iological flow ratesdin order to challenge the interaction of
the complexes. The higher flow rates will correspond to
some extent with higher shear stress applied to the complexes.
Over the course of the flow experiment, the magnetic field im-
mobilized the complexes with little 125I-Insulin recovered in
the eluted fractions. We believe that effective immobilization
of the complexes in the fast flow rate also was important in fu-
ture consideration for use in human patients. The peristaltic
forces involved in the human GI tract will be greater than in
the mouse GI tract, and the ability of the complexes to be im-
mobilized in relatively high flow experiments shows promise
for scale-up.

The immobilization of the complexes was confirmed in vivo
through using both fluorescent and radio-labeled complexes.
The time course of these experiments was relatively long: 8
and 6 h, for fluorescent and radioactive experiments, respec-
tively. The ability to immobilize the complexes in the small in-
testine is crucial for this strategy to work. The polymeric
pled polymeric microparticles and micromagnets for modulating the bioavail-

omaterials.2007.11.018
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Fig. 5. Representative tissue sections from the following organs: (A) small intestine, (B) liver, (C) spleen, and (D) Kidney. The images on the left show sections

from controls whereas the images on the right were taken from mice administered with magnetic particle complexes. Magnification is 50� (scale bar¼ 100 mm).
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microparticles degrade over time, releasing insulin into the lu-
men of the intestine. The insulin directly released in the lumen
of the small intestine then can be absorbed and regulate blood
glucose levels [19]. The microparticles first serve to protect
the insulin during transit to the small intestine and then allow
Please cite this article in press as: Benjamin A Teply et al., The use of charge-coup

ability of orally delivered macromolecules, Biomaterials (2007), doi:10.1016/j.bi
the insulin to be anchored in the small intestine and be slowly
released over time.

In the efficacy study, the long-term depression of the glu-
cose levels for the experimental group compared with the
control groups is highly suggestive that the insulin was
led polymeric microparticles and micromagnets for modulating the bioavail-
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continually released and absorbed over the course of the study.
Insulin has a short circulating half-life, and thus insulin re-
leased into the blood will reduce glucose levels for a relatively
short time. Glucose levels will usually return to normal levels
within 3e4 h after injection of insulin intra-peritoneally or in-
travenously [11]. The retention studies directly detecting mi-
croparticleemicromagnet complexes were shorter in duration
than the efficacy study, but the continually depressed glucose
levels in the experimental animals suggest long-term release of
the insulin in the small intestine.

Acutely, the complexes appear to be biocompatible. Long-
term study of potential toxicity of the complexes will need to
be performed, as the treatment of chronic diseases like diabe-
tes mellitus will require repeated administration of the com-
plexes over many years. Furthermore, doseeresponse
experiments will need to be carried out for any specific appli-
cations to insure that blood levels of the drug stay safety in the
therapeutic window.
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5. Conclusions

We developed a new strategy for the oral delivery of drugs
by polymeric encapsulation and complexation with micromag-
nets. The complexes were retained long-term in the small in-
testine of mice, which allows for the continual release and
absorption of the drug. This long-term retention of drug-
containing delivery vehicles has the potential to address the
relatively short transit time in the small intestine, one of the
major obstacles facing oral delivery of protein drugs, in order
to release and absorb the protein drugs. Insulin was used as
a model drug in this study, but the system may potentially
be adapted for most poorly available drugs, such as growth
hormone, erythropoietin, or vancomycin. For long-term use,
the strategy may best be employed for overnight delivery of
drugs, where the magnetic belt would be least disruptive to
patients. Furthermore, this strategy could potentially be used
for other applications than oral drug delivery, such as treating
local GI disease while minimizing systemic toxicity.
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