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. science to set up a long-acting drug delivery system. This study was aimed at constructing a new

delivery system using thermogelling PEG/polyester copolymers. Liraglutide, a fatty acid-modified
antidiabetic polypeptide, was selected as the model drug. The thermogelling polymers were presented
by poly(e-caprolactone-co-glycolic acid)-poly(ethylene glycol)-poly(e-caprolactone-co-glycolic acid)
(PCGA-PEG-PCGA) and poly(lactic acid-co-glycolic acid)-poly(ethylene glycol)-poly(lactic acid-co-
glycolic acid) (PLGA-PEG-PLGA). Both the copolymers were soluble in water, and their concentrated
solutions underwent temperature-induced sol-gel transitions. The drug-loaded polymer solutions were
injectable at room temperature and gelled in situ at body temperature. Particularly, the liraglutide-
loaded PCGA-PEG-PCGA thermogel formulation exhibited a sustained drug release manner over
one week in both in vitro and in vivo tests. This feature was attributed to the combined effects of an
. appropriate drug/polymer interaction and a high chain mobility of the carrier polymer, which facilitated
. the sustained diffusion of drug out of the thermogel. Finally, a single subcutaneous injection of this
. formulation showed a remarkably improved glucose tolerance of mice for one week. Hence, the present

study not only developed a promising long-acting antidiabetic formulation, but also put forward a

combined strategy for controlled delivery of polypeptide.

. Type 2 diabetes mellitus (T2DM) is a global epidemic characterized by hyperglycemia. With the increase of

. patient number at an alarming rate, T2DM and its complications have got to be one of the most threatening
and challenging problems concerning public health around the world, and the consequent health, social and
economic burden is great. Recently, incretin-based therapies have been acknowledged as an effective treatment
strategy for patients with T2DM!-*. Glucagon-like peptide-1 (GLP-1), a hormone of 31 amino acid residues, is
released from the L cells in the colon and the ileum, and stimulates insulin secretion in a glucose-dependent man-
ner. Therefore, GLP-1 effectively controls the blood glucose level of T2DM patients without the risk of hypogly-
cemial*. However, the clinical application of GLP-1 is limited by its short half-life (about 2 min) due to the rapid
degradation by dipeptidyl peptidase IV (DPP-IV). To resolve this problem, DPP-IV-resistant GLP-1 analogues

. have been developed"?2.

Liraglutide (Lira) is a fatty acid derivative of GLP-1 and its amino acid sequence is displayed in Fig. 1a. It is
formed by attaching a 16-carbon fatty acid molecule at position Lys26 and making an Arg34Lys substitution on
GLP-1, and shares approximately 97% sequence homology with GLP-1>¢. These structural modifications of Lira
increase chain aggregation, promote reversible non-covalent binding to other molecules, such as albumin, and

. resist DPP-IV degradation. Thus, the half-life of Lira is prolonged to about 13 h after subcutaneous (SC) injec-

. tion into human body®. Meanwhile, Lira retains the physiological activities of GLP-1, which include stimulating

. insulin release and suppressing glucagon secretion in a glucose-dependent manner, improving 3-cell mass and
function, decreasing insulin resistance, delaying gastric emptying, and increasing satiety’~’.

Victoza, the solution injection of Lira developed by Novo Nordisk Inc., has been approved by both the
European Medicine Agency (2009) and the U.S. Food and Drug Administration (FDA) (2010) for the treatment

© of T2DM. As a blockbuster in the antidiabetic drug market, the global sales of Victoza reached $420 million for
© the year (2010) and quickly increased to $2700 million in 2015. In general, once-daily SC injection of Victoza
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Figure 1. Schematic presentation of a Lira-loaded thermogel formulation as the long-acting drug delivery
system. (a) Amino acid sequence of Lira with neutral residues in green, acidic ones in red and alkaline ones in
blue. (b) Amphiphilic polyester-PEG-polyester triblock copolymers self-assemble into micelles in water at room
temperature and turn into a physical hydrogel due to the formation of a percolated micelle network at body
temperature. (¢) Main procedures of constructing the Lira-loaded thermogel formulation, its in vivo application
and the corresponding drug release mechanism.

is needed for patients with T2DM. The dosage usually begins with 0.6 mg, and then increases to 1.2 mg after
one week. It is obvious that the repeated administration and complex treatment regimen is not convenient for
patients, and thus a long-acting drug delivery system of Lira is much desired in order to reduce administration
frequency and improve patients’ compliance. However, no long-acting formulation of Lira has, to the best of our
knowledge, been reported.

As minimally invasive depot forming materials, thermogelling polymers have been extensively studied in
the past decade!®”. They are dissolved in water at low or room temperature and exhibit a sol-gel transition with
increase of temperature. The drugs or cells can be easily incorporated into thermogels by simply mixing them
with polymeric aqueous solutions at low temperatures. This procedure avoids the denaturation of sensitive ther-
apeutic agents, such as protein or polypeptide, due to free of any organic solvent and high temperature. Once
administrated by a conventional syringe, the polymer aqueous solution spontaneously transforms into a physical
hydrogel at the injection site. This in situ forming gel containing drugs or cells can act as a sustained drug release
depot or a cell-growing matrix!'>!%-24, Generally, the delicate balance between hydrophilicity and hydrophobicity
of an amphiphilic polymer plays a crucial role in the thermo-induced physical gelation?-?". To date, polyester®”2,
polypeptide'®*%, poly(phosphazenes)*"*, and so on have been employed as biodegradable hydrophobic seg-
ments, while PEG has been utilized as a hydrophilic block.

