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bstract

The bioadhesive polymer, poly(fumaric-co-sebacic) anhydride, p(FASA), was used to fabricate small diameter insulin microspheres and evaluate
heir in vivo performance in a type 1 diabetic rat as well as a type 1 diabetic dog model. The process of phase inversion nanoencapsulation was used
o fabricate p(FASA) microspheres containing insulin. Using laser diffraction spectrometry, 90% of the microspheres used in the fed double dose
at experiments were found to have a volumetric diameter of 5.9 �m or smaller. In comparison, 90% of the microspheres used in fed single dose rat

xperiments were found to have a volumetric diameter of 2.6 �m or smaller while the microspheres used in the diabetic dog experiments were found
o have a volumetric diameter of 1.2 �m or smaller. Insulin microspheres administered to diabetic rats in the fed double dose experiment produced
relative bioavailability (RB) of 23.3% while insulin microspheres administered to diabetic rats in the fed single dose experiment produced a RB
f 5.5 ± 1.7%. Insulin microspheres administered to fasted diabetic dogs produced a RB of 5.5 ± 3.4%.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The oral delivery of insulin remains an elusive goal to which
any investigators aspire. However, there are several obstacles

hat limit the oral bioavailability of peptides and proteins. One
f the major obstacles is the harsh environment of the gastroin-
estinal (GI) tract, which by its very nature, is intended to break
own proteins and peptides into their constituent amino acids.
n addition to enzymatic barriers, there are also physical barri-
rs which make the oral delivery of a peptide or protein difficult
Lee and Yamamoto, 1989). The lining of the GI tract is com-
osed of a thick wall of epithelial cells covered by a layer of
olysaccharides and mucus, which can inhibit the oral delivery
f a peptide such as insulin via the hepatic portal vein to the
iver.
Several approaches have been taken to improve the oral
ioavailability of therapeutic proteins such as insulin. These
trategies include the use of protease inhibitors, permeation

∗ Corresponding author. Tel.: +1 401 863 1358; fax: +1 401 863 1595.
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nhancers, enteric coatings, and microsphere encapsulation
Mathiowitz et al., 1997; Agarwal et al., 2001; Ma et al., 2005;
oorisaka et al., 2005; Katsuma et al., 2006; Morishita et al.,
006; Zhang et al., 2006; Damge et al., 2007). Of these tech-
iques, microsphere encapsulation is the only oral drug delivery
ehicle that has the potential to surpass both the enzymatic and
hysical barriers of the GI tract.

It was demonstrated that lectin modified solid lipid nanopar-
icles containing insulin orally administered to rats resulted in
elative bioavailabilities of between 4.99% and 7.11% (Zhang
t al., 2006). Another group successfully maintained plasma
lucose levels at pre-diabetic levels for 11 h after the oral
dministration of chitosan and insulin nanoparticles to diabetic
ats (Ma et al., 2005). In addition, microparticles composed
f poly(methacrylic acid) and poly(ethylene glycol) and con-
aining insulin that were orally administered to type 1 diabetic
ats resulted in suppressed postprandial blood glucose levels
Morishita et al., 2006).
Our group fabricated microspheres utilizing a blend of
umaric acid oligomer and poly(lactide-co-glycolic acid)
p(FAO:PLGA)) and insulin. In a glucose tolerance test, this
ormulation was fed to normoglycemic rats resulting in blood

mailto:Edith_Mathiowitz@brown.edu
dx.doi.org/10.1016/j.ijpharm.2007.06.039
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lucose levels which did not increase above fasting levels and
hich were statistically lower than the saline-fed controls and
nencapsulated insulin controls (Carino et al., 2000). In a sep-
rate experiment, this formulation was then orally administered
o two normoglycemic rats in the fasted state resulting in an oral
fficacy of 11.4% calculated from average deviations of plasma
lucose levels (Mathiowitz et al., 1997).

