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In Vitro and In Vivo Evaluation of a Once-weekly Formulation of an
Antidiabetic Peptide Drug Exenatide in an Injectable Thermogel
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ABSTRACT: An injectable thermogel composed of poly(lactic acid-co-glycolic acid)–poly(ethylene glycol)–poly(lactic acid-co-glycolic
acid) (PLGA–PEG–PLGA) triblock copolymers was evaluated as the matrix of a long-acting drug delivery system of exenatide (EXT), an
antidiabetic peptide. The optimal gel formulation containing 2 mg/mL EXT and three pharmaceutical excipients (1.25 wt % zinc acetate,
5 wt % PEG200, and 5 wt % sucrose) was injected subcutaneously, and its pharmacokinetics was investigated. Both in vitro and in vivo
release profiles exhibited a sustained release of EXT over 1 week. After a subcutaneous injection of the EXT formulation into db/db mice,
the blood glucose level was maintained in a normal range up to 7 days and meanwhile the growth of body weight was suppressed.
The in vivo results were consistent with the in vitro EXT-release profile. Moreover, twice injections of the gel formulation resulted in the
higher blood insulin level and lower plasma concentration of glycosylated hemoglobin compared with twice-daily injections of an EXT
solution for 18 days. Histological observations manifested the protection of islet due to administration of the gel formulation. Therefore, the
PLGA–PEG–PLGA thermogel provided an excellent candidate for a once-weekly delivery system of EXT, and the optimal EXT formulation
not only afforded therapeutic efficacy but also improved patient compliance. C© 2013 Wiley Periodicals, Inc. and the American Pharmacists
Association J Pharm Sci 102:4140–4149, 2013
Keywords: hydrogels; peptide delivery; exenatide; type II diabetes; db/db mice; biodegradable polymers; in vivo/in vitro correlations;
pharmacokinetics; pharmacodynamics

INTRODUCTION

Glucagon-like peptide-1 (GLP-1), a hormone of 30 amino-
acid residues, can stimulate insulin secretion in a glucose-
dependent manner.1 Because of its glucose-induced in-
sulinotropic effect, GLP-1 controls hyperglycemia of type II
diabetic patients without the risk of hypoglycemia. The bot-
tleneck of its clinical application is the extremely short half-life
in circulation (<2 min) owing to the rapid degradation by a
ubiquitously expressed enzyme, dipeptidyl peptidase IV (DPP-
IV).1,2 This problem is fortunately resolved by the emergence of
GLP-1 receptor agonists, which can resist the DPP-IV-induced
degradation significantly.2,3

Exendin-4, a polypeptide of 39 amino-acid residues, is
the most efficient and safe GLP-1 receptor agonist so far.2,3

Although it shares approximately 53% sequence homology
with GLP-1, the site of the proteolytic cleavage by DPP-4 is
avoided.2,3 Glucoregulatory actions of exendin-4 include en-
hancement of glucose-stimulated insulin secretion, inhibition of
gastric emptying, and reduction of appetite. Moreover, exendin-
4 can promote $-cell proliferation and consequently improve
islet function.2–5 The potency of the glycemic control of exendin-
4 is 5000-fold of that of GLP-1.3
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Exendin-4 was originally isolated from the salivary gland
of the lizard Heloderma Suspectum (Glia monster).6 Its syn-
thetic product exenatide (EXT) and relevant solution injection
(Byetta R©) have been approved by both United States Food and
Drug Administration (2005) and European Medicines Agency
(2006) as a medication in treatment of patients with type II
diabetes mellitus. Byetta R© is administrated by twice-daily sub-
cutaneous injection. A long-acting microsphere formulation of
EXT (Bydureon R©) was also developed and approved by both Eu-
ropean Union (2011) and United States (2012) as a once-weekly
injectable delivery system. Bydureon R© shares many advantages
such as reduced administration frequency, stable plasma drug
level, and better patient compliance.7,8 Nevertheless, a mi-
crosphere formulation often suffers from difficulties such as
preparative complication, residual organic solvent, and high
cost in sterilization. It is thus helpful for developing more for-
mulation ways of EXT, for instance, a convenient implantation-
type formulation.

