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ABSTRACT: The objective of this study was to characterize exenatide double-walled micro-
spheres (DWMS) using model-based methods. Exenatide DWMS were prepared using oil-in-oil-
in-water method, and physicochemical characterization and in vitro release and degradation
of DWMS were evaluated. The pharmacokinetics (PK) and pharmacodynamics (PD) were in-
vestigated after subcutaneous injection to diabetic rats. Transit compartment model was used
to describe the in vivo release of exenatide from DWMS successfully. On the basis of the in-
sulinotropic effects of exenatide and hypoglycemic effects of insulin, PK/PD model was developed
and nicely described the concentration–effect relationship of exenatide. Moreover, on the basis
of the transit compartment model, a simulation method was applied to predict in vivo release,
and in vitro and in vivo correlation was established. In conclusion, DWMS was a promising
vehicle for delivery of exenatide, and the proposed PK/PD model allowed a better understand-
ing of the pharmacological properties of exenatide DWMS. Transit compartment model-based
modeling and simulation methods provided more options for the description and prediction of
the in vivo exenatide release from DWMS. © 2012 Wiley Periodicals, Inc. and the American
Pharmacists Association J Pharm Sci 101:3946–3961, 2012
Keywords: exenatide; double-walled microspheres; controlled release; transit compartment
model; dose-response; pharmacokinetic/pharmacodynamic model; simulation; in vitro and
in vivo correlation

INTRODUCTION

Exenatide, glucagon-like-peptide-1 (GLP-1) analogue
and the first clinically available incretin mimetic,
possesses many glucoregulatory functions and ame-
liorate endocrine pancreatic functions by stimulat-
ing glucose-dependent insulin secretion, suppressing
glucagon secretion, reducing gastric mobility and food
intake, and stimulating pancreatic $-cell prolifera-
tion and/or neogenesis.1–3 Moreover, exenatide was
more potent than GLP-1 and demonstrated a greater
maximal effect than GLP-1 in vivo.2,4 It was autho-
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rized for marketing in the European Union in Novem-
ber 2006 and was approved by US Food and Drug
Administration (FDA) in April 2005.5 Furthermore,
FDA approved BYDUREONTM (exenatide extended-
release microspheres)—the first once-weekly treat-
ment for type 2 diabetes in January 2012. However,
BYDUREONTM is prepared using the complicated
method of water-in-oil-in-oil coacervation, and im-
proper release of exenatide from BYDUREONTM

leads to the poor pharmacokinetics (PK) and efficacy.6

Sustained-release microspheres of exenatide based on
different preparation methods and biodegradable ma-
terials have also been studied.7–9

Comparing with single-layer microspheres, double
or multi-walled microspheres are more advantageous.
Since a single-step technology for double-walled mi-
crospheres (DWMS) preparation was first reported,10

DWMS found a preferable sustained-release carrier,
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and more and more investigations focused on
it.11–13 The DWMS with distinct core/shell structures
achieved distinct degradation behavior.14–16 On the
one hand, the rapid degradation and accelerated ero-
sion of the polymer core result in the production of a
hollow structure in the center of DWMS. On the other
hand, the polymer shell remains relatively intact due
to its slow degradation characteristics. The distinct
structure and degradation behavior of DWMS make
it possible to be used as an improved drug delivery
system that can increase EE, alleviate burst effect,
and make drug release constantly and persistently.

The absorption of drugs from the gastrointesti-
nal tract is very complex and not well character-
ized using a first-order absorption model.17 Many
researchers use transit compartment model to charac-
terize the transit process of oral dosage forms through
the whole gastrointestinal tract.18,19 The process of
drug passing through the whole gastrointestinal tract
was viewed as flow through a series of segments and
this model is close to the real process. In addition,
Sun et al.20 reported that the delayed drug effects
due to the signal transduction processes can also be
well described by transit compartment model, and
the later reports supported this approach.21,22 Tran-
sit compartment model is a good tool to describe the
process of drug delivery and signal transduction.

Pharmacokinetic and pharmacodynamic (PD) mod-
els are valuable tools to describe and predict the
in vivo performance of a certain drug.23 PK/PD mod-
eling can be used to quantitatively describe the re-
lationship between drug concentration and biological
response. It is good for rational design of dosing regi-
men and clinical application, with the benefit of mod-
eling and simulation. Extensive PK/PD modeling was
applied to characterize the glucose level and insulin
system in various circumstances.24,25 PK/PD model
can also be used to evaluate the dosage form,26 op-
timize molecular weights of prodrug,27 and select a
promising prodrug.28 Model-based method is becom-
ing more and more important and practical in drug
research and development.

Aim of in vitro and in vivo correlation (IVIVC)
was to use the in vitro release data as a sur-
rogate for bioequivalence studies. The in vivo re-
lease of drug could be calculated from PK using
Wagner–Nelson, Loo–Riegelmanor, and deconvolu-
tion methods.29,30 Direct measurement31 and differ-
ential equation-based IVIVC method32 were also pro-
posed. However, to the best of our knowledge, there
is no report using an approach based on transit com-
partment model to evaluate the in vivo release profile
and IVIVC of microspheres.

The aims of this study were to structure near-
constant release DWMS and evaluate its characteris-
tics by model-based methods. Exenatide DWMS were
prepared using oil-in-oil-in-water (O1/O2/W) method.

Transit compartment model was proposed to describe
in vivo release of exenatide from DWMS after subcu-
taneous (s.c.) administration to diabetic rats. On the
basis of the action mechanisms of exenatide and in-
sulin, the PK/PD model was developed to describe the
complete time course of the blood glucose-lowering ef-
fect (GLU) under different doses. Finally, using tran-
sit compartment model-based simulation method to
establish IVIVC was addressed.