In addition, it has also been shown that the nature of the
olymer may actually increase the residence time of a drug
elivery system within the GI tract. Our group has demonstrated
hat a drug encapsulated within the hydrophobic bioadhesive
olymer p(FASA) can prolong its residence time within the GI
ract, possibly resulting in increased intestinal drug absorption
Chickering et al., 1997). However, bioadhesion is only one of
he factors to be considered when formulating an oral drug deliv-
ry system. If the residence time of the particle within the GI
ract can be prolonged through use of a bioadhesive polymer, this

ay increase the chance of particle uptake by the enterocytes
f the small intestine. To increase the likelihood of intestinal
article uptake, it has been shown that microsphere size should
ot exceed 5 �m in diameter and that particle uptake increases
s sphere size decreases (Florence et al., 1995; Carr et al., 1996;
esai et al., 1996).
The goal for the current study is to utilize the bioadhesive

olymer, p(FASA), to fabricate small diameter microspheres
oaded with insulin and to evaluate their in vivo performance
n a type 1 diabetic rat as well as a type 1 diabetic dog model.

. Material and methods

.1. Materials

For the fed single dose type 1 diabetic rat and fasted type 1
iabetic dog experiments, 20:80 poly(fumaric-co-sebacic) anhy-
ride p(FA:SA) (MW = 9 K) donated by Spherics, Inc. (Lincoln,
I) was used in the fabrication of microspheres. For the fed
ouble dose type 1 diabetic rat experiments, 20:80 (p(FASA))
MW = 14.5 K) synthesized by melt polycondensation in our lab
as used in the fabrication of microspheres. Bovine zinc insulin

BZI) was obtained from Gibco Life Technologies (Rockville,
D). Insulin was first micronized by a precipitation method

esulting in an average particle size of 300 nm (Furtado et al.,
006). Poly(ethylene glycol) (PEG) (MW = 4.5 K) and sorbitan
rioleate (Span 85) were obtained from Sigma, Inc.

.2. Methods

.2.1. Microsphere fabrication
A phase inversion nanoencapsulation (PIN) technique was

sed to fabricate insulin containing microspheres (Mathiowitz et
l., 1997; Jacobs and Mathiowitz, 2004). While the PIN method
f encapsulation was utilized in the fabrication of microspheres
or all experiments, slight modifications were made in order

o produce microspheres with smaller diameters. For the fed
ouble dose rat experiments, 20:80 p(FA:SA) (MW = 14.5 K)
olymer was loaded with 2% bovine zinc insulin (BZI) (w/w)
n the following manner. Briefly, the BZI was probe sonicated
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b
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or 20 s in methylene chloride to form a suspension (solvent
hase). The p(FASA) was then added and vortexed until disso-
ution (∼1 min). The polymer/insulin solution was then quickly
oured into petroleum ether (non-solvent phase) at a 1:100 ratio
esulting in the spontaneous precipitation of microspheres. The
olution was allowed to equilibrate for 2 min and was then fil-
ered under pressure using a 0.22 �m Millipore filter. Finally,
he microspheres were collected and stored at −20 ◦C.

For the fed single dose rat experiments, microspheres were
abricated as described above but in addition, 0.2% Span 85
v/v) was added to the non-solvent petroleum ether and stirred
or 5 min at 500 rpm prior to the addition of the solvent phase.
lso, the molecular weight of the p(FASA) used for these micro-

pheres was 9 kDa.
Microspheres fabricated for the type 1 diabetic dog exper-

ments utilized the polymers p(FASA) and PEG. Insulin was
oaded into p(FASA) microspheres as described in the fed dou-
le dose rat experiments. In addition, a 2% (w/v) solution of PEG
MW = 4.5 K) was dissolved in acetone. Instead of petroleum
ther, 2% (v/v) Span 85 was added to the non-solvent pen-
ane in two separate beakers and stirred for several minutes at
00 rpm. The insulin/p(FASA) solution was then added to one
f the beakers containing pentane/Span 85 and the PEG solution
as added to the other beaker containing pentane/Span 85. In a

eparate 2 L beaker, 1000 ml of fresh pentane was added prior to
dding first the PEG solution and second the insulin/p(FASA)
olution. This solution was then filtered utilizing a 0.45 �m Mil-
ipore filter. An additional 500 ml of pentane was then used to
ash the microspheres prior to collection and subsequent and

torage at −20 ◦C. For all microsphere formulations, the percent
oading of insulin was determined as described by Furtado et al.
2006).