The present paper concerns a subcutaneously injectable
formulation in the form of hydrogels. Hydrogels have been in-
vestigated extensively for various biomedical applications.9–17

Especially, injectable and biodegradable thermogels are
promising as an implantation-type sustained-release carrier of
bioactive proteins, peptides and other drugs.18–24 Such a sys-
tem is a low viscous solution at ambient temperature and un-
dergoes a sol–gel transition upon heating. The drug is easily
entrapped by mixing the aqueous polymer solution at room
temperature without using any organic solvent. The polymer
solution containing drugs is then readily injected using conven-
tional syringe needles, and rapidly gelled at the physiological
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temperature, resulting in an automatic encapsulation of the
drugs. Among all of these systems, the thermogelling tri-
block copolymer poly(lactic acid-co-glycolic acid)–poly(ethylene
glycol)–poly(lactic acid-co-glycolic acid) (PLGA–PEG–PLGA)
may be one of the most promising candidates for the clinical ap-
plication due to its convenient synthesis, good profile of safety
and adjustable properties.25–30

Recently, the first case of the thermogel formulation of EXT
has been reported by us.31 A “mixture hydrogel” composed
of two PLGA–PEG–PLGA polymers yet with different block
lengths was used as the delivery matrix. One polymer is too hy-
drophobic to dissolve in water, and the other is too hydrophilic
to form a hydrogel at any concentration and temperature. In-
terestingly, the mixture with appropriate compositions could be
soluble in water and form a physical hydrogel upon increase of
temperature due to a subtle balance between hydrophilicity and
hydrophobility when the polymer concentration is higher than
the critical gel concentration (CGC).32,33 By this way, the ap-
plicable window of the amphiphilic block copolymers has been
broadened to a large extent, and the sol–gel transition temper-
ature Tgel could be easily adjusted by mix ratio to satisfy the
medical requirements. Meanwhile, to suppress the burst effect
of EXT and keep a uniform drug release from the gel, we in-
troduced three excipients, zinc acetate, PEG, and sucrose into
the formulation, and found surprisingly that the release profile
of this water-soluble peptide could be significantly improved
under appropriate conditions due to a synergetic effect.31 Some
key issues of this synergetic “mixture thermogel” still open, for
example, more factors to modulate the in vitro release profiles,
the in vivo release and its correlation with the in vitro one,
the therapeutic efficacy in diabetic mammals. To answer these
questions is vital for developing this promising antidiabetic
formulation and very meaningful for shedding new insight of
pharmaceutics concerning polypeptide drugs and/or physical
hydrogels.

The present study is mainly emphasized on the pharma-
cokinetics (PK) and pharmacodynamics (PD) studies of the
thermogel formulation of EXT, as schematically presented in
Figure 1. The total copolymer concentration and drug amount
will be examined as a regulator of the in vitro release profile
of EXT in this study. The in vivo release will also be checked
for the first time, and a comparison between the in vivo and in
vitro profiles of the formulation with optimal condition will be

made via transformation of the transient blood drug concentra-
tion into the cumulative drug release in vivo. db/db mice of type
II diabetes will be employed to assess the therapeutic efficacy
for 10 days (a bit longer than one week) upon a single subcu-
taneous injection of the optimal formulation. In addition, the
plasma insulin level, concentration of glycosylated hemoglobin
(HbA1c), and histological morphology of pancreatic islet will
be examined after twice subcutaneous injections of the long-
acting EXT thermogel formulation and compared with that of
twice-daily subcutaneous injections of an EXT solution for 18
days.

MATERIALS AND METHODS

Materials

PEG [molecular weight (MW) 200, 1000, and 1500] and tin ethyl
hexanoate (stannous octoate, 95%) were obtained from Sigma–
Aldrich (USA) . D,L-lactide (LA) and glycolide (GA) were pur-
chased from Purac (The Netherlands). Sucrose and zinc acetate
were products of Sinopharm Chemical Reagent Company Ltd.
(Shanghai, China). EXT was kindly provided via the Hangzhou
Jiuyuan Gene Engineering Company, Ltd. (Hangzhou, China).
All of chemicals were used without further purification. Two
PLGA–PEG–PLGA triblock copolymers were synthesized as
described previously.31

Animals

Male Sprague–Dawley (SD) rats were provided from Shanghai
Super-B&K Laboratory Animal Corporation Ltd. (Shanghai,
China). db/db mice with body weight 50 ± 5 g were purchased
from SLAC Laboratory Animal Corporation Ltd. (Shanghai,
China). The animals were housed under a 12-h light/dark cycle
with free access to food and water during the acclimatization
period. All procedures concerning experimental animals obeyed
the principles outlined in the Declaration of Helsinki and have
been approved by the ethics review board of Novo Nordisk.