Among the polymers undergoing a thermo-reversible sol-gel transition in water, block copolymers com-
posed of hydrophobic polyesters, such as poly(lactic acid-co-glycolic acid) (PLGA), poly(e-caprolactone) (PCL),
poly (e-caprolactone-co-glycolic acid) (PCGA), and hydrophilic PEG are particularly interesting and important
because of the good safety profile and facile synthesis®*-*. Their thermogelling properties and degradation behav-
ior can be well-modulated by many molecular parameters including molecular weight (MW), MW distribution,
polyester composition, block ratio, sequence of polyester block, as well as end group?262335-38_The corresponding
mechanism of thermogelation is attributed to the formation of a percolated micelle network as the temperature
increases?”*, as illustrated in Fig. 1b. These resulting thermogels have been suggested as promising biomaterials
for delivery of a variety of drugs**-*2, and other biomedical applications'®**-%’. Generally, the release profiles of
drugs from thermogels can be greatly affected by many factors, such as polymer MW, polymer concentration,
drug loading amount and even additive excipient*"*3-%, Nevertheless, little attention has being paid to the effect
of PEG/polyester thermogels with different polyester components on the release behavior of drugs. In fact, var-
ious polyester segments differ in their hydrophobicity, chain mobility, degradation rate, permeability to drugs,
and so on>'~>,

In this study, a long-acting delivery system of Lira in treatment of T2DM using thermogelling block copoly-
mers as the carriers was examined for the first time. Different from hydrophilic polypeptides such as exenatide

SCIENTIFICREPORTS | 6:31593 | DOI: 10.1038/srep31593 2



www.nature.com/scientificreports/

@) o (b) .

| . E o G' of PCGA-PEG-PCGA

O 55 Sol{Suspansian) ,f © G” of PCGA-PEG-PCGA

N [ 10"k = G’ of PLGA-PEG-PLGA

o 20T ® [ o G"of PLGA-PEG-PLGA

hed r (a 3 i

3 451+

E;_ a0t

£ 3r

ﬁ 30} e PCGA-PEG-PCGA
= PLGA-PEG-PLGA Sol

25 i 1 1 1 1 E 1 1 1
10 15 20 25 30 10 15 20 25 30 35 40
Concentration (wt%) Temperature (°C)

Figure 2. Thermogellability of copolymer aqueous solutions. (a) Phase diagrams of PCGA-PEG-PCGA and
PLGA-PEG-PLGA triblock copolymers in PBS (pH 7.4). (b) Storage modulus G’ and loss modulus G” of the
indicated samples in PBS (pH 7.4, 25wt%) as a function of temperature. Heating rates: 0.5 °C/min, oscillatory
frequency: 10rad/s.

and insulin, Lira is of relatively higher global hydrophobicity due to the introduction of 16-carbon fatty acid into
the peptide backbone, resulting in the increased capacity of chain aggregation and non-covalent binding to other
amphiphilic molecules'®. Consequently, we hypothesized that Lira could interact with amphiphilic PEG/poly-
ester polymers. Their appropriate interactions might realize the release of Lira at a relatively slow and consistent
rate, as schematically presented in Fig. 1c.

To verify our hypothesis, two thermogelling triblock copolymers poly(e-caprolactone-co-glycolic
acid)-poly(ethylene glycol)-poly(e-caprolactone-co-glycolic acid) (PCGA-PEG-PCGA) and poly(lactic
acid-co-glycolic acid)-poly(ethylene glycol)-poly(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) were synthe-
sized. Their physicochemical properties and thermogelling behavior in water were examined. Micellizations of
amphiphilic block copolymers with or without the presence of the drug were monitored, and the secondary
structures of the polypeptide in the presence of block copolymers were detected. In vitro release behavior of Lira
from the two thermogels was investigated, and the effect of polyester component on release profile was discussed.
Finally, we evaluated the in vivo drug release and efficacy of an optimal Lira-loaded thermogel formulation.

Results

Characterization of triblock copolymers. Two triblock copolymers PCGA-PEG-PCGA and PLGA-
PEG-PLGA were synthesized by us, and characterized via proton nuclear magnetic resonance (‘H NMR) and gel
permeation chromatography (GPC). 'H NMR spectra of both the polymers are presented in the Supplementary
Fig. S1. The glass transition temperatures (T,) of the two specimens were also determined by differential scanning
calorimetry (DSC). The T, of PCGA-PEG-PCGA was —57 °C, which was significantly lower than that of PLGA-
PEG-PLGA (—4°C). This feature indicates that the PCGA-PEG-PCGA system has the higher chain mobility at
body temperature compared with PLGA-PEG-PLGA. The detailed physical parameters of the two copolymers
used in this study are summarized in Supplementary Table S1.

Thermogellability of copolymer aqueous solutions. Both the PCGA-PEG-PCGA and
PLGA-PEG-PLGA polymers were soluble in water at ambient temperature and underwent sol-gel transitions with
increasing temperature. Figure 2a presents their phase diagrams in phosphate buffer saline (PBS, pH 7.4), which
were determined by the vial inverting method?>**. The two specimens exhibited a similar critical gel concen-
tration (about 12wt%). The sol-gel transition temperatures (T,) of PCGA-PEG-PCGA and PLGA-PEG-PLGA
aqueous solutions with the indicated concentrations were also obtained via the phase diagram. The gel windows
of both polymer/water systems covered body temperature, indicating that the two thermogels are suitable for
biomedical applications.