.2.2. Characterization
A scanning electron microscope (Model S-2700 Hitachi

td., Tokyo, Japan) was used to visualize microsphere structure
nd morphology. Microspheres were coated using an Emitech
550 sputter coater for approximately 3 min, which resulted in
25 nm layer of gold covering the sample.
A laser diffraction spectrometer (Beckman Coulter, Fuller-

on, CA) was used to determine the mean diameter of
icrospheres based on volume statistics. Microspheres were
rst suspended in 1% hydroxypropylmethyl cellulose (HPMC)
N.F. Grade: 2910; Viscosity Grade: 15 cP): pluronic F127 at
ratio of ∼5 mg/ml. The suspension was then briefly vortexed

nd bath sonicated to optimize the suspension.

.2.3. Animal models
Diabetes prone (BBDP) male rats (Biomedical Research

odels, Worcester, MA) were utilized for type 1 diabetic rat
xperiments as described by Furtado et al. (2006). Two female
ype 1 diabetic beagle dogs (Marshall Farms, North Rose, NY)
ere utilized for the larger animal model experiments. On non-
xperimental days, dogs were housed in individual cages and
ere given food and water ad libitum. Blood glucose level test-

ng was performed twice daily in the morning and evening hours
y obtaining a blood sample taken via the cephalic vein while the
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ogs were conscious. Blood glucose levels (BGL) were deter-
ined using a OneTouch® blood glucose meter (LifeScan, Inc.,
ilpitas, CA). Dogs were maintained on Humulin Regular and
umulin Lente recombinant human insulin obtained from Eli
illy and Company, USA.

Diabetic rat and diabetic dog experiments followed Institu-
ional Animal Care and Use Committee (IACUC) guidelines for
he use and care of laboratory animals.

.2.4. Diabetic rat experimental protocol
For all diabetic rat experiments, rats were first anesthetized

n a 4% isoflurane gas chamber. Rats were then placed on
osecones and maintained on 1–2% isoflurane for the initial
lood sample which was taken via tail bleed. For control for-
ulations, blank microspheres (contain p(FASA) only) were

uspended at 50–100 mg/ml in 1% HPMC: pluronic F127,
ortexed, sonicated and administered to rats by oral gavage.
n additional control was performed whereby blood samples
ere obtained when rats had received neither a control nor

n experimental formulation. Two experiments were performed
n which insulin containing microspheres were administered
y oral gavage to type 1 diabetic rats in the fed state:
1) a single dose of microspheres at a theoretical dose of
50 IU/kg and (2) a double dose of microspheres at a dose
f 125 and 75 IU/kg. Experimental formulations were prepared
nd administered correspondingly to the control formulations.
lood samples were taken from tail bleeds at serial points
ostoperatively using rat restraint tubes while the rats were
onscious. Blood was collected in heparinized tubes, spun
own and the plasma recovered for glucose and insulin anal-
sis.

.2.5. Fasted type 1 diabetic beagle dog experimental
rotocol

In the following experiments, the dogs were fasted overnight
ut were allowed access to water prior to and throughout the
ourse of the experiments. In addition, the evening dose of
nsulin given on the previous non-experimental day was with-
eld. The last dose of daily maintenance insulin the dogs
eceived was 24 h prior to the start of an experiment. This was
hort acting insulin which peaked in approximately 5–6 h. Prior
o a study beginning, a predose sample of blood was taken via
he cephalic vein while the dogs were conscious. Subsequent
lood samples were obtained at 0.5, 1.0, 1.5, 3.0, 4.5 and 6.0 h
ost-initial blood sample. Blood glucose levels (BGL) were
etermined throughout the experiments using a OneTouch®

lood glucose meter (LifeScan, Inc., Milpitas, CA). Dogs were
onscious throughout the entirety of all experiments including
lood sampling and oral gavaging.

Four experiments were performed. The first experiment was
control whereby blood samples were obtained when dogs had

eceived neither a control nor an experimental formulation. The
econd experiment was a subcutaneous (s.c.) injection of unen-

apsulated BZI at a dose of 2.0 IU/kg. The reason for such a
eemingly low dose of insulin is due to the fact that the dogs
ave been fasted; therefore, a dose any higher may have resulted
n hypoglycemia and death. This experiment was performed for

p
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omparison purposes for relative bioavailability (RB) calcula-
ions.