MATERIALS AND METHODS

Materials

Exenatide (purity>99%) was purchased from Shanghai
Taishi Biotechnology Company, Ltd. (Shanghai, Peo-
ple’s Republic of China). Poly(D, L-lactide-co-glycolide)
(PLGA, DG-50DLGH025, lactide–glycolide molar ra-
tio is 50/50 and inherent viscosity is 0.15–0.25 dL/
g) and poly(L-lactide) (PLLA, DG-L150, inherent vis-
cosity is 1.1–1.5 dL/g) were purchased from Daigang
Biotechnology Company, Ltd. (Jinan, People’s Re-
public of China). Polyvinyl alcohol-124 (PVA 124,
98.8% hydrolyzed) was produced by East Ring Union
Chemical Plant (Beijing, People’s republic of China).
Streptozotocin (STZ, Sigma No. S0130) was pur-
chased from Sigma–Aldrich (St. Louis, Missouri).
Fluorescein isothiocyanate (FITC)–insulin was pur-
chased from Sigma (St. Louis, Missouri). Sodium car-
boxymethyl cellulose (CMC-Na), Tween 20, sodium
chloride (NaCl), phosphate-buffered saline (PBS), and
other chemicals were of analytical grade.

Preparation of DWMS

An O1/O2/W emulsion solvent evaporation method
was used to fabricate DWMS. Exenatide (4 mg) and
70 mg PLGA dissolved in 1.4 mL mixed solvent
[dichloromethane (DCM)–methanol (MeOH) = 2:1 (v/
v)] was the O1 phase, and 30 mg PLLA dissolved in
0.6 mL mixed solvent was the O2 phase. Mixed the O1
and O2 phase and vortexed for 15 s. The mixed O1/O2
was subsequently injected into a 50 mL aqueous so-
lution of 1% (w/v) PVA and 0.9% (w/v) NaCl. The mix-
ture was continuously stirred at 600 rpm in ice bath
for 4 h and then at room temperature for another 4 h,
during which the solvent was completely evaporated.
The resultant DWMS were collected by centrifugation
(3000g for 2 min), washed three times with water for
injection, and freeze dried. The vacant DWMS were
prepared using the same method without exenatide.
To satisfy the need of subsequent experiments in dia-
betic rats to investigate the PK and PD properties of
DWMS, exenatide-loaded DWMS and vacant DWMS
were prepared for many times in different batches.
The relative standard deviation values of between-
batch for both exenatide loading and encapsulation
efficiency (EE) were less than 3%. So we thought that
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the method for preparation of DWMS was stable and
we accordingly combined DWMS prepared in differ-
ent batches and used them in animal treatment if
needed.

Physicochemical Characterization of DWMS

Particle Size and EE

The mean particle size was determined for an aque-
ous dispersion of DWMS using a laser particle size
analyzer (BT-9300H, BETTER, Dandong, People’s Re-
public of China). For determining drug loading, 10 mg
lyophilized DWMS were dissolved in 1 mL dimethyl
sulfoxide, then 10 mL of 0.05 M NaOH solution con-
taining 0.5% (w/v) sodium dodecyl sulfate was added
to it and incubated for 1 h at room temperature.33 The
exenatide concentration of incubation solution was
measured by Micro bicinchoninic acid (BCATM) pro-
tein assay kit (Pierce, Illinois).7 The exenatide loading
percentage (w/w, exenatide content per dry DWMS)
was calculated. The EE was calculated by comparing
the actual exenatide loading with the theoretical ex-
enatide loading.

Surface and Cross-Sectional Morphology

The surface morphology and internal structure of
DWMS were examined by scanning election micro-
scope (SEM; JEOL JSM-5600LV, Tokyo, Japan). After
the DWMS had been dispersed in embedding agent,
poured onto metal stub, and frozen at −20◦C for 0.5 h,
they were then cut into around 50 :m thickness slices.
Deionized water was added to dissolve the embedding
agent of these slices and the dissected DWMS were
collected by centrifugation at 2500g for 5 min. The col-
lected DWMS were washed three times in room tem-
perature and were dried under vacuum. The DWMS
and the dissected DWMS were evenly sprinkled onto
a carbon adhesive disk mounted onto an aluminum
stub. Samples were coated with a thin layer of gold
and viewed using a JEOL JSM-5600LV operating at
10 kV, 20◦C, and 10−5 Torr.

Exenatide Distribution in DWMS

Using FITC–insulin as the indicator, the drug dis-
tribution in DWMS was identified by confocal laser
scanning microscopy (CLSM). The FITC–insulin-
loaded DWMS were prepared in the same man-
ner as described in Preparation of DWMS, except
that exenatide was replaced by FITC–insulin. The
FITC–insulin-loaded DWMS were cut as described in
Surface and Cross-sectional Morphology. Then they
were mounted on a slide with coverslip and visual-
ized using a confocal imaging system (Leica TCS SP2,
Heidelberg, Germany) and krypton/argon laser (ex-
citation wavelength at 488 nm and emission wave-
length at 505 nm).

Exenatide Secondary Structure Study

Exenatide conformation and change thereto was char-
acterized using circular dichroism (CD). CD spectra
were recorded at room temperature using spectropo-
larimeter (J-810 spectropolarimeter, Jasco, Japan) for
each of the exenatide samples in the far ultraviolet re-
gion (185–250 nm) in a 0.1 cm path length cell using
a step size of 1 nm, and an average of three scans
was obtained. Exenatide aqueous solution (100 :g/
mL) was used as control. Exenatide samples were ex-
tracted from DWMS as follows: 11 mg DWMS dis-
solved in 0.5 mL DCM. Then 2 mL deionized wa-
ter was added into the solution, vortexed for 2 min,
and centrifuged at 4250g for 10 min. Supernatant
was decanted into fresh tube and stored at 4◦C until
analysis.

In Vitro Release and Degradation of DWMS

DWMS (30 mg) were suspended in 1.0 mL PBS (pH
7.4) containing 0.02% (w/v) Tween 20. The suspen-
sion was incubated at 37◦C under continuous agita-
tion (100 rpm) for 70 days. At predetermined inter-
vals, samples were centrifuged, 0.8 mL supernatant
was withdrawn, and equal volume of fresh release
medium was added. The concentration of exenatide
in the supernatant was determined by Micro BCATM

protein assay kit. The cumulative release amount was
calculated by:

%Mr = 0.8 × ∑i−1
1 Ci−1 + Ci

Mex
× 100 (1)

Mr and Mex represent the amount of cumulative re-
lease and total amount of exenatide in DWMS, respec-
tively. Ci and Ci−1 are concentrations of supernatant
at the ith and i-1th sampling, respectively.