The sol-gel transitions of triblock copolymers in PBS were further investigated by dynamic rheological meas-
urements. Figure 2b shows the change in modulus of PCGA-PEG-PCGA and PLGA-PEG-PLGA aqueous solu-
tions (25 wt%) as a function of temperature. At low or room temperature, the moduli were low, and the loss
modulus G” was obviously greater than the storage modulus G'. This feature reflected their free-flowing sol states.
An abrupt increase in modulus was observed along with the formation of in situ physical hydrogels as the tem-
perature increased. The crossover point of G’ and G” is usually regarded as T,.**. The Ty, values determined
via rheological measurements for the two polymer/water systems (25 wt%) were about 32 °C and 34 °C, which
well coincided with those obtained by the vial inverting method. It is noteworthy that the maximum value of G/
(G’ ) of PCGA-PEG-PCGA system was one order of magnitude lower than that of PLGA-PEG-PLGA system,
which was attributed to the high flexibility of PCGA chains in PCGA-PEG-PCGA polymers.

Interactions between Lira and PEG/polyester triblock copolymers.  The interactions between Lira
and copolymers in water were first studied by dynamic laser scattering (DLS). As shown in Fig. 3a, both the
PCGA-PEG-PCGA and PLGA-PEG-PLGA triblock copolymers formed micelles in water with sizes of about
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Figure 3. Interactions between Lira and PEG/polyester triblock copolymers. (a) Distribution of
hydrodynamic diameters of copolymer micelles in water with or without Lira measured by DLS at 25°C. The
copolymer concentration was 0.1 wt% and Lira loading concentration was 0.008 mg/mL. (b) CD spectra of
native Lira, Lira in PLGA-PEG-PLGA and Lira in PCGA-PEG-PCGA aqueous solutions. Lira concentration
was set as 0.04 mg/mL and the polymer concentration was 0.5 wt%. (c) Effects of Lira on storage modulus G’
and viscosity 7 of the indicated copolymer aqueous solutions (pH 7.4, 25 wt%) at different temperatures. Drug
loading concentration: 2 mg/mL, heating rates: 0.5 °C/min, oscillatory frequency: 10 rad/s.

40nm and 30 nm, respectively. The incorporation of Lira did not influence their unimodal distribution, yet a
slightly increase in the micelle size was observed.

The circular dichroism (CD) spectra of Lira were recorded to determine its secondary structure in the dif-
ferent polymer aqueous systems. As shown in Fig. 3b, native Lira showed negative bands with two minima at
approximately 208 and 222 nm on the CD spectra, indicating the a-helix conformation of Lira in native state. The
secondary structure of Lira underwent a significant change in the presence of triblock copolymers. In the case
of PCGA-PEG-PCGA, the shifts of negative bands from 208 nm to 213 nm, 222 nm to 225 nm were observed.
For the PLGA-PEG-PLGA system, the negative signal at 208 nm disappeared and a bigger shift of negative band
from 222 nm to 225 nm was seen. It is obvious that the interactions between the carrier polymers and drug were
responsible for the transition of conformation of Lira.

The rheological properties of PEG/polyester copolymers with or without Lira in PBS (pH 7.4) were further
investigated, as shown in Fig. 3c. The incorporation of Lira into the polymer aqueous solutions had no obvious
influence on their sol-gel transition temperatures. Nevertheless, the presence of Lira caused an increase in both
G’ and viscosity 7 of the polymer/water systems. It is not difficult to infer that the increases of G’ and 7 are also
attributed to the interactions between the copolymer chains and polypeptide molecules.

In vitro release of Lira from thermogels. We evaluated the in vitro release profiles of Lira from the
thermogel systems. The data in Fig. 4 show the cumulative amounts of released Lira during 9 days. Although the
release of Lira from the PLGA-PEG-PLGA hydrogel exhibited a low burst with less than 17% of the loaded amount
being released in the first day, a significantly incomplete release was observed at the late stage and only 56%
loaded drug was released within 9 days. Different from the PLGA-PEG-PLGA system, the PCGA-PEG-PCGA
thermogel formulation showed a sustained release profile over 9 days and the cumulative release amount was
more than 85%. This finding indicates that the polyester component played an important role in the sustained
drug release from the PEG/polyester thermogel systems.

We also utilized a commercial Pluronic F127 gel as the control group. F127 is composed of block copolymer
of PEG and poly(propyl glycol) (PPG). The concentrated aqueous solution of F127 underwent a sol-gel transition
upon heating as well. The Lira-loaded F127 gel exhibited a rapid release profile and almost all Lira was released
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Figure 4. Cumulative release of Lira from the indicated thermogels in PBS (pH 7.4) at 37 °C. The data
are represented as the mean & SD, n= 3 for each group. The polymer concentration was 25wt% and the drug
loading amount was 2 mg/mL. The lines are used just for the guides of the eyes.

within 2 days. It is obvious that the PCGA-PEG-PCGA thermogel is the optimal carrier for long-acting delivery
of Lira among the materials examined in this study.

The release data of Lira from the three gel matrix were fitted via zero-order equation Q= kt and Higuchi
equation Q =kt where Q is the cumulative release amount, ¢ is release time, k is a constant. The fitted results are
shown in Supplementary Table S2. As is well-known, Higuchi equation (Q < 0.6) represents a diffusion-controlled
mechanism®!. The release data of Lira from PCGA-PEG-PCGA and PLGA-PEG-PLGA thermogels well matched
with Higuchi equation with the squared correlation coefficient R* > 0.97, indicating that the diffusion-controlled
mechanism governed the release of drug from the PEG/polyester copolymer hydrogels. For Pluronic F127, a
nearly zero-order release was observed, which demonstrated that another release mechanism controlled the Lira
release from F127 gel. In the section of Discussion, we will further explain the reasons of the different release
mechanisms for these gel formulations.