The third and fourth experiments were oral administration
tudies in which both the unencapsulated and the encapsulated
nsulin formulation were administered by gastric gavage. For the
nencapsulated insulin control, insulin was dissolved in 50 ml
f 0.01N hydrochloric acid (HCl) (pH ∼ 1–2) and administered
ia a feeding tube placed directly into the stomach of the dogs.
ubes were immediately flushed with 10 ml of water to rinse
ny remaining insulin from the tube into the stomach. For the
ncapsulated insulin formulation, microspheres were suspended
n 50 ml of distilled water by bath sonication at a theoretical
ose of 50 IU/kg to one of the dogs and at a theoretical dose
f 25 IU/kg to the second dog. Tubes were immediately flushed
ith 10 ml of water. The insulin containing formulation was

epeated several times in each of the dogs due to the fact that
here were only two dogs.

.2.6. Blood analysis
A glucose trinder assay (Diagnostic Chemicals Limited,

xford, CT) was used to determine plasma glucose levels for
he rat experiments. For the detection of exogenous BZI in the
lasma, an insulin ELISA was used (Diagnostic Systems Labo-
atories, Webster, TX).

.2.7. Relative bioavailability calculations
The relative bioavailability (RB) was calculated by compar-

ng the oral administration of insulin containing microspheres to
s.c. injection of unencapsulated BZI for the same rat according

o Eq. (1):

elative bioavailability = [AUC]PO/dosePO

[AUC]s.c./doses.c.
× 100 (1)

here AUC is the area under the curve measured using the trape-
oidal rule by plotting average plasma insulin level over time, PO
s the insulin containing microsphere formulation administered
rally and s.c. is the subcutaneous injection of unencapsulated
nsulin. For dog experiments, RB was calculated according to
q. (1) utilizing average deviations of blood glucose levels where
UC is the area under the average glucose level versus time
urve.

. Results and discussion

.1. Characterization of microspheres

To prepare our microspheres, we utilized the process of phase
nversion nanoencapsulation (PIN) which is a very useful encap-
ulation technique for hydrophobic polymers and hydrophilic
rugs (Mathiowitz et al., 1997; Carino et al., 2000; Furtado
t al., 2006). Unlike traditional microencapsulation techniques
uch as solvent removal or solvent evaporation, PIN involves
he spontaneous formation of microspheres from a continuous

hase. While other scientists (Ma et al., 2005; Damge et al.,
007) have used the process of solvent evaporation or spon-
aneous formation of microspheres to successfully encapsulate
nsulin, polyanhydrides such as p(FASA) could not be utilized
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rats (Ma et al., 2005). While our work demonstrates that slight
decreases in initial plasma glucose concentrations are possible, it
is important to note that we performed our experiments in the fed
ig. 1. A SEM of the microspheres used in (a) fed double dose diabetic rat expe

o fabricate microspheres by either of those methods due to the
resence of an aqueous phase.

For the fed double dose rat experiments, the insulin percent
oading was determined by dividing the calculated experimental
oading by the theoretical load, multiplying by 100 and was
etermined to be approximately 100% (Furtado et al., 2006).
or the fed single dose rat experiments and the fasted diabetic
og experiments, the insulin percent loading was determined to
e approximately 50%.

A SEM of a representative sample of the microspheres used
n the experiments can be seen in Fig. 1. Fig. 1(a) shows a
EM of the microspheres used in the fed double dose rat exper-

ments, Fig. 1(b) shows a SEM of the microspheres used in
he fed single dose rat experiments and Fig. 1(c) shows a SEM
f the microspheres used in the fasted dog experiments. Using
aser diffraction spectrometry, 90% of the microspheres used
n the fed double dose rat experiments were found to have a
olumetric diameter of 5.9 �m or smaller. In comparison, 90%
f the microspheres used in fed single dose rat experiments
ere found to have a volumetric diameter of 2.6 �m or smaller
hile the microspheres used in the diabetic dog experiments
ere found to have a volumetric diameter of 1.2 �m or smaller.
ecause it has been shown that microsphere size should not
xceed 5 �m in diameter and that particle uptake increases as
phere size decreases (Florence et al., 1995; Carr et al., 1996;
esai et al., 1996), it was the intention of our group to fabricate
icrospheres with progressively smaller diameters. However,

ecause these size optimizations occurred over a period of time,
ll formulations were not able to be tested in each group of
nimals.