Viscosity Measurements of Polymer Solutions and Hydrogels

Aqueous PLGA–PEG–PLGA solutions with 1/1 weight mix ra-
tio of copolymer-1/copolymer-2 were prepared via dissolving
polymer in deionized water. The viscosity measurements of
aqueous polymer solutions as a function of temperature were

Figure 1. Schematic illustration of the present study of a hydrogel formulation of the peptide drug EXT. EXT with the amino acid sequence
NH2-HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS-CONH2 is soluble in water. Two amphiphilic copolymers composed of one
hydrophilic block of PEG and two hydrophobic blocks of PLGA will be used with one copolymer dissolved in water and the other precipitated,
yet their mixture is soluble in water and exhibits a sol–gel transition upon increase of temperature. The optimal EXT gel formulation contains
three excipients (zinc acetate, PEG200 and sucrose). The formation of Zn-EXT complex is beneficial for reducing the initial burst release and the
leaching of PEG200 and sucrose accelerates the late-stage release of EXT. Both PK and PD will be investigated after subcutaneous injections.
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carried out on a strain-controlled rheometer (ARES Rheolomet-
ric Scientific) using a Couette cell (Couette diameter, 32.0 and
34.0 mm; height 33.3 mm).34 The measurements were operated
with an oscillatory frequency of 10 rad/s and a heating rate of
0.5◦C/min between 20◦C and 45◦C.

In Vivo Gel Formation

The experiments of in vivo gel formation and degradation were
performed using male SD rats (body weight 180 ± 20 g). The
anesthesia of animals was induced via an intramuscular injec-
tion of a 3% sodium pentobarbital solution. Then, 400 :L of
the 1/1 polymeric mixture system with a total concentration
25 wt % was subcutaneously injected into the neck of rats. At
designated time points, the animals were euthanized, and the
injection sites were carefully dissected. The photographs of the
in situ-formed gels were obtained using a camera.

In Vitro Release Study

The Zn–EXT complex was prepared by adding zinc acetate into
an EXT solution. After incubating at 4 ◦C for 24 h, the sample
was freeze-dried. The drug-loading polymer solutions were ob-
tained by mixing the polymer solutions with PEG200, sucrose,
and Zn–EXT powder.31 Each vial (10-mL volume, 14 mm inner
diameter) containing 0.5 mL sample was incubated in a wa-
ter bath at 37◦C for 10 min. After the formation of hydrogel,
phosphate buffer saline (PBS, pH 7.4, 10 mL) containing 0.02%
sodium azide (aseptic agent) was added as the release medium.
The shaking rate of the water bath was set at 50 rpm. The re-
maining gels were collected and the drugs in the gel matrix was
determined via high-performance liquid chromatography (Shi-
madzu SCL-20Avp liquid chromatograph) using a C4 column
(Sepax, Newark, Delaware).31 Mobile phase A was a mixture of
PBS (pH 2.0, 85 mmol) and acetonitrile (95:5, v/v), and mobile
phase B was composed of PBS (pH 2.0, 85 mmol) and acetoni-
trile (61:39, v/v). A linear gradient with 1.0 mL/min flow-rate
was run from 35% mobile phase A and 65% mobile phase B to
28% A and 72% B at the initial 0–6 min, and then 28% A and
72% B were maintained for the following 27 min (6–33 min).

Plasma Drug Concentrations in SD Rats

Pharmacokinetics was assessed in 12-week-old SD rats (body
weight 475 ± 25 g), which were randomly divided into two
groups (three rats per group). The first group (defined as Free
EXT) was administrated by a single subcutaneous injection of
0.4 mL EXT (2.0 mg/mL) in acetate buffer solution at pH 4.5
(the pH follows the commercial product Byetta R©); the second
group (EXT in Gel) was administrated by a single subcutaneous
injection of 0.4 mL gel formulation containing 2.0 mg/mL EXT
(pH 7.4). The drug dosages in both groups were thus 0.8 mg. At
predetermined time points (0.25, 0.5, 1, 1.5, 2, 4, 7.5, 12, and
24 h for the first group; 0.25, 0.5, 1, 1.5, 2, 4, 7.5, 12, 24, 72,
120, 168, 216, and 264 h for the second group), approximately
0.3 mL of blood samples were collected from the tail vein. The
rats were provided free access to water during the experiment.
After centrifugation at 3000g for 10 min, blood serum was ob-
tained and stored at −40◦C until the assay. Plasma concen-
trations of EXT were determined using an Exendin-4 EIA kit
(Phoenix Pharmaceuticals, Inc., USA).