Four aliquots of 20 mg DWMS were dispersed in 1.0
mL PBS (pH 7.4) containing 0.02% (w/v) Tween 20.
The suspensions were dispersed in tubes and stirred
at 100 rpm in an air chamber thermostated at 37◦C.
At the specific time point (4, 20, 40, and 70 days),
one aliquot of DWMS was collected by centrifugation
(2500g for 5 min) and cut as described in Surface and
Cross-Sectional Morphology. The internal structures
of DWMS were examined by SEM.

Animals and Treatment

Induction of Experimental Diabetes in Rats

All animal experiments were carried out following the
Guide for Care and Use of Laboratory Animals as
adopted and promulgated by the Animal Ethics Com-
mittee of Peking University Health Science Center
(Beijing, People’s Republic of China). Male Sprague–
Dawley rats weighting 190–210 g were obtained from
the Experimental Animal Center at the Peking Uni-
versity Health Science Center. The diabetic rats were
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induced using high-fat diet/STZ treatment method.34

Briefly, all rats were housed under standard condi-
tions with a 12 h dark/light cycle and an ambient
temperature of 22◦C–25◦C, and free access to a high-
fat diet (20% sucrose, 10% lard, 2% cholesterol, 1%
cholate, and 67% normal chow diet; Keaoxieli Com-
pany, Ltd., Beijing, People’s Republic of China) and
water was allowed throughout the study period. After
5 weeks, rats were anesthetized with diethyl ether
after an overnight fast (free access to water) and in-
jected intraperitoneally with 45 mg/kg STZ in 1% (w/
v) citrate buffer (pH 4.3). Rats had free access to food
and water after the STZ injection. After 3 weeks, rats
were fasted for overnight (12 h) and blood glucose
concentrations were determined by ACCU-CHEK R©

Advantage II (Roche Diagnostics, Germany). Blood
glucose levels of at least 16.7 mmol/L were accepted
as the basal level for diabetes.

Treatment

Twenty diabetic rats were randomly divided into four
groups with three treatment groups and one control
group. The DWMS were suspended in an aqueous ve-
hicle (0.87% NaCl, 1.0% CMC-Na, and 0.1% Tween
20) within 2 min by vortex. The same volume of 2.0 mL
aqueous suspension of DWMS with different final ex-
enatide concentration of 0.625, 1.25, and 2.5 mg/mL
was administrated by s.c. injection to three separate
treatment groups, leading to the exenatide dose in
each group, which was 1.25, 2.5, and 5 mg/rat, re-
spectively. The corresponding group of control rats
received only 2.0 mL suspension of vacant DWMS per
rat. About 0.25 mL blood samples were collected from
the orbit vein into tubes at 0 (prior to dosing), 1, 2, 4,
and 10 h and 1, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, and
50 days after administration, and the blood glucose
was determined using ACCU-CHEK R© Advantage II
simultaneously. Serum was separated by centrifuga-
tion at 8500g for 5 min and stored at −20◦C until
analysis.

Serum concentrations of exenatide and insulin
were measured by the Exendin-4 EIA kit (EK-070-94;
Phoenix Pharmaceuticals, California) and Rat Insulin
ELISA kit (Groundwork Biotechnology Diagnosticate
Ltd., California), respectively.

PK/PD Modeling of DWMS

PK Model

In the present study, we mainly investigate the ki-
netic parameters being associated with exenatide re-
lease from DWMS, which can be viewed as the pro-
cess of drug flow through a series of segments before
they reach absorption compartment.0 Each segment
can be described as a single compartment with lin-
ear transfer kinetics. Therefore, release of exenatide
from DWMS in vivo was characterized by transit

Figure 1. Schematic diagram of the proposed phar-
macokinetic/pharmacodynamic model for exenatide-loaded
DWMS, where XMS, Xtr1, Xtr2, Xtr3, Xa, Xc, Xp, INSP, INS,
INSe, and GLU designate the microsphere, the first transit,
the second transit, the third transit, absorption, central, pe-
ripheral, insulin precursor, insulin, effect, and blood glucose
compartments, respectively. Solid lines with arrows repre-
sent the transit, absorption, elimination, or distribution of
the pharmacokinetic indices, or indicate the conversions of
the responses. Dashed lines with arrows and white boxes
mean the stimulatory effect being exerted by the connected
factors. Dashed lines with arrows and black boxes mean
the inhibitory effect being exerted by the connected factors.
This model accounts for the in vivo release of exenatide
from DWMS, insulinotropic effect of exenatide, and hyper-
glycemic effects of insulin. The model is described by Eqs.
2–20. Definitions of parameters are provided in Tables 1
and 2.

compartment model (Fig. 1). Microsphere compart-
ment (XMS) represent the PLGA core, and the first
(Xtr1), second (Xtr2), and third transit compartment
(Xtr3) represented the three abstract compartments
through which the exenatide released from PLGA
core and PLLA shell to the surface of DWMS. A small
quantity of exenatide was localized in the PLLA shell
(Fig. 2d). Therefore, each transit compartment (Xtr1,
Xtr2, and Xtr3) had a certain amount of exenatide with
the fraction of Fra1, Fra2, and Fra3, respectively. Ow-
ing to burst release, fraction of exenatide was directly
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Figure 2. SEM photographs of surface morphology (a for magnification of 400, and b for
magnification of 900). Cross-sectional view of DWMS fabricated with PLLA and PLGA in the
mass ratio of 3:7. (c) Confocal laser scanning micrographs of the distribution of FITC–insulin
in DWMS. (d) CD spectra of exenatide control (solid line) and exenatide extracted from DWMS
(dotted line) (e).