.2. Fed single dose diabetic rat experiments

Fig. 2 is the percent initial plasma glucose concentration
PGC) versus time curve for insulin containing microspheres
dministered orally at a theoretical dosage of 250 IU/kg (n = 9)
nd for a control in which blood samples were obtained when
ats had not been administered unencapsulated insulin nor an
xperimental formulation (n = 15). As can be observed, the rats’
GC steadily increases from initial levels until the 8 h timepoint

t which point the PGC attains its maximal value of 153%. Glu-
ose levels only decrease slightly to 143% of initial levels by the
nal timepoint of the experiment. This is the expected outcome
f the experiment as rats did not receive insulin in any form. In

F
i
i

t, (b) fed single dose rat experiment and (c) fasted single dose dog experiment.

ddition, rats were allowed access to food ad libitum throughout
he experiment.

For the insulin containing formulation, PGC decreases to
elow initial PGC by the first timepoint of the experiment and
emains below initial levels through the 6 h timepoint. As can
e seen, this in stark contrast to the control experiment in which
GC remains above initial levels throughout the entirety of the
xperiment. The response to the insulin containing formulation
n which there is a slight decrease rather than a large decrease
n PGC, more closely resembles the physiological response of
non-diabetic individual in that glucose homeostasis is main-

ained in the postprandial state (Del Prato, 2003).
Other researchers demonstrated their ability to reduce the

lasma glucose levels of fasted diabetic rats after oral admin-
stration of insulin containing microparticles. Utilizing the
olymers polycaprolactone (PCL) and Eudgragit, Damge et
l. were able to reduce the areas under the glycemia versus
ime curve by 23% and 38% for dosages of 50 and 100 IU/kg,
espectively in comparison to controls (Damge et al., 2007).
dditionally, Ma et al. achieved pharmacological availabil-

ties of 4.4% and 3.2% for 50 and 100 IU/kg dosages of
hitosan–insulin nanoparticles administered to fasted diabetic
ig. 2. Percent initial glucose concentration (mean ± S.E.) vs. time curve for
nsulin microspheres (at a theoretical dose of 250 IU/kg) and a no insulin admin-
stration control to diabetic rats in the fed state.
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ig. 3. Plasma insulin concentration (�IU/ml) vs. time curve for insulin con-
aining microspheres administered orally at a theoretical dosage of 250 IU/kg
mean ± S.E.) to diabetic rats in the fed state.

tate, that is, diabetic rats were not fasted prior to the oral admin-
stration of insulin containing microspheres. Likewise, rats were
llowed access to food throughout the experiment.

Fig. 3 is the plasma insulin concentration (�IU/ml) versus
ime curve for the insulin containing formulation. In the con-
rol experiment, insulin was not detected in the plasma (results
ot shown). This was the expected outcome as insulin was not
dministered to the rats at any point throughout the experiment.
or the insulin containing formulation, insulin was detected

n the plasma as evidenced by the insulin ELISA. The peak
nsulin concentration occurred at the 2 h timepoint and was deter-

ined to be 74.2 �IU/ml. Insulin was also detected at the 4 h
imepoint and was determined to be 36.6 �IU/ml. The aver-
ge rat plasma insulin level was used to calculate the relative
ioavailability according to Eq. (1) and was determined to be
.5 ± 1.7%.

While other researchers have demonstrated their ability to
etect insulin in the plasma of diabetic rats, values obtained
or insulin containing formulations were not different from
alues obtained from rats receiving control formulations (Ma
t al., 2005). Additionally, peak concentrations obtained were
etween 10 and 20 �IU/ml for diabetic rats receiving insulin
ontaining formulations in the fasted state (Damge et al., 2007)
hile the peak concentration obtained after the oral administra-

ion of our insulin containing formulation in the fed state was
4 �IU/ml.