In vivo imaging of Lira from PCGA-PEG-PCGA thermogel. Non-invasive imaging was further
carried out to track the release of Lira from thermogel matrix in ICR mice. Considering that the Lira-loaded
PCGA-PEG-PCGA gel formulation exhibited a sustained release profile in vitro, we choose it as the optimal for-
mulation for the in vivo examination. The drug was fluorescently labeled by Cyanine 5.5 (Cy5.5). A strong NIR
fluorescence was observed after SC injection of the thermogel formulation containing Cy5.5-Lira at the backs of
ICR mice, as shown in Fig. 5a. The fluorescence was spread to the whole back of mice on day 2, and the core red
fluorescence at the injection sites lasted for more than 10 days post-injection. Cy5.5 is a hydrophobic fluorescent
probe with MW of 619. The introduction of Cy5.5 significantly increased the total hydrophobicity and MW of
Lira, and thus strengthened the hydrophobic interaction and aggregation between polypeptide and carrier poly-
mer, which resulted in a slower release rate from the thermogel depot.

Meanwhile, the major organs of mice were isolated and the fluorescence was observed in livers and kidneys.
The fluorescence intensity in both the organs gradually decreased over timescale and almost disappeared on day 14
(Fig. 5b). It is well-known that Lira is metabolized by degradation within the body in multiple organs and tissues
after SC administration, and the widely distributed endogenous enzymes, such as DPP-IV, are involved in the
degradation of Lira®. Therefore, the fluorescence observed in livers and kidneys is attributed to the degrada-
tion segments of released Cy5.5-Lira, and they would be further eliminated from the circulation by glomerular
filtration.

In vivo hypoglycemic efficacy. Compared with fasting glucose level, postprandial hyperglycemia is gen-
erally considered as a more sensitive indicator of diabetic control. One of widely used models to mimic the
postprandial state of hyperglycemia is the oral glucose tolerance test (OGTT), which can rapidly reflect the hypo-
glycemic effect due to drug action on the glucose utilization**. In this study, we carried out OGTTs in ICR mice
to evaluate the in vivo efficacy of the Lira-loaded PCGA-PEG-PCGA gel formulation on reduction of the blood
glucose level at the postprandial state, as schematically presented in Fig. 6a.

The blood glucose levels of mice in the NaCl group rapidly increased after the oral administration of glucose.
In contrast, the blood glucose levels of mice received a single SC injection of free Lira or Lira-loaded gel formu-
lation significantly reduced at the time points of 30 and 60 min after the same administration of glucose on D0
(Fig. 6b). Unlike the long-acting Lira-loaded gel formulation, no sign of the hypoglycemic effect was observed
for the group of Free Lira after oral gavage of glucose on the next day (D1). This finding coincides with the in vivo
half-life of Lira"?, suggesting that the repeated administration is required for the solution injection of Lira and
thus the long-acting thermogel formulation is quite meaningful for the treatment of T2DM.

Subsequently, the OGTTs were carried out once per day during the whole experimental period of 10 days. The
results in Fig. 7 demonstrated that there were significantly statistical differences of glucose level between the group
of “NaCl” and that of “Lira in Gel” from DO to D7 at the time points of 30 and 60 min after the administration

SCIENTIFICREPORTS | 6:31593 | DOI: 10.1038/srep31593 5



www.nature.com/scientificreports/

(a) (b) Liver Kidney Lung Spleen Heart
65

LEY 1
A4

Figure 5. Monitoring of fluorescence-probe-modified peptide Cy5.5-Lira released from PCGA-PEG-
PCGA thermogel. (a) The fluorescence of Cy5.5-Lira in ICR mice was monitored by non-invasive live imaging
at different time points after SC injection. (b) Ex vivo organ distributions of degradation segments of Cy5.5-Lira
at indicated days after SC injection. The livers, kidneys, lungs, spleens and hearts were isolated from mice at
predetermined time points and fluorescence intensities were monitored. “D” denotes “day”.
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of glucose. The in vivo tests indicated that the gel formulation of Lira had a significantly hypoglycemic effect up
to one week in ICR mice after a single SC administration. This feature is well consistent with the in vitro release
profile. Meanwhile, the blood glucose levels of mice that didn’t receive any treatment throughout the whole exper-
iment period (as the group of “Blank”) were also detected as an indicator of the normal glucose level in the mouse
blood. Their blood glucose levels were steady and no significant change was observed as a function of administra-
tion time, as demonstrated in Supplementary Fig. S2.

Patients with T2DM are highly probably accompanied with obesity. Thus, how about the weight control of
animals in the case of the Lira release? The mice were weighed daily, and the results are shown in Fig. 8. We set
three control groups, the NaCl group, Gel group (without drugs) and Blank group (without any treatment). The
body weight gradually increased over time in all of these control groups, and no statistic difference was observed
among them. On the other hand, it has been widely recognized that the reduction of body weight is an index of
in vivo toxicity of an implanted biomaterial. The change in body weight of mice received the administration of
thermogel without any drug was similar to that of the Blank group, demonstrating the good biocompatibility of
the thermogel itself.

In contrast, the body weight gain of mice in the group of Lira in Gel was significantly suppressed after the
administration of Lira gel formulation. The mean body weight of mice received the Lira gel formulation was
about 10% lower than that of the blank. This feature affirmed that the released Lira has the potency of delaying
gastric emptying and reducing appetite, which is in accordance with the pharmacology of Lira as illustrated
elsewhere®’

Discussion

It is well-recognized that the development of new T2DM treatments should avoid the decline of 3-cell function,
occurrence of hypoglycemia and body weight gain. Lira is a “smart” glucoregulatory agent associated with (-cell
function improvement, glucose-dependent insulin secretion and body weight reduction, and it exerts the hypo-
glycemic efficacy only when blood glucose levels are higher than normal®®. Namely, it shows negligible risk of
hypoglycemia in spite of the sustained release of Lira. Nevertheless, the solely commercial formulation of Lira is
its solution injection and daily injection is still not ideal for the treatment of T2DM. Therefore, the development
of long-acting delivery system of Lira is much desired.