PD Study of EXT Released from the Thermogel in db/db Mice

The experimental animals, db/db mice were assigned to three
groups (n = 9 for each group): NaCl [a single subcutaneous
injection of 0.9% NaCl solution (NS), 3.75 mL/kg], Free EXT
(twice-daily subcutaneous injections of an EXT solution at
10:00 a.m. and 5:00 p.m., 0.375 mg/3.75 mL/kg), and EXT in
Gel (a single subcutaneous injection of the hydrogel formula-
tion, 7.5 mg/3.75 mL/kg). The drug dosage in the group of “EXT
in Gel” was 20-fold of that of “Free EXT” once, and thus the
total dosages in both groups were equal during the 10-day ex-
periment.

The mice were fasted overnight except free access to wa-
ter. On the first day of this study (defined as D0), 20 :L of
blood samples were obtained from the tail vein, and then NS,
Free EXT, or EXT gel formulation were subcutaneously ad-
ministrated. Next, an oral administration of a glucose solution
(2 g/10 mL/kg) in db/db mice were performed after the differ-
ent treatments for 15 min, and blood samples were collected
at 30 and 60 min. Blood glucose concentrations of db/db mice
were monitored using an AccuCheck Active (Roche Diagnostics,
Germany).

On the next 10 days of posttreatment, the animals were
fasted from 9:00 a.m. for 4 h, followed by an oral administra-
tion of glucose. Blood samples were collected at 0 (before oral
administration of glucose), 30 and 60 min after the oral ad-
ministration of glucose. Body weight was also recorded daily at
10:00 a.m.

After the first treatment for 10 days, the second administra-
tion of EXT gel formulation was performed in the group of “EXT
in Gel” at the afternoon of day 10. The group of “Free EXT” was
accordingly twice-daily injected throughout the entire period.
At day 18, blood samples were obtained from the eyes. Plasma
insulin levels were measured using an insulin ELISA kit (Mer-
codia, Sweden), and blood HbA1c concentrations were deter-
mined using an analyzer for hemoglobin (Variant II; Bio-Rad,
USA).

Moreover, pancreases were isolated from db/db mice. The his-
tological samples were fixed in 10% neutral buffered formalin,
embedded in paraffin and cut into slices of thickness 4 :m. The
sections were strained with hematoxylin–eosin (HE) and ob-
served under a light microscope for histological examinations.

Statistical Analysis

The peak plasma concentration (Cmax) and the time to reach the
maximum concentration (Tmax) were determined directly from
the data. Noncompartmental PK analyses were performed on
the profiles of plasma EXT concentrations versus time using a
PK analysis system (Drug and Statistics, DAS2.0).35 The area
under the plasma concentration time curve during the exam-
ined period (AUC0–t) was obtained by the sum of areas from
time zero to the last day of sampling, which was calculated
using the log-trapezoidal approach.35

Furthermore, the in vivo/in vitro correlation profile was de-
termined via the deconvolution approach.36 This approach is
based on the convolution relation between the response func-
tion R(t), input function I(t), and weighting function W(t) writ-
ten as

R(t) =
∫ t

0
I(J)W(t − J)dJ = I(t)W(t) (1)
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Here, R(t) = Cp(t), the transient plasma drug concentration at
time t for a formulation; I is the in vivo dissolution rate, which
means here the in vivo release rate, namely dA/dt (A is the re-
lease amount); and W is calibrated by a so-called unit impulse
response, which corresponds to the plasma drug concentration
profile upon a unit amount of drug release; “*” denotes con-
volution. Both response and weighting functions are achieved
by experimental measurements. Therefore, the input function
could be calculated by deconvolution as

I(t) = R(t)//W(t) (2)

Then, the in vivo cumulative release can be obtained by

In vivo release(%) =
∫ t

0 I(J)dJ∫ ∞
0 I(J)dJ

(3)

It should be indicated that the above relations are based
upon the superposition principle, which stands under linear
assumptions of dose proportionality and time invariance of the
system investigated.

All data were presented as mean ± standard deviation.
Groups were compared via least significant difference (LSD)
t-tests. A p value less than 0.05 was considered as the crite-
rion of a statistically significant difference between the groups
joining in comparison, unless otherwise indicated.

RESULTS

Sol–Gel Transition of the Mixture Hydrogel

Two PLGA–PEG–PLGA triblock copolymers were synthesized
and characterized, following our previous protocol.31 Although
both samples did not possess the thermogelling properties,
their mixture with an appropriate mix ratio might exhibit a
thermoreversible sol–gel transition in water.31–33 In this study,
copoymer-1 with MW 1286–1500–1286 and copolymer-2 with
1508–1000–1508 were synthesized; the molar ratios of LA/GA
in the PLGA blocks for both samples were 4/1. The thermo-
gelling ability of the copolymer mixture with weight ratio 1/1
was confirmed. Figure 2 shows the change in viscosity as a
function of temperature at three polymer concentrations. The
aqueous polymer system exhibited an increase in viscosity with
elevating temperature at any polymer concentration. Only with
copolymer concentration above CGC (and of course under ap-
propriate copolymer composition and mixture ratio), the sam-
ple was able to turn into a semi-solid gel. For instance, the
1/1 mixture system (25 wt %) was a free-flow liquid at room
temperature and became viscous with increasing temperature
to 26◦C. As the temperature was raised to 32◦C, the mixture
system formed a nonflowing gel. Such a physical hydrogel was
kept at the physiological condition.