.3. Fed double dose diabetic rat experiments

In the following experiment, insulin containing microspheres
ere administered by oral gavage to diabetic rats (n = 8) in the

ed state at t = 0 and t = 16.75 h. Fig. 4 shows the results plot-
ed as percent initial glucose concentration versus time for the
lank microsphere control and for the experimental formula-
ion. When blank microspheres are administered orally (n = 7),

GC quickly increases to 200% of initial levels by the 4 h time-
oint. PGC continues to increase throughout the entirety of the
xperiment reaching maximum values of almost 400% of ini-
ial levels by the final timepoint of the experiment. It can be

p
b
f
l

ig. 4. Percent initial glucose concentration (mean ± S.E.) vs. time curve for
lank microspheres (contain p(FASA) only) and insulin containing microspheres
dministered orally at 125 and 75 IU/kg to diabetic rats in the fed state.

een that for the insulin containing formulation, plasma glucose
evels remain relatively constant throughout the entirety of the
xperiment, with only slight increases in initial glucose levels
fter the administration of the second dose of microspheres at
= 16.75 h. These results are encouraging, considering the ani-
al was allowed to eat and drink ad libitum throughout the

ourse of the experiment.
Insulin was detected in the plasma of one of the rats which

eceived two doses of insulin containing microspheres in the
ed state (results not shown). The curve is typical of what was
btained in other experiments in which insulin was detected
n the plasma, whereby a large peak that was short lasting
ccurs shortly after dosage (see Fig. 3). The peak concentra-
ion obtained was 1.01 mIU/ml. If this value is then compared to
s.c. injection of unencapsulated insulin, a relative bioavailabil-

ty of 23.3% is achieved. Note that this calculation was based
n a dosage of 125 IU/kg because the peak occurred before the
ext dose was administered.

While insulin was detected in the plasma of one of the rats to
hich a double dose of microspheres had been administered, it

s interesting to note that in the single dose experiment, insulin
as detected in the plasma of six of the eight rats. The major
ifference between the single dose and double dose experiments
as the size distribution of the two formulations used and this
ay account for the discrepancy. In the single dose experiment

n which 90% of the microspheres used were less than 2.6 �m by
olume, insulin was detected in the plasma of the rats more read-
ly than in the double dose experiment in which only 25% of the

icrospheres were less than 4 �m and 10% of the microspheres
ere less than 1.6 �m by volume.
Research supports the hypothesis that particle uptake by the

nterocytes of the small intestine is size dependent; that is,
maller size particles result in greater uptake than larger size
articles (Florence et al., 1995). Because of the large differ-
nce in the size distribution of the two formulations, it may be

ossible that a greater number of microspheres were taken up
y the enterocytes of the small intestine with the smaller size
ormulation. An increase in the uptake of microspheres may
ead to more release of insulin into the bloodstream which may
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ccount for the increase in frequency of detection of insulin
een with the smaller size microspheres in the fed double rat
xperiment.

Nevertheless, it may seem contradictory that a larger insulin
eak concentration was obtained in the double dose experi-
ents in which the microspheres were larger than in the single

ose experiments. Firstly, the double dose and single dose rat
xperiments were performed in a different group of diabetic
ats; therefore, slight differences in the oral gavage technique
ay have occurred resulting in more or fewer microspheres

eaching the enterocytes of the small intestine. Addition-
lly, because the plasma half-life of insulin is approximately
.5 min, it is possible that our blood sampling was not frequent
nough to detect a higher insulin peak in the single dose rat
xperiments.

.4. Fasted type 1 diabetic beagle dog experiments

Because there were only two diabetic dogs, the insulin con-
aining formulation was administered several times to each of
he dogs. In addition, each of the two dogs responded slightly
ifferently to experimental and control formulations; therefore,
ata for each dog is plotted in a separate graph as a change in
lood glucose level (BGL) over time.

Fig. 5 shows the results for the two controls and for the exper-
mental formulation. In the control in which glucose levels were

onitored when the dog received neither a control nor an exper-
mental formulation (n = 21), it can be seen that BGL increases
rom the beginning of the experiment and remains above initial
evels until the end of the experiment. When a dosage of 25 IU/kg
f unencapsulated insulin is administered orally (n = 6), BGL
oes not fluctuate significantly from initial levels throughout

he entirety of the experiment.