Injectable thermogels composed of PEG and biodegradable polyesters have been suggested as potential car-
riers for sustained delivery of various drugs, such as protein, polypeptide and small-molecule drug®*424%57-%,
However, there is little work on release kinetics comparisons between carrier polymers with different polyester
components for the same model drug. In the present study, two triblock copolymers PCGA-PEG-PCGA and
PLGA-PEG-PLGA with similar MWs were synthesized by us. Both the polymer aqueous solutions underwent
reversible sol-gel transitions as the temperature increased and formed semi-solid thermogels at body temperature
(Fig. 2). Hence, the two thermogels were selected as the carriers to deliver Lira for the first time, and their release
kinetics comparisons were carried out as well.

It is well-known that the PEG/polyester copolymers could form core-corona micelles in water with the
hydrophilic PEG blocks locating in the coronas and the hydrophobic polyester blocks in the cores***. Herein,
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Figure 6. OGTT of ICR mice. (a) Schematic illustration of the procedure of the OGTT. To mimic the postprandial
state, the mice were poured by glucose (3 g/10mL/kg) once daily. Blood samples were collected at =0, 30 and

60 min for glucose measurements before and after the oral gavage of glucose. The data of blood glucose at =0
reflects the limosis blood glucose level before the oral gavage of glucose, while the data of blood glucose at =30
and 60 min after the oral gavage of glucose indicate the postprandial blood glucose levels. (b) Blood glucose levels
in ICR mice in the groups “NaCl” (injection of 0.9% NS daily) “Free Lira” (a single injection of Lira solution) and
“Lira in Gel” (a single injection of the Lira-loaded PCGA-PEG-PCGA gel formulation), n=6 for each group. Here,
the normal coordinate indicates the time after oral administration of glucose. “D0” in the legend denotes the day of
injection, “D1” indicates the next day after the treatment. The significant differences between the group of “NaCl”
and that of “Free Lira” are specifically marked: ***p < 0.001.

the formation of PEG/polyester micelles was also confirmed by DLS measurements, and the size of copolymer
micelles slightly increased with addition of Lira (Fig. 3a). Also, the changes in the secondary structure of Lira were
observed by CD analysis (Fig. 3b). On a macro level, the introduction of Lira resulted in a significant increase in
n of thermogels (Fig. 3¢). Taken together, we believe that there were the interactions between Lira and the carrier
polymers. Considering that Lira is an amphiphilic polypeptide with a hydrophobic 16-carbon side chain, we
further speculate that the C16 side chain probably entered the hydrophobic cores of micelles through the hydro-
phobic interaction with each other.

Non-degradable F127 hydrogel is easily eroded in water, resulting in its fast disappearance within one or
two days®. As a result, Lira was thoroughly released from the F127 gel matrix due to the rapid erosion of carrier
polymers (Fig. 4). In contrast, the PEG/polyester thermogels can maintain their in vivo integrities from one week
to several months, and their degradation mainly depends on the hydrolysis of polyester segments and the final
degradation products are lactic acid, glycolic acid, 1,6-hydroxycaproic acid and PEG, which are nontoxic and eas-
ily cleared from the body'2**3**46%7, Consequently, the PEG/polyester thermogels are suitable for long-acting drug
delivery. Nevertheless, the hydrophilic polypeptides, such as insulin and exenatide, are often enclosed between
micelles after being loaded into the thermogel depots, and thus their release period is only a few days because of
the fast diffusion of drugs*-*. In this study, although the release of Lira, an amphiphilic polypeptide, from the
thermogels was also governed via diffusion mechanism, a sustained release manner without significant initial
burst was observed for the two gel formulations. This feature was attributed to the hydrophobic interactions
between C16 fatty side chain of Lira and the hydrophobic cores of copolymer micelles, which effectively delayed
the diffusion of drug. And yet, due to the difference of polyester components, the two thermogel systems also
exhibited the different diffusion rates of drug.

Now, a question arises: what kind of intrinsic factor leads to the different release profiles? Compared with
PLGA segment, the PCGA block was more hydrophobic because of the longer hydrocarbon chain in the PCL
backbone®!. However, the diffusion of Lira from the PCGA-PEG-PCGA thermogel system was faster even though
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Figure 7. Blood glucose levels of ICR mice in the groups of “NaCl” and “Lira in Gel” during the whole
experimental period of 10 days. n = 6 for each group. Here, the oral gavage of glucose in mice was once-

daily performed, and the time points 0, 30, 60 min in the horizon coordination denotes the time after oral
administration of glucose. “D0” in the legend denotes the day of injecting the Lira gel formulation, “D9” in the
legend indicates day 9 after the treatment with the Lira gel formulation. In the group of “NaCl”, the physiological
saline solution was injected daily. The hydrogel formulation of Lira was administrated via a single subcutaneous
injection during the whole 10 days of in vivo examination. The continuous liberation of Lira from the hydrogel
acted significantly the hypoglycemic efficacy within the initial 7 days. Significant differences between the group
of “NaCl” and that of “Lira in Gel” are specifically marked: *p < 0.05, **p < 0.01, **¥p < 0.001.
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Figure 8. Body weights of ICR mice after the indicated treatments. n = 6 for each group. The lines are used
just for the guides of the eyes.