released into the absorption compartment from
DWMS without the transit process. Therefore, there
was also a certain amount (Fra4 × D in Eq. 6) of exe-
natide in absorption compartment in the initial state.
Once the exenatide released from the DWMS to circu-
lation, the distribution and elimination of exenatide
was independent of dosage form. A two-compartment
PK model was used to describe the distribution and
elimination of exenatide. We have obtained relevant
parameters (ka, Cl, Vc, Q, Vp) from our previous PK
study.35 In that study, exenatide solution was s.c. in-
jected to STZ-treated diabetic rats, and the data from
all individuals at different dose levels were fitted si-
multaneously. Finally, a two-compartment model with
first-order absorption nicely characterized the PK be-
havior of exenatide. PK data of that study were rich,
and the parameters were reliable. Therefore, we fixed
the two-compartment model parameters as previous
estimated values. In this way, we could avoid biases
in the PK data, which could interfere with the es-
timation of the parameters of transit compartment
model. The following differential equations described
the above model:

dXMS

dt
= −ktr1 × XMS [XMS0

= (1 − Fra1 − Fra2 − Fra3 − Fra4) × D] (2)
dXtr1

dt
= ktr1 × (XMS − Xtr1) [Xtr10 = Fra1 × D] (3)

dXtr2

dt
= ktr1 × (Xtr1 − Xtr2) [Xtr20 = Fra2 × D] (4)

dXtr3

dt
= ktr1 × Xtr2 − ktr2 × Xtr3 [Xtr30 = Fra3 × D]

(5)

dXa

dt
= ktr2 × Xtr3 − ka × Xa [Xa0 = Fra4 × D] (6)

dXc

dt
= ka × Xa − Cl × Cc − Q × (Cc − Cp) (7)

dXp

dt
= Q × (Cc − Cp) (8)

Cc = Xc

Vc
(9)

Cp = Xp

Vp
(10)

XMS0, Xtr10, Xtr20, Xtr30, and Xa0 represent initial
amounts of exenatide in the microsphere, the first
transit, the second transit, the third transit, and ab-
sorption compartment, respectively. D is the admin-
istration dosage, and Fra1, Fra2, Fra3, and Fra4 are the
scaling factors. Two transit rate constants ktr1 and
ktr2 are employed here to characterize the drug re-
lease from different compartments. The exenatide in
central compartment (Xc) can distribute to and from
peripheral compartment (Xp) by intercompartment
clearance (Q), and be directly eliminated (Cl). The
fixed PK parameters (ka, Cl, Vc, Q, Vp) are listed in
Table 1.

PD Model

The modeling for drug effects was based on the fact
that the insulin and blood glucose were produced
with a zero-order input rate and dissipated with a
first-order output rate. The PD model proposed for
insulinotropic effect of exenatide is shown in Figure
1. The dynamics of insulin was characterized by an
indirect response model with a precursor pool: k0 is
the zero-order precursor input rate constant, and kp
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Table 1. Parameter Estimates Obtained from the Time Profiles of Exenatide DWMS after s.c. Injection to Diabetic Rats with the
Two-Compartment Pharmacokinetic Model

Parameter Definition Estimate (RSE%) CV%

Fra1 Fraction of exenatide in the first transit compartmenta 0.113 (20.4) –
Fra2 Fraction of exenatide in the second transit compartmenta 0.0301 (31.1) 130
Fra3 Fraction of exenatide in the third transit compartmenta 0.00554 (28.6) 28.8
Fra4 Fraction of exenatide in absorption compartment 0.00326 (22.4) –
ktr1 (h−1) Transit rate constant 1 0.00398 (26.4) 4.0
ktr2 (h−1) Transit rate constant 2 0.113 (16.4) 18.9
ka (h−1) Absorption rate constant 4.45b –
Cl (L/h) Central clearance 0.198b –
Vc (L) Central volume of distribution 0.397b –
Q (L/h) Intercompartment clearance 0.086b –
Vp (L) Peripheral volume of distribution 1.180b –
Residual error
F1 (Proportional) CV% 23.7
F2 (Additive) SD (:g/L) –

aThe first, second, and third transit compartments represent the three abstract compartments through which the drug release from PLGA core and PLLA
shell to the surface of DWMS.

bParameters fixed as previous estimated values.
–Refers to the values which were fixed as 0.

and koutI are the first-order precursor pool and insulin
output rate constants, respectively, with the relation-
ship

k0 = kp × INSP0 = koutI × INS0 (11)

where INSP0 and INS0 are the initial values of pre-
cursor pool and insulin compartment.

On the basis of the proposed model, the insulin
change is described by:

dINSP
dt

= k0 − kp ×
(

1 + Sm1 × Cc

SC50 + Cc

)
× INSP (12)

dINS
dt

= kp ×
(

1 + Sm1 × Cc

SC50 + Cc

)
× INSP − koutI × INS

(13)

INS0 = k0

koutI
(14)

where Sm1 and SC50 are drug-specific parameters rep-
resenting the maximum stimulation of the response
and the exenatide concentration required for half-
maximum stimulation.

A combined effect compartment/indirect response
model was used to describe the relationship of insulin
concentration and glucose level. Sites of action for
insulin are mainly located in liver, muscle, and adi-
pose. Liver has a robust blood supply; therefore, it is
assumed that serum insulin acts directly on its corre-
sponding receptors located in liver. However, the lack
of the same robust blood supply in muscle and adipose
tissue results in a distributional delay for insulin in
reaching its site of action. So, an effect compartment
was employed in the PD model to imitate muscle and
adipose tissue, as depicted in Figure 1. Briefly, the ef-

fect compartment is distributed from the insulin com-
partment by first-order rate process kie, and the elim-
ination of insulin is also characterized by a first-order
rate constant ke0. The insulin level in effect compart-
ment (INSe) is described as follows:

dINSe

dt
= ke0 × (INS − INSe) (15)

Before administration, there was no change in
INSe,

INSe0= INS0 (16)

where INSe0 is the insulin basal value in effect com-
partment, and is equal to the base value of insulin
(INS0) in insulin compartment.