In Vivo Gel Formation

The in situ thermogelling was also confirmed, as demonstrated
in Figure 3. After a subcutaneous injection of the 1/1 mixture
solution (25 wt %) into the neck of an SD rat, a rapid gelling
happened at the injection site (about 30 s), and its integrity was
well maintained over 3 weeks. Hence, our mixture hydrogel is
potentially used as an injectable and biodegradable depot for
sustained drug delivery.

Figure 2. Viscosity of the copolymer aqueous system as a function of
temperature at indicated total polymer concentrations with 1:1 weight
ratio of copolymer 1 and copolymer 2. The medium is deionized water.

Figure 3. In situ gel formation of 1/1 PLGA–PEG–PLGA mixture
solution (25 wt %, 0.4 mL) in the neck of an SD rat. The photograph
was taken 1 week after the subcutaneous injection.

EXT Release In Vitro for 9 Days

In our recent report, an optimal thermogel formulation contain-
ing 2 mg/mL EXT was obtained via addition of three excipients
(1.25 wt % zinc acetate, 5 wt % PEG200, and 5 wt % sucrose)
in the 1/1 mixture hydrogel.31 In the present study, the effects
of polymer concentration and drug amount on release profiles
were further investigated. As the polymer concentration de-
creased from 25 to 18 wt %, the initial burst release increased
significantly (Fig. 4a). The burst release from the 18 wt % gel
may be explained via its low viscosity, as shown in Figure 2.
This feature suggests that the control of the initial burst de-
pends on not only the synergistic effect of above mentioned
excipients but also the polymer concentration. The drug con-
centration influenced the release profiles as well (Fig. 4b). Both
the initial burst and cumulative release amounts decreased
with increasing drug concentration.
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Figure 4. In vitro release profiles of EXT from the 1/1 mixture hydrogel containing three additives (1.25 wt % zinc acetate, 5 wt % PEG200,
and 5 wt % sucrose) at (a) two indicated total copolymer concentrations but a fixed drug concentration (2 mg/mL), and (b) three indicated drug
concentrations but a fixed copolymer concentration (25 wt %). The lines are used just for the guides of the eyes.

Tests of SD Rats to Monitor Drug Concentrations in Plasma
for 11 Days

Pharmacokinetics studies of the hydrogel formulation of EXT
were performed in SD rats and reported for the first time in
this paper. The plasma concentrations of EXT were detected
at a series of time points after a single subcutaneous injection
of the optimal EXT hydrogel formulation/Free EXT. A steady-
state drug level was maintained up to day 9 and dropped at day
11 for the optimal EXT formulation, as shown in Figure 5. In
contrast, the duration of drug was kept only for a few hours in
the case of Free EXT.

On the basis of the profiles, we calculated the relevant PK
parameters such as Cmax and half elimination time t1/2z. The re-
sults are listed in Tables S1 and S2 in Supporting Information.
The Cmax of EXT gel formulation was 53 ± 5 ng/mL, signifi-
cantly lower than that of Free EXT (248 ± 21 ng/mL); t1/2z of
EXT gel formulation read 34.3 ± 5.6 h, 16-fold of that of Free
EXT (2.1 ± 0.4 h). A significant sustained release of the pep-

Figure 5. Plasma EXT concentrations in SD rats treated with the
optimal EXT hydrogel formulation or Free EXT. The results are pre-
sented as mean ± standard deviation (n = 3). The lines are used just
for the guides of the eyes.

tide drug EXT has thus been achieved in vivo by using our
thermogel.

Tests of db/db Mice to Detect Blood Glucose Concentrations
and Body Weights for 10 Days

We further employed hyperglycemic db/db mice as a model of
type II diabetes to check PD of the hydrogel formulation of EXT.
The db/db mice exhibited high blood glucose levels within the
entire period of in vivo tests, suggesting the stability of the an-
imal model. After an oral gavage of glucose, the blood glucose
concentrations of mice were further elevated. The concentra-
tions were lowered rapidly after injecting either Free EXT or
the hydrogel formation of EXT. The data in Figure 6 about
the blood glucose levels of db/db mice were analyzed by LSD
t tests, and the resultant p values are listed in Supplementary
Table S3. There was a significant difference between the EXT
gel formulation (or Free EXT) and the control group, as shown
in Figure 6 and Tables S3. The blood glucose levels were kept
steady for one week after just a single subcutaneous injection
in the group of the hydrogel formulation.