the hydrophobic interaction between drug and the carrier polymer seemed to be relatively stronger. Hence, the
difference of hydrophobic and hydrophilic performance of polyester components was not the intrinsic factor.
Over the past decades, PLGA, PCL and their copolymers have been widely utilized as carrier polymers for drug
delivery in different forms including microsphere, nanoparticle, micelle and hydrogel®-®*. Interestingly, a very
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Figure 9. Schematic presentation of controlling blood glucose level by the Lira-loaded PCGA-PEG-PCGA
thermogel formulation. The copolymer aqueous system became a physical hydrogel at body temperature after
injection due to the formation of a percolated micelle network upon heating. The combination of an appropriate
drug/polymer interaction and a high chain mobility of carrier polymers led to a sustained release of Lira

from the thermogel matrix. The circulation of Lira was remarkably prolonged via its non-covalent binding to
serum albumin. The activation of GLP-1 receptors on pancreatic (3 cells by Lira promoted insulin secretion in a
glucose-dependent manner, leading to intelligent blood glucose reduction.

similar trend had been reported, namely, the release rate of drug from PCL-based systems was often faster than that
of PLGA systems®°26061.6364 "The highly flexible nature of PCL chain, which produced the high mobility of chain
and the good permeability to drugs, was accounted for the increased release rate. In the present study, a much lower
T, of PCGA-PEG-PCGA when compared to PLGA-PEG-PLGA polymer also reflects the highly flexible nature
of PCGA block. Meanwhile, this result suggests that the PCGA-PEG-PCGA system has the higher chain motion
at body temperature compared with PLGA-PEG-PLGA, and thus facilitates the diffusion of drug. As a result, the
PCGA-PEG-PCGA/Lira system exhibited a sustained release profile in vitro over one week. The in vivo imaging also
demonstrated that this gel formulation exhibited a long-acting drug release manner in an animal model (Fig. 5). In
contrast, in the case of PLGA-PEG-PLGA/Lira system, the low mobility of carrier polymer resulted in an incomplete
release of Lira at the late stage due to the difficulty of drug diffusion out of the micelles.

After a single SC administration of Lira-loaded PCGA-PEG-PCGA gel formulation in ICR mice, the hypogly-
cemic effect lasted up to one week (Fig. 7) and such a feature coincided with the in vitro release profile. Figure 9
schematically presents the mechanism of the thermogel formulation in controlling blood glucose level. The suc-
cessful animal testing also affirmed the bioactivity of drug released from the gel depot. This feature indicates that
the denaturation of Lira in the gel matrix did not occur even if the secondary conformation of Lira changed due
to its interaction with carrier polymers. Moreover, the administration of Lira gel formulation induced modest
weight loss (Fig. 8), which is beneficial for some patients of T2DM with obesity. In fact, the Lira solution injection
Saxenda (Novo Nordisk Inc.) has been approved by FDA in 2014 as a treatment option for chronic weight man-
agement. Hence, besides as a sustained release anti-diabetic system, our Lira-loaded thermogel formulation may
also serve as a long-acting weight-manage formulation for patients who are obese or overweight.

Conclusion
This paper reports the first long-acting drug delivery system of Lira, a glucose-dependent insulinotropic hor-
mone. To this end, injectable and biodegradable PCGA-PEG-PCGA and PLGA-PEG-PLGA thermogels were
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synthesized. Both Lira and the PEG/polyester polymers were amphiphilic, and their mixtures easily formed
micelles in water. The significantly different release profiles were observed in the two Lira-loaded thermogel
systems with varying polyester components. As one of the two cases, the sustained release of Lira from the
PCGA-PEG-PCGA gel formulation with a period of one week was achieved. This result was attributed to both the
appropriate drug/carrier polymer interaction and the high chain mobility of carrier polymer. Their combination
led to the effective diffusion of drug from the hydrogel matrix for a relative long time.

After a single shot of the Lira-loaded PCGA-PEG-PCGA gel formulation into mice, not only an in vivo sus-
tained release was observed, but also a reduced blood glucose level at the postprandial state was achieved up
to one week. The in vivo therapeutic efficacy was consistent with the in vitro release profile. Consequently, the
PCGA-PEG-PCGA thermogel holds great promise for once-weekly delivery of Lira, and such a delivery system
can improve patient compliance significantly. Meanwhile, the strategy based on the interactions between drugs
and carrier polymers and the chain mobility of carrier polymers to control drug release might be helpful for the
development of some other kinds of drug delivery systems.

Methods

Materials. PEG of MW 1500, e-caprolactone (CL), Pluronic F127, and stannous 2-ethyl-hexanoate (stannous
octoate, 95%) were supplied by Sigma-Aldrich (USA). Glycolide (GA) and D,L-lactide (LA) were purchased from
Purac (Netherlands). Liraglutide was synthesized by Chinese Peptide Co., Ltd (Hangzhou, China). Cyanine5.5
N-hydroxysuccinimide ester (Cy5.5-NHS) was product of Lumiprobe (USA). All of chemicals were used without
further purification.

Experimental animals. ICR mice (male, 30 +2g) were purchased from SLAC Laboratory Animal Co. Ltd
(Shanghai, China). The animals were housed in cages at 22~25 °C with 12-12h light-dark cycle. During accli-
mation, the mice were fed with a standard laboratory chow diet and tap water. All the animal experiments were
carried out in accordance with the approved guidelines of the “Principles of Laboratory Animal Care” (NIH pub-
lication #85-23, revised 1985) and were approved by the ethics evaluation board of Fudan University.