When Dog 1 is given a theoretical dosage of 50 IU/kg of the
nsulin containing microspheres, there is a gradual decrease in
GL over time; however, the results of the insulin microspheres

ig. 5. The change in plasma glucose concentration vs. time curve (mean ± S.E.)
or insulin containing microspheres administered orally at theoretical dosage
f 50 IU/kg (n = 2) to Dog 1 in the fasted state vs. unencapsulated insulin
dministered orally (n = 6) at 25 IU/kg and the no insulin administration control
xperiment (n = 21).
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f 25 IU/kg to Dog 2 in the fasted state vs. unencapsulated insulin administered
rally (n = 6) at 25 IU/kg and the no insulin administration control experiment
n = 21).

o not differ much from the unencapsulated insulin administered
rally at least until the 4.5 h timepoint. This is in contrast to
he results of the control whereby glucose levels are monitored
ver the course of the experiment. At no point throughout the
xperiment do the curves of this control and the experimental
ormulation overlap.

The results for the controls and insulin containing formu-
ation for Dog 2 can be seen in Fig. 6. The 25 IU/kg dose of
nencapsulated insulin administered orally gradually declines
efore beginning an upward trend at the 4.5 h timepoint. In the
ontrol in which BGL was monitored throughout the experiment,
GL initially increases and then decreases at the 3 h timepoint
efore beginning an upward trend once again. This is in contrast
o Dog 1’s response to the two controls whereby BGL either
emains relatively constant or shows an upward trend. It is pos-
ible that for Dog 2, plasma glucose levels decrease due to the
act that the dogs had been fasted for over 24 h; therefore, glyco-
en stores could have become depleted faster in Dog 2 than
og 1 resulting in declining plasma glucose levels rather than

ncreasing levels.
Dog 2 had a greater response to the encapsulated insulin

icrospheres than did Dog 1 and in addition, Dog 2 had a theo-
etical dosage that was two times smaller than Dog 1. As can be
een from Fig. 6 when a theoretical dose of 25 IU/kg of encap-
ulated insulin microspheres were administered orally to Dog
, plasma glucose levels began to decrease by the first time-
oint. For the next several timepoints, Dog 2’s plasma glucose
evels decreased even further. Although glucose levels begin to
ncrease by the 4.5 h timepoint, the change in concentration is
till well below initial levels. By the final timepoint of the exper-
ment, Dog 2’s plasma glucose concentration is still below initial
evels.
The area under the plasma glucose level curve (AUC) for Dog
for both the s.c. unencapsulated insulin (results not shown)

nd the oral insulin formulation were obtained graphically from
verage deviations of blood glucose levels and were then com-
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ared. From this, the relative bioavailability was calculated and
etermined to be 5.5 ± 3.4%.

Recently, a self-emulsifying insulin emulsion was developed
y Ma et al. and orally administered to type 1 diabetic dogs
n the fasted state (Ma et al., 2006). At a dosage of 2.5 IU/kg,

relative bioavailability of 15% was achieved. This formula-
ion has recently been approved by the China State Food and
rug Administration to enter clinical trials. While a high relative
ioavailability and sustainable insulin release was achieved with
his system, similar depressions in plasma glucose levels were
btained after the oral administration of our insulin containing
ormulation. Additionally, our system was capable of maintain-
ng plasma glucose levels below initial levels throughout the
ntirety of the experiment.

. Conclusions

It was demonstrated that insulin containing microspheres
ould be successfully administered by oral gavage to type 1 dia-
etic rats and dogs to produce a suppression of blood glucose
evels in the fasted and fed state. While other researchers have
chieved similar depressions in glucose levels utilizing their
nsulin containing nanoparticulate systems, the size distribution
f their formulations was in the 200–300 nm range (Ma et al.,
005; Damge et al., 2007). While the size distribution of our
icrospheres was in the 1–5 �m range, relative bioavailabili-

ies of between 5.5% and 23% were achieved in the diabetic
at in the fed state while a relative bioavailability of 5.5% was
chieved in the diabetic dog in the fasted state. The advantage of
tilizing the PIN method of encapsulation over more traditional
ethods of encapsulation such as solvent removal or solvent

vaporation is that hydrophobic bioerodible polymers such as
(FASA) which are sensitive to aqueous solutions can still be
sed in the production of microsphere delivery systems. Addi-
ionally, as research supports the hypothesis that particle uptake
n the GI tract is inversely proportional to the size of the particle,
uture research will be aimed at optimizing our PIN method of
ncapsulation to produce particles smaller than 1 �m in diame-
er. The results achieved with both diabetic dogs and rats (in the
ed state), demonstrate the potential of the PIN system for the
ral delivery of insulin.
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