The mice were also weighed, with the results shown in
Figure 7. The body weight increased in the control group. There
was no significant difference in body weight gain between Free
EXT and the control group, as shown in Tables S4. In contrast,
a significant decrease in body weight compared with the con-
trol group or Free EXT was observed after administration of
the EXT gel formation. Especially, a significant decline in body
weight of near 10% was seen in db/db mice receiving the hy-
drogel formulation of EXT compared with the saline-treated
control, indicating that the sustained release of EXT delayed
gastric emptying and reduced appetite. This phenomenon was
consistent with the pharmacology of EXT as reviewed in the
literature,3 and a similar finding was also observed in the mi-
crosphere formulation of EXT.37

Tests of db/db Mice to Detect Blood Insulin and HbA1c
Concentrations after 18 Days and the Histological Observations
Afterward

The plasma concentration of insulin in hyperglycemic db/db
mice increased significantly after continuously twice-daily
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Figure 6. Blood glucose levels in db/db mice treated with saline solution, Free EXT or the EXT gel formulation. The caption of “D” denotes the
time (day) after treatment, and the first injection of the EXT formulation was denoted as day 0. The oral gavage of glucose in mice was once-daily
performed. The three data with respect to time 0 at D0 reflect the basic blood glucose concentration, namely, the limosis blood glucose level
without any treatment. From days 1–10, time 0 in the horizontal coordinate indicate actually the limosis blood glucose levels immediately before
glucose garage in mice that experienced 4 h of limosis before once-daily garage of glucose. The time points of 30 and 60 min started at finishing
glucose gavage, which lasted for about 10 s as usual. Free EXT was administered by twice-daily subcutaneous injections at an EXT dose of
0.375 mg/3.75 mL/kg for each injection. The hydrogel formulation of EXT was administrated by a single subcutaneous injection at an EXT dose
of 7.5 mg/3.75 mL/kg. n = 9 for each group. Significant differences between the groups of “Free EXT” and “EXT in Gel” are specifically marked:
“*”, p < 0.05; “***”, p < 0.001.

Figure 7. Change in body weight of db/db mice after indicated treat-
ments. n = 9 for each group. There is a significant difference between
the groups of “NaCl” (or “Free EXT”) and “EXT in Gel” at days 1–10.

injections of Free EXT for 18 days compared with the saline-
treated control. A significant increase in insulin concentration
was also observed in the group of the hydrogel formation, as
shown in Figure 8 and Table S5. Here, a higher insulin level
was determined via injections of the hydrogel formulation of
EXT just twice during the 18 days. Therefore, the sustained
release of EXT from our mixture hydrogel promoted secretion
of insulin to a large degree.

HbA1c concentrations were detected as well. HbA1c comes
from non-enzymatic irreversible glycation of Hb and represents
an indirect indicator of cumulative blood glucose concentra-
tions. Consequently, the level of HbA1c is regarded as a more
convincing index of the glycemic control than the blood glucose
concentration, which fluctuates highly.37 As shown in Figure 8
and Table S5, administration of Free EXT had no significant
influence on HbA1c compared with the saline control. In con-
trast, a significant decrease in HbA1c concentration in plasma
was observed in db/db mice receiving the EXT formulation for
18 days. This finding strengthens that the sustain-released
EXT offers a beneficial effect on sustained glycemic control.
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Figure 8. Insulin and HbA1c concentrations in plasma of db/db mice
upon indicated treatments for 18 days. Free EXT was administered via
twice-daily subcutaneous injections at an EXT dose of 0.375 mg/3.75
mL/kg for each injection; the hydrogel formulation of EXT was subcu-
taneously injected twice on day 0 and 10 at an EXT dose of 7.5 mg/3.75
mL/kg. n = 9 for each group. “*”, p < 0.05; “**”, p < 0.01; “***”, p <

0.001.