Synthesis and physicochemical characterization of polymers. Triblock copolymers of
PCGA-PEG-PCGA and PLGA-PEG-PLGA were synthesized via ring-opening polymerization of CL and GA
or LA and GA using PEG as the macroinitiator and stannous octoate as the catalyst. The detailed synthetic pro-
cedure has been described in our previous publications?®3>. "TH NMR was used to determine the composition of
triblock copolymers. Spectra were recorded at a 500 MHz Bruker spectrometer (DMX500) using CDCl; as the
solvent. MW of copolymers and the distribution thereof were measured using a gel permeation chromatography
system (GPC, Agilent 1100). The eluent was tetrahydrofuran at a flow rate of 1.0 mL/min at 35°C. Uniform poly-
styrene standards were used to obtain a calibration curve. The T, of copolymers was determined by DSC (Q2000,
TA Instruments) in the temperature range from —80°C to 80 °C with a heating rate of 20 °C/min. The sample
was loaded in an aluminum pan and scanned in the instrument to record the thermograms. The midpoint of the
transition zone was defined as 7,,.

The vial inverting method?*! with an increment temperature of 1°C per step was used to determine the
sol-gel transition of the polymer aqueous solution. Rheological characteristics of the polymer aqueous solutions
with or without drug was also measured using a stress-controlled rheometry (Kinexus Pro, Malvern) equipped
with a Peltier plate (1° steel cone, 60 mm diameter with solvent trap)*’. The time sweep measurements were car-
ried out at a heating rate of 0.5 °C/min and an oscillatory frequency of 10 rad/s.

Dynamic laser scattering. The hydrodynamic diameters of copolymer micelles in PBS with or without Lira
were measured by dynamic light scattering instrument (Zetasizers Nano ZS90, Malvern) with a vertically polar-
ized incident beam at 532 nm and a fixed scattering angle of 90°. All of the samples were filtered through 0.45-pm
filters and equilibrated at room temperature for 12h before measurement.

Circular dichroism spectroscopy. The secondary structures of Lira with or without copolymers were char-
acterized by circular dichroism instrument (Bio-Logic MOS-450, Bio-Logic). Spectra were recorded from 200 to
280nm using a bandwidth of 1 nm and a scanning rate of 1 nm/s. Aqueous polymer solutions without Lira were
also scanned in the same wavelength range as the blank background.

In vitro drug release. Lira was added into polymeric aqueous solutions (PBS, pH 7.4, polymer concen-
tration: 25wt%) and stirred at 4 °C till it was completely dissolved. Then, 0.5 mL polymer solutions containing
2mg/mL Lira were transferred into 10-mL test tubes (inner diameter 14 mm), and the samples were converted to
physical hydrogels by incubating in water bath at 37 °C for 10 min. Next, 5mL of PBS (pH 7.4, 37 °C) containing
0.025% NaNj; was added as release medium. The shaking rate of water bath was fixed at 50 rpm. At designated
time intervals, the release medium was totally extracted from the tubes and replaced with the same amount of
fresh buffer to maintain the sink condition. The drug amount released into the release medium were measured
by high-performance liquid chromatography (HPLC, Waters Separation Module €2695) equipped with a C18
column (5 pm particle, 150 x 4.6 mm, Phenomenex). Mobile phase A was acetonitrile and mobile phase B was
water containing 0.1% trifluoroacetic acid. A flow-rate of 1.0 mL/min was set over 20 min with mobile phase A
increased from 48% to 56% and mobile phase B decreased from 52% to 44%. Detection was performed with a UV
detector (Waters UV/visible detector 2489) at 220 nm.

Monitoring of Lira release from thermogel in ICR mice. I vivo real-time fluorescence imaging was
performed in ICR mice for monitoring of Lira release from thermogel. The polypeptide was labeled with a Cy5.5
dye by adding Cy5.5-NHS to Lira solution at pH 8.4 with a molar ratio of 1/1. After incubated at 4°C for 12h,
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the solution was dialyzed to remove the unreacted Cy5.5 and then freeze-dried. PCGA-PEG-PCGA solutions
(25 wt%, 0.2mL) containing Cy5.5-Lira were SC injected into the backs of ICR mice. At predetermined time
points, the fluorescence of the whole body and isolated organs including liver, kidney, lung, spleen and heart were
monitored by a small animal imaging system (In-Vivo Xtreme, Bruker) with an excitation wavelength of 690 nm
and emission wavelength of 790 nm.

Mice oral glucose tolerance test. Mice OGTTs*!* were performed to evaluate the in vivo hypoglycemic
efficacy of the Lira-loaded PCGA-PEG-PCGA thermogel formulation at the postprandial state. The experimental
mice were randomly divided into 5 groups with 6 mice per group. For the NaCl group, the mice received a SC
injection of 0.9% NaCl solution (NS) daily at a dosage of 7.5 mL/kg. For the Gel group, the mice received a single
SC injection of thermogel without drugs. The group of Free Lira was administrated by a single SC injection of
Lira solution at a dosage of 1.5mg/7.5 mL/kg. The group of Lira in Gel was administrated by a single SC injection
of Lira-loaded gel formulation (15mg/7.5 mL/kg). For the Blank group, the mice didn’t receive any treatment
throughout the whole experiment period. The group of Free Lira was only applied for the short-time examination,
while the group of Lira in Gel as a long-acting drug delivery system was evaluated in both the short-time (1 day)
and long period (10 days), and thus the drug dosage in the group of Lira in Gel was 10-fold of that of the Free Lira
group. All of the mice were fasted from 9:00 a.m. for 4h but allowed to drink water before treatment. For mice of
NaCl group, Free Lira group, Lira in Gel group and Blank group, about 30 pL basal blood sample was obtained
from the tail vein (defined as t=0) to measure the glucose concentration using a one-touch blood glucose moni-
toring system (Accu Check Active, Roche Diagnostics). The mice in the groups of NaCl, Free Lira and Lira in Gel
were poured by glucose (3 g/10 mL/kg) after different injections for 15 min. Then, blood samples were collected at
t=30 and 60 min for glucose measurements after the oral gavage of glucose.