Owing to disease progression, the blood glucose in-
creased as the time went on, both in treatment and
control groups. Therefore, the GLU was defined as
follows:

GLU =GLUT
it/GLUT

i0

GLUC
t /GLUC

0

(17)

GLUC
0 and GLUC

t represent the mean blood glucose
levels at time 0 and t in the control group, whereas
GLUT

i0 and GLUT
it represent the blood glucose level

of ith rat at time 0 and time t in the treatment
group, respectively. On the basis of normalization,
the effect of disease progression on glucose level was
minimized.

As we know, insulin exhibits glucoregulatory func-
tions through increasing cellular intake of glucose
in muscle and adipose tissue, and decreasing gluco-
neogenesis and glycogenolysis. The change of GLU is
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described by the equation as follows:

dGLU
dt

= kinG × [
1 − Im × (INS − INS0)

]

− koutG × [
1 + Sm2 × (INSe − INSe0)

] × GLU

(18)

where Sm2 and Im imitate the increasing cellular in-
take (it takes place in effect compartment: muscle
and adipose tissue) and decreasing gluconeogenesis
and glycogenolysis, respectively. The GLU starts from
the basal value GLU0 (before administration), then
changes with time, following drug administration,
and eventually returns to GLU0 (GLU0 = 1). Thus,

GLU0 = kinG

koutG
(19)

kinG = koutG (20)

It is assumed that change in blood glucose level is
controlled by insulin level, so those parameters that
describe the effect of insulin on glucose, such as ke0,
Im, Sm2, and kinG, will keep unchanged with the route
of administration or dosage form of a certain drug. In
this study, ke0, Im, Sm2, and kinG were fixed as the esti-
mated values of 0.342 h−1, 0.0381 L/mU, 0.0531 L/mU,
and 15.2 h−1, respectively (Table 2), detected from the
previous PD study in diabetic rats after s.c. adminis-
tration of exenatide aqueous solution.35 Other PD pa-
rameters were estimated from the model established
with data collected in the present experiment.

PK/PD Analysis

A three-step approach was applied to the establish-
ment of the PK/PD model. First, the PK parameters
(ktr1, ktr2, Fra1, Fra2, Fra3, Fra4) were estimated except
the fixed PK parameters (ka, Cl, Vc, Q, Vp). Second,
all the PK parameters were fixed, and the predicted

exenatide concentration–time profiles were used as
input function for the PK/PD model. The parameters
of insulinotropic effects of exenatide (Sm1, SC50, k0, kp,
koutI) were obtained. Lastly, the PK and insulinotropic
effects parameters were fixed to these values and the
GLUs-related parameters estimates were obtained.1
In this way, we could avoid biases in the PK data,
which could interfere with the estimation of the PD
parameters and vice versa.

A nonlinear mixed effects model analysis was per-
formed, in which all data from different dose groups
were modeled simultaneously. All of the analyses
were performed using a first-order conditional esti-
mate with INTERACTION method in NONMEM ver-
sion 72 (Icon Development Solutions, Maryland). The
typical values in the population were described, as
well as the random effects, including the variability
between subjects (parameters are log-normally dis-
tributed), the variability between occasions, and the
residual variability (combination of proportional and
additive error).

The ability of the PK/PD model to describe the
observed data was evaluated by a visual predictive
check (VPC) based on 2000 data sets that were sim-
ulated with the obtained final parameter estimates,
and the median and 5th and 95th percentiles were
calculated. The adequacy of the model was evaluated
by comparing the distribution of observed values with
that of simulated values.

In Vitro and In Vivo Correlation

The relationship between percent in vitro release in
PBS and the percentage of absorption in vivo (Fa)
was examined. The Fa was determined using the de-
convolution and model-based simulation method, re-
spectively. For deconvolution, the software package,
WinNonlin R© IVIVC ToolkitTM, Version 5.2, (Pharsight
Corporation, St. Louis, Missouri) was used for per-
forming the procedure. A unit impulse response (UIR)

Table 2. Parameter Estimates Obtained from the Insulin Profiles after Single s.c. Injection of Exenatide DWMS to Diabetic Rats with
PK/PD Model

Parameter Definition Estimate (RSE%) CV%

Sm1 Maximum insulin tropic response factor 0.856 (22.2) 16.4
SC50 (:g/L) Concentration for 50% of insulin tropic effect 4.04 (28.9) 29.2
k0 (mU/L/h) Zero-order precursor input rate constant 321 (21.4) 8.1
kp (h−1) Insulin precursor release rate constant 0.00057 (20.1) 8.6
koutI (h−1) Insulin output rate constant 31.9 (25.3) –
koutG (h−1)a Glucose output rate constant 15.2b –
Sm2 (L/mU) Stimulation factor of insulin on glucose disposal 0.0513b –
Im (L/mU) Inhibition factor of insulin on glucose production 0.0381b –
ke0 (h−1) First-order elimination rate constant from the effect

compartment
0.342b –

Residual error
F1 (Proportional) CV% 12.3
F2 (Additive) SD (mU/L) –

akoutG is equal to kinG.
bParameters fixed as previous estimated values.
–Refers to the values which were fixed as 0.
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Figure 3. The proposed in vivo release model with three transit compartments. (a) Exenatide
in vivo release percentage obtained from deconvolution method (solid line) and transit compart-
ment model-based simulation method (dotted line). (b) IVIVC model linear regression plots of
cumulative absorption versus percent release in vitro (solid line for deconvolution method and
dotted line for simulation method) (c).

was assessed using the exenatide injection as a refer-
ence. The deconvolution of the mean in vivo concen-
tration–time data of three doses was performed using
the UIR to estimate Fa, respectively, and the mean Fa
was used to establish the IVIVC with mean in vitro
release. For the model-based simulation method, pro-
cedures were performed using NONMEM program as
follows: First, PK parameters ktr1, ktr2, Fra1, Fra2, Fra3,
Fra4, and ka were fixed as the estimated values. The
other parameters and peripheral compartment were
removed from the PK model to form a new pseudo-
PK model with no drug distribution and elimination,
meeting the requirement of drug accumulation only
in central compartment (Fig. 3a). Then, the amount of
drug flowed into the central compartment were sim-
ulated at three different doses from the pseudo-PK
model. The simulated amount of drug in central com-
partment could indicate the amount of drug absorbed
in rats and the Fa could be calculated. Linear regres-
sion analysis was applied to the IVIVC plots in both
deconvolution and model-based simulation method.
The values of correlation coefficient (R2), slope, and
intercept were calculated, respectively.

RESULTS
Physicochemical Characterization of DWMS

The mean particle size of the exenatide DWMS was
about 65.1 :m. The exenatide content in DWMS was

approximately 3.5% (w/w), and the EE was 90 ± 2.5%
(n = 3). The SEM images showed that DWMS were
orbicular and with a porous surface (Figs. 2a and
2b). The distinct double layer can be seen in the
SEM photographs (Fig. 2c). The PLGA was coated
with PLLA, resulting in a core and shell morphology.
CLSM of DWMS encapsulating FITC–insulin showed
that most of the protein was localized in the PLGA
core (Fig. 2d) and low burst release could be expected.
The CD spectra of exenatide control and exenatide
extracted from the DWMS were shown in Figure 2e.
Both of them have double peaks with minimum ab-
sorption at 222 and 208 nm, which are the typical
characteristics of "-helices structure of exenatide, in-
dicating that exenatide in DWMS maintains the sec-
ondary structure of the native exenatide. Therefore,
preparation process does not alter the conformation
of exenatide.

In Vitro Release and Degradation of DWMS

The in vitro cumulative release of exenatide from
DWMS was shown in Figure 4a. Exenatide on sur-
face or near surface of the DWMS leads to burst re-
lease. The release profiles showed approximately 1%
initial burst, followed by a lag phase of about 8 days.
In initial period of the in vitro release, as the polymer
degraded slowly, the exenatide retained in DWMS re-
leased slowly, leading to the formation of lag phase.
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Figure 4. The in vitro release of exenatide from DWMS in PBS at 37◦C. Data are means ± SE
(n = 3). (a) SEM photographs of cross-sectional view of DWMS after different days of in vitro
release. The pictures of upper left, upper right, lower left, lower right indicate the time of release
experiment for 4, 20, 40, and 70 days, respectively (b).

After that, a near zero-order release up to 70 days was
observed. About 84.4% of exenatide was released from
DWMS at the end of 70 days, implying a completely
release in vivo.

SEM photographs of cross-sectional view of DWMS
taken from samples undergoing in vitro release ex-
periments are shown in Figure 4b. After 4 days of
undergoing in vitro, slightly degradation of PLGA
core was observed. After 20, 40, and 70 days of re-
lease experiments, the inner core continued to de-
grade and disappear, and shrinkage in DWMS size
was found. The PLLA coating was still relatively in-
tact because its degradation rate is much lower than
that of PLGA. The porous surface can be maintained
at least 70 days, and the porous surface is a rate-
controlling factor that makes the release of exenatide
from the core near zero-order kinetics.

PK Model

The plots of observed and fitted exenatide concentra-
tion–time after s.c. administration at different doses
are presented in Figures 5a–5c. After injection, due
to burst release, exenatide concentrations increased
rapidly, reaching initial peaks within 1 h, followed by
a rapid decline through day 1. Owing to sustained re-
lease of DWMS, exenatide concentrations increased
again after day 1 and reached their second peaks at
about day 20. Twenty days later, the concentrations
decreased slowly through day 50 at the end of de-
termination. The proposed PK model nicely captured
the overall profiles. VPC results showed that the pro-
posed PK model could predict the exenatide concen-
trations closely and 12.5% of the observed concentra-
tions fell outside the 90% prediction intervals (PIs)
(Figs. 5a′–5c′). There was neither an initial period of
high burst release nor an extended period with little
or no release within the whole curve range after s.c.
administration of exenatide DWMS to diabetic rats,

indicating that the release pattern of the constructed
exenatide DWMS may have clinical significance due
to the relatively stable exenatide concentration. The
PK parameters were summarized in Table 1. All pa-
rameters were estimated with good precision (RSE%
<30% except for Fra2 at 31.1%). The results indicated
that the time course of exenatide in vivo was in accord
with linear PK under s.c. injection doses from 1.25–
5 mg/rats.

PK/PD Model

Observed serum insulin concentration–time profiles
after a single s.c. administration of vacant DWMS in
diabetic rats were shown in Figure 6a. The solid dots
and black line represent the individual values and
mean value, respectively. The mean insulin level was
constant in the experimental period, so the data were
not considered in PK/PD model. The time courses
of measured and fitted serum insulin concentrations
after administration are shown in Figures 6b–6d.
Serum insulin increased following DWMS treatment
at three doses and remained elevated for 50 days. In-
sulin reached the first peaks at about 1 h, followed
by a slow decrease through day 1. One day later, in-
sulin concentrations increased slowly and got their
secondary peaks at about day 10. This concentra-
tion–time profile of insulin is different from that of
exenatide, in which the secondary peaks reached at
about day 20. This may be explained by depletion of
precursor pool of insulin. Ten days later, the serum
insulin concentrations decreased slowly through day
50 at the end of determination. The proposed indirect
response model was in good agreement with the in-
sulin data. VPC indicated that the model manifested
acceptable predictability and 7.8% of the observed in-
sulin concentrations fell outside the 90% PI (Figs.
6b′–6d′). The estimated parameters with good pre-
cision (RSE% < 30%) are listed in Table 2. Sm1 and
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Figure 5. Observed and predicted serum exenatide concentration–time profiles after a single
administration of DWMS at the exenatide dose of 1.25 (a), 2.5 (b), and 5 mg/rat (c) in diabetic
rats. The solid dots represent individual data from rats and the solid line represents the model
fit lines (a–c). Visual predictive check of serum exenatide concentration–time profiles after
single administrations of DWMS at the exenatide dose of 1.25 (a′), 2.5 (b′), and 5 mg/rat (c′). The
ranges between the dotted lines depict the 90% prediction intervals. The solid lines present the
medians of simulated data. The solid dots are the observed concentrations. The inserts show
the concentration versus time curves from 1 to 24 h (a′–c′).

SC50 are drug-specific parameters, which are helpful
for rational dosage regimen.

Figure 7 showed the observed blood glucose con-
centration–time profiles after a single s.c. DWMS at
the exenatide dose of 0 (Fig. 7a), 1.25 (Fig. 7b), 2.5
(Fig. 7c), and 5 mg/rat (Fig. 7d) in diabetic rats. The
solid dots and the black lines represent the individ-

ual data and mean values, respectively. The mean
blood glucose level of control group increased from
29.5 to 31.4 mmol/L (Fig. 7a); therefore, it was nec-
essary to transform the raw blood glucose to GLU.
The observed and predicted GLUs after administra-
tion are displayed in Figures 8a–8c. Comparing with 1
h when insulin reached its first concentrations peaks,
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Figure 6. Observed serum insulin concentration–time profiles of control group, the solid
dots and line represent the individual values and mean value, respectively. (a) Observed and
predicted serum insulin concentration–time profiles after a single administration of DWMS at
the exenatide dose of 1.25 (b), 2.5 (c), and 5 mg/rat (d) in diabetic rats. The solid dots represent
individual data from rats and the solid line represents the model fit lines. (b–d). Visual predictive
check of serum insulin concentration–time profiles after single administrations of DWMS at the
exenatide dose of 1.25 (b′), 2.5 (c′), and 5 mg/rat (d′). The ranges between the dotted lines depict
the 90% prediction intervals. The solid lines present the medians of simulated data. The solid
dots are the observed insulin concentration. The inserts show the concentration versus time
curves from 0 to 24 h (b′–d′).
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Figure 7. Observed blood glucose concentration–time profiles after a single s.c. administration
of DWMS at the exenatide dose of 0 (a), 1.25 (b), 2.5 (c), and 5 mg/rat (d) in diabetic rats. The solid
dots and black lines represent individual data and mean values from diabetic rats, respectively.
The inserts show the blood glucose versus time curves from 0 to 24 h.

the time of maximal hypoglycemic effects are about
3–4 h after administration, showing significant time
delay. Effect compartment and indirect response mod-
els nicely described this phenomenon. Owing to the
reduction of insulin concentrations with time, the
following GLUs increased slowly through day 1, fol-
lowed by a decrease until day 10 and increase until
the end of determination. VPC (Figs. 8a′–8c′) showed
that 8.2% of the observed GLUs fell outside the 90%
PI, indicating that the final model has acceptable pre-
dictability.

In Vitro and In Vivo Correlation

The in vivo release profiles obtained from both de-
convolution and simulation approaches were shown
in Figure 3b. An initial burst release calculated from
deconvolution and simulation were about 1.1% and
1.2%, respectively. The times to reach a plateau in
in vitro release and in vivo experiment were 70 and
50 days, respectively. Therefore, the times required to
reach plateau were normalized for the in vitro data.31

A scale factor of 1.4 (70 days divided by 50 days) was
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Figure 8. Observed and predicted GLU–time profiles after a single administration of DWMS
at the exenatide dose of 1.25 (a), 2.5 (b), and 5 mg/rat (c) in diabetic rats. The solid dots and lines
represent individual data from rats and the model fit lines, respectively. (a–c) Visual predictive
check of GLU–time profiles after single administrations of DWMS at the exenatide dose of 1.25
(a′), 2.5 (b′), and 5 mg/rat (c′). The ranges between the dotted lines depict the 90% prediction
intervals. The solid lines present the medians of simulated data. The solid dots are the observed
GLU. The inserts show the GLU versus time curves from 0 to 24 h (a′–c′).
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employed here. All the in vitro times were divided by
1.4 and the time to reach plateau was the same with
in vivo data. After normalization, the sampling times
for the in vitro release and in vivo absorption data
were not coincident, linear interpolation was used
where necessary to obtain missing data.36 This made
it possible to establish a relationship between in vitro
and in vivo release data, whereas time points were on
the same scale. It has been recommended that burst
release from systems such as microspheres should be
investigated separately.37 Therefore, the following lag
phase and sustained release phase were used to es-
tablish a relationship between the in vitro and in vivo
release data.

The linear regression plots of drug release (%) ver-
sus Fa for the exenatide DWMS are shown in Fig-
ure 3c and the relative regression equations are also
inserted. The good linear regression correlation was
demonstrated between the percentage of drug release
in PBS at 37◦C and the Fa (deconvolution: R2 = 0.982,
simulation: R2 = 0.984). These results showed the
drug absorption fraction in vivo could be predicted by
the accumulated release percentage from in vitro test.

DISCUSSION

Because of low EE of DWMS prepared by water-in-oil-
in-water evaporation method, we selected O1/O2/W
method to fabricate DWMS of exenatide.12,38,39 First,
owing to the low solubility of exenatide in DCM,
MeOH is added to the DCM as the mixed solvent to
improve the solubility of exenatide.7 Second, because
DWMS with particle size larger than 100 :m made
from PLLA and PLGA12,38,39 necessitated the use of
painfully large needles for the s.c. administration, low
concentrations of PLGA and PLLA were used to pre-
pare DWMS to reduce the particle size. Finally, the
interfacial tensions and solvent evaporation rate are
the critical factors for the formation of DWMS,10 and
the high volatilization rate of solvent makes the phase
separation not available, so we evaporate the solvent
in the ice bath for 4 h to reduce the volatilization rate,
and at room temperature for additional 4 h to evapo-
rate the solvent completely.

PLLA and PLGA have different degradation rates,
which achieved distinct degradation behavior and re-
lease patterns. The PLGA core underwent rapid and
accelerated erosion, and the PLLA shell remained rel-
atively intact even after 70 days in vitro due to its
slow degradation. Rahman and Mathiowitz39 investi-
gated the influence of PLLA to PLGA ratio on the lo-
calization of bovine serum albumin (BSA) in DWMS.
They found that using a PLLA–PLGA ratio of 1:1,
FITC–BSA was localized in the PLLA shell, and with
1:2 and 1:3 PLLA to PLGA ratios, the FITC–BSA was
localized in the PLGA inner core. In this study, the
PLLA–PLGA ratio is 3:7 (between 1:2 and 1:3), and

most of exenatide was localized in the PLGA core
of DWMS. The PLLA shell limits the release of ex-
enatide in PLGA core, it is reasonable to anticipate
that DWMS will provide a longer release time.13 Com-
pared with exenatide PLGA microspheres,8 DWMS
extend the in vitro and in vivo release period signif-
icantly. Porous surface (Figs. 2b and 2c) leads to the
constant release of exenatide from DWMS after the
lag phase of 8 days (Fig. 4a). Owing to a good IVIVC
was observed for exenatide DWMS, the in vivo re-
lease behavior was similar with release in vitro. Con-
stant in vivo release provided steady blood concen-
tration of exenatide and GLUs. It was reported that
the polymer ratio could significantly influence the re-
lease pattern13; therefore, to get an ideal release of
DWMS, different PLLA–PLGA mass ratio was inves-
tigated in our preliminary experiments. The higher
ratio of PLLA–PLGA were selected, the thicker shells
were produced, the less burst release occurred, and
the longer lag time and release period were observed.
These results were consistent with their findings.13

Transit compartment model was widely used to de-
scribe both the oral drug absorption delays in pharma-
cokinetic analysis17–19 and the delayed effects for PD
responses in signal transduction process.20–22 Here, it
was employed to characterize the in vivo release of
exenatide from DWMS for the first time. Microsphere
compartment represents the PLGA core, and the first,
second, and third transit compartments represent the
three abstract compartments through which the ex-
enatide release from PLGA core and PLLA shell to
the surface of DWMS. The result of CLSM graph
(Fig. 2d) showed that most of the exenatide located
in the PLGA core, from which exenatide flow through
the PLLA shell that was relatively intact in the whole
release process (Fig. 4b). The release process of exe-
natide from PLGA core can be viewed as exenatide
flowing through the sequential transit compartments.
In addition, in PK model, the burst release was im-
itated by Fra4, defined as fraction of exenatide in
the absorption compartment with no lag release, di-
rectly coming from rapid release from the DWMS sur-
face and/or near surface. Various numbers of transit
compartments were investigated to link microsphere
compartment to absorption compartment, and three
transit compartments adequately characterized the
lag phase and the following sustained-release phase.
Such model-based method described the in vivo re-
lease of exenatide from DWMS nicely and quantita-
tively. To the best of our knowledge, this is the first
time using transit compartment model to describe
drug release from microspheres and to evaluate drug
absorption in vivo.

As shown in Figures 8a–8c, expected GLUs di-
minished following continuous exenatide exposure.
In fact, GLUs depended on the insulin concentra-
tion, and insulin secretion became weaker and weaker
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as the time went on. This phenomenon could be ex-
plained by the depletion of a precursor pool, in which a
certain amount of insulin was stored. Continuous ex-
enatide exposure causes the liberation of insulin, and
it may take a long time to replenish insulin in pre-
cursor pool. Precursor-dependent indirect response
model was established successfully for characteriz-
ing this phenomenon. Moreover, considering the dif-
ferent sites of action for insulin, an effect compart-
ment was integrated into our final PK/PD model. The
stimulating effect of insulin on glucose elimination
and inhibiting effects of insulin on glucose production
were simulated by Sm2 and Im, respectively. Owing
to sparse sampling for the exenatide DWMS, the pa-
rameters (ke0, Sm2, koutG, and Im) were fixed as the
previous estimated values (exenatide solution, dense
sampling), which were more reliable. The small resid-
ual error indicated that the fixed values were reliable.

Because of the foreign body response,40,41 the
in vivo degradation of polymer was faster than that
in vitro, leading to the in vitro release of exenatide in
PBS slower than that in vivo. The slower in vitro re-
lease has been reported in many PLGA-based release
systems.31,42–44 It is difficult to use the in vitro con-
ditions to simulate the in vivo conditions completely
because of the complexity in vivo, such as the effect
of tissue fluid on the polymer degradation, the pres-
ence of hydrolytic enzymes, and the pH gradient,42

but a simple release test is necessary as a quality
control procedure to demonstrate performance and
reproducibility in the preparation of DWMS.

Drug absorption after s.c. injection depends on the
release of the drug from the microspheres, the dis-
solution of the drug under physiological conditions,
and the permeability across the tissue barriers. In
the case of exenatide DWMS, because exenatide has
high dissolution and permeability, PLGA degradation
and existence of PLLA shell are the rate-limiting fac-
tors for the in vivo behavior and a linear relationship
between in vivo and in vitro can be expected. Decon-
volution method is recommended by FDA to calculate
the in vivo absorption profile from the plasma con-
centration–time curves, and a deconvolution-based
level A IVIVC for exenatide DWMS was established
in the present study. Furthermore, a simple model-
based simulation method was proposed to calculate
the in vivo absorption. The in vivo absorption curves
obtained by deconvolution and that from simulation
methods have a very good linear regression rela-
tionship (R2 = 0.999). For model-based simulation
method, the in vivo release profile was obtained from
the simulated data, and goodness of fit is a key factor
to evaluate the reliability of this method. The closer
the fitted values to the observed values are, the more
reliable the simulated results are. To our knowledge,
this is the first time to use model-based simulation
method to calculate the in vivo absorption and estab-

lish the level A IVIVC. The same approach may be
used more widely for evaluation of the in vivo absorp-
tion and IVIVC of different drugs and formulations.

CONCLUSION

Exenatide DWMS with a near zero-order release pro-
file after the lag phase was prepared using O1/O2/W
method and was evaluated both in vitro and in vivo.
Moreover, proposed PK/PD model described the hy-
poglycemic effect of exenatide DWMS in diabetic rats
successfully. Transit compartment model was used to
investigate the in vivo exenatide release from DWMS.
IVIVCs were established by both deconvolution and
model-based simulation methods. Our results showed
that the proposed PK/PD model allowed a better un-
derstanding of the release profile and pharmacolog-
ical properties of exenatide DWMS, and the model-
based simulation may be useful in evaluation of
in vivo release and IVIVC of sustained-release prepa-
ration.
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