After sacrificing the mice at day 18, we carried out the histo-
logical examinations of pancreatic sections. Normal mice usu-
ally exhibit round or elliptical pancreatic islets with a distinct
outline and tight organization between islet cells. In contrast,
islets of the saline-treated db/db mice presented a deranged
morphology combined with loss of islet volume and cellular
homogeneity. Moreover, cellular necrosis, broadening gap be-
tween islet cells and hyperplasia of fibrous tissue were observed
(Fig. 9a). Compared with the control group, the volume of islets
enlarged and the amount of islet cells increased in db/db mice
receiving Free EXT or the EXT hydrogel formulation (Figs. 9b
and 9c). Therefore, the histological observations are consistent
with the PD of EXT by confirming the promotion of prolifera-
tion of pancreatic islet cells and the preservation of the islet
structure in db/db mice.

DISCUSSION

Diabetes mellitus has, despite a chronic metabolic disease, been
one of the most dangerous epidemics in the world. EXT is the
first GLP-1 receptor agonist to be approved to treat type II dia-
betes mellitus clinically. Unlike the glucose-independent agents
such as insulin and sulfonylureas, EXT can, as a glucoreg-
ulatory agent, stimulate insulin secretion during either eug-
lycemia or hyperglycemia; and its insulinotropic action rapidly
reduces when the blood level of glucose is lower than 3 mmol/L.3

Consequently, even if EXT is continuously released, the risk of
hypoglycemia is quite low and the drug safety is rather high.

In this study, the PLGA–PEG–PLGA triblock copolymer hy-
drogel was used as the reservoir of EXT. The thermogelation
of the amphiphilic copolymers in water occurs via formation of
a percolated micelle network.32,38,39 The in situ formed gel can
maintain integrity up to several weeks at the target site after
a single subcutaneous injection (Fig. 3). The thermogel is quite
unique due to the spontaneous formation of gel at the body
temperature free of any chemical reaction, as schematically
presented in Figure 1.

An optimal thermogel formulation of EXT was prepared by
mixing the drug (2 mg/mL) and the three excipients (1.25 wt%
zinc acetate, 5 wt% PEG200 and 5 wt% sucrose) with the aque-
ous polymer solution at ambient temperature. The copolymer
aqueous system containing drug and excipients was still a free-
flowing solution at low temperatures (< Tgel < Tbody) and turned
into a gel at the body temperature. Because of the low viscos-
ity at the sol state, a subcutaneous injection of our copolymer
system is feasible using common syringe needles, such as a
23-gauge one. The in vitro release experiment confirmed that
the optimal EXT hydrogel formulation showed a sustained re-
lease profile up to 9 days (Fig. 4). Such an excellent result was
attributed to the synergistic effect of three excipients. The for-
mation of insoluble Zn–EXT nanoparticles via the complex of
zinc ion with the anions in amino acids of EXT delayed the ini-
tial burst, and the porogen effect of hydrophilic PEG200 and
sucrose promoted the uniform and complete drug release.31

The in vivo PD was confirmed in db/db mice model. As
displayed in Figure 6 and Table S3, both the fasting and

Figure 9. HE-strained histological sections of pancreas islets isolated from indicated db/db mice groups after treatment for 18 days. (a) db/db
mice treated with NaCl; (b) db/db mice treated with Free EXT; (c) db/db mice treated with the EXT hydrogel formulation. (d), (e), and (f) are
magnified images of indicated regions in (a), (b), and (c), respectively.
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post-glucose-loaded blood glucose concentrations were signif-
icantly decreased. During the 10 days of examinations, a single
subcutaneous administration of the hydrogel formulation suc-
cessfully achieved a normal glucose level up to 1 week. This
mammal test has convinced the bioactivity of EXT released
from the thermogel matrix and the effectiveness of our EXT
formulation to control fasting and postprandial blood glucose
excursions in type II diabetic animals in a sustained release
manner.

Meanwhile, the growth of body weight was effectively sup-
pressed after administration of the EXT formulation (Fig. 7).
This result is attributed to the anorectic effects of EXT because
the drug can act on hypothalamus to increase satiety and slow
gastric emptying.3 This feature is beneficial especially for pa-
tients of type II diabetes along with obesity.

The levels of insulin and HbA1c in db/db mice were detected
as well. As the interval of reliable detection of HbA1c concen-
tration via instrument usually requires one month for human
and two weeks for mouse,40 we prolonged the blood tests to day
18, and thus the second injection of the hydrogel formulation
of EXT was carried out at the afternoon of day 10 following
the above-mentioned 10-day db/db mice experiments. Figure 8
and Table S5 present that the plasma level of insulin remark-
ably increased and the blood concentration of HbA1c decreased
significantly after twice injections of the EXT formulation in
db/db mice. In contrast, the increase in insulin level was rela-
tively low, and the HbA1c concentration did not change signifi-
cantly after even twice-daily injections of Free EXT for 18 days.
Hence, the efficacy of long-term injections of the EXT hydrogel
formulation is also superior to that receiving twice-daily admin-
istration of Free EXT for the same time period. Moreover, our
histological observations affirmed the increasing proliferation
of islet cells and protection of islet function following treatment
with the EXT formulation.

Another necessary animal test is the detection of time-
dependent drug concentration, the key study of in vivo PK.
In Figure 5, the elevated plasma level of EXT remained over
1 week after a single subcutaneous injection of the EXT hy-
drogel formulation into SD rats. Although Figure 5 for in vivo
PK appears ahead of those data of in vivo PD, the data of this
figure were obtained actually later than those of Figures 6–9
in our experiments because we were faced with experimental
difficulties of in vivo PK. An ideal animal model for the in vivo

PK seemed db/db mice in this study. However, approximately
0.3 mL blood is usually required to precisely detect drug level
in plasma, whereas the whole blood available for a mouse is
about 2.0 mL. Also, many time points must be detected to ob-
tain a complete PK profile. That is why we eventually chose
db/db mice, a very sensitive animal model for type II diabetic
tests to examine in vivo PD, and SD rats, a model with much
more blood to check in vivo PK quantitatively. Of course, an al-
ternative choice is to use directly Zucker diabetic fatty rats.37,41

Fortunately, our results demonstrated that the reduced blood
level of glucose in db/db mice was consistent with the increased
plasma concentration of EXT in SD rats for the same time pe-
riod. It is worthy of pointing out that the number of SD rats in
each group (n = 3) is relatively small in the present study of
PK and more animals are usually required in an in vivo study
(as n = 9 in our db/db mice experiments for PD).

We also tried to compare the in vivo and in vitro PK results on
the basis of the data in Figures 4 and 5. The straight comparison
is not available because the plasma drug concentration is not
equal to the release amount of EXT from the hydrogel after a
subcutaneous injection into the neck. Eventually, we employed
a deconvolution method to calculate the in vivo drug release
rate via Eq. 2. Here, the transient drug concentration in blood
(data in Fig. 5 for the group of “EXT in Gel”) was employed as
the response function, and the data in Figure 5 for the group
of “Free EXT” divided by the total drug dosage (0.8 mg) as
the weighting function. Then we used Eq. 3 to calculate the
cumulative drug release in vivo, with the results displayed in
Figure 10a. Similar to the in vitro release profile, a sustained
release profile in vivo was achieved. The 100% release was due
to almost zero (undetectable) plasma drug concentration at the
late stage in Figure 5. Our results demonstrated a very good
correlation between in vitro release and in vivo PK, as shown
in Figure 10b. Hence, the in vitro release profile, the in vivo
PK, and the in vivo PD are consistent with each other in our
studies quiet well.

CONCLUSIONS

The thermogelling system composed of two PLGA–PEG–PLGA
triblock copolymers and three additives (zinc acetate, PEG200,
and sucrose) were used as the drug depot of the water-soluble
peptide EXT. The polymer–drug solution presented good

Figure 10. (a) The in vivo release profile of the hydrogel formulation of EXT with 2 mg/mL EXT, 25 wt % total copolymer, and three additives
(1.25 wt % zinc acetate, 5 wt % PEG200, and 5 wt % sucrose) calculated according to the deconvolution method based on the response and
weighting functions via Eqs. 2 and 3. (b) The corresponding in vitro/in vivo correlation profile of the hydrogel formulation of EXT at indicated
days. Data were linearly fitted with a squared coefficient 0.96.
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injectability at low temperatures, and the spontaneous ther-
mogelation occurred at the body temperature. The physical gel
kept its integrity at subcutaneous sites at least for one week.
The in vitro release profile was adjusted by copolymer concen-
tration and drug amount. The sustained release of EXT from
the gel matrix after a single subcutaneous injection improved
glucose tolerance and controlled both fasting and postprandial
blood glucose excursions in type-II diabetic db/db mice for 1
week. The body weight gain of mice was suppressed as well.
Moreover, the treatment with the EXT thermogel formulation
twice during 18 days promoted insulin secretion, decreased
HbA1c concentration, alleviated histological morphologic dam-
age of pancreatic islets, and protected islet in db/db mice. We
also tried to transform the time-dependent plasma drug con-
centrations into the in vivo drug release rates in the injection
site, and the in vivo PK tests agree with the in vitro release
tests well. As a result, it is feasible to use our optimal mixture
thermogel formulation of EXT as a once-weekly delivery sys-
tem, which has the potential to increase therapeutic efficacy
and improve patient compliance significantly.
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