On the next 9 days post-administration, the mice were fasted from 9:00 a.m. for 4h. Subsequently, blood
samples were taken from the tail vein (¢ =0) to determine baseline glucose levels before oral administration of
glucose (the same as above). And at t =30 and 60 min after oral administration of glucose, blood samples were
also collected and detected. Meanwhile, body weights of mice were recorded each day before fasting.

Statistical analysis.  All the results were expressed as mean + standard deviation (SD). For group compari-
son, the statistical differences of mean values were analyzed by least significant difference (LSD) ¢-tests. A p value
of <0.05 was considered as a significant difference.

References

1. Drucker, D. J. & Nauck, M. A. The incretin system: glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 inhibitors
in type 2 diabetes. Lancet 368, 1696-1705 (2006).

2. Tahrani, A. A, Piya, M. K,, Kennedy, A. & Barnett, A. H. Glycaemic control in type 2 diabetes: Targets and new therapies. Pharmacol.
Ther. 125, 328-361 (2010).

3. Kim, P. H., Lee, M. & Kim, S. W. Delivery of two-step transcription amplification exendin-4 plasmid system with arginine-grafted
bioreducible polymer in type 2 diabetes animal model. J. Control. Release 162, 9-18 (2012).

4. Doyle, M. E. & Egan, J. M. Mechanisms of action of glucagon-like peptide 1 in the pancreas. Pharmacol. Ther. 113, 546-593 (2007).

5. Ryan, G. ], Foster, K. T. & Jobe, L. J. Review of the therapeutic uses of liraglutide. Clin. Ther. 33,793-811 (2011).

6. Montanya, E. & Sesti, G. A review of efficacy and safety data regarding the use of liraglutide, a once-daily human glucagon-like
peptide 1 analogue, in the treatment of type 2 diabetes mellitus. Clin. Ther. 31, 2472-2488 (2009).

7. Mari, A. et al. Effects of the long-acting human glucagon-like peptide-1 analog liraglutide on beta-cell function in normal living
conditions. Diabetes Care 30, 2032-2033 (2007).

8. Jelsing, J. et al. Liraglutide: short-lived effect on gastric emptyingulong lasting effects on body weight. Diabetes Obes. Metab. 14,
531-538 (2012).

9. Vilsboll, T. et al. Liraglutide, a long-acting human glucagon-like peptide-1 analog, given as monotherapy significantly improves
glycemic control and lowers body weight without risk of hypoglycemia in patients with type 2 diabetes. Diabetes Care 30, 1608-1610
(2007).

10. Jeong, B., Bae, Y. H., Lee, D. S. & Kim, S. W. Biodegradable block copolymers as injectable drug-delivery systems. Nature 388,
860-862 (1997).

11. Park, M. H,, Joo, M. K,, Choi, B. G. & Jeong, B. Biodegradable thermogels. Acc. Chem. Res. 45, 424-433 (2012).

12. Shi, K. et al. Synthesis, characterization, and application of reversible PDLLA-PEG-PDLLA copolymer thermogels in vitro and
in vivo. Sci Rep 6, 19077 (2016).

13. Yang, Y. et al. A novel gene delivery composite system based on biodegradable folate-poly (ester amine) polymer and thermosensitive
hydrogel for sustained gene release. Sci Rep 6, 21402 (2016).

14. Yu, L. & Ding, J. D. Injectable hydrogels as unique biomedical materials. Chem. Soc. Rev. 37, 1473-1481 (2008).

15. Chen, S. et al. Mesenchymal stem cell-laden anti-inflammatory hydrogel enhances diabetic wound healing. Sci Rep 5, 18104 (2015).

16. Wang, W. et al. Dual-functional transdermal drug delivery system with controllable drug loading based on thermosensitive
poloxamer hydrogel for atopic dermatitis treatment. Sci Rep 6, 24112 (2016).

17. Vermonden, T., Censi, R. & Hennink, W. E. Hydrogels for protein delivery. Chem. Rev. 112, 2853-2888 (2012).

18. Kwon, J. S. et al. Injectable in situ-forming hydrogel for cartilage tissue engineering. J. Mater. Chem. B 1, 3314-3321 (2013).

19. Moon, H. J,, Patel, M., Chung, H. & Jeong, B. Nanocomposite versus mesocomposite for osteogenic differentiation of tonsil-derived
mesenchymal stem cells. Adv. Healthc. Mater. 5, 353-363 (2016).

20. Jeong, Y. et al. Enzymatically degradable temperature-sensitive polypeptide as a new in-situ gelling biomaterial. J. Control. Release
137, 25-30 (2009).

21. Tirella, A. et al. Nano-in-micro self-reporting hydrogel constructs. J. Biomed. Nanotechnol. 11, 1451-1460 (2015).

22. Fan, M. et al. Dexamethasone-loaded poly(D, L-lactic acid) microspheres/poly(ethylene glycol)-poly(epsilon-caprolactone)-
poly(ethylene glycol) micelles composite for skin augmentation. . Biomed. Nanotechnol. 10, 592-602 (2014).

23. Fu, S. Z. et al. Biodegradable and thermosensitive monomethoxy poly(ethylene glycol)-poly(lactic acid) hydrogel as a barrier for
prevention of post-operative abdominal adhesion. J. Biomed. Nanotechnol. 10, 427-435 (2014).

24. Song, E F, Li, X. Q, Wang, Q,, Liao, L. Q. & Zhang, C. Nanocomposite hydrogels and their applications in drug delivery and tissue
engineering. J. Biomed. Nanotechnol. 11, 40-52 (2015).

25. Shim, M. S. et al. Poly(D,L-lactic acid-co-glycolic acid)-b-poly(ethylene glycol)-b-poly (D,L-lactic acid-co-glycolic acid) triblock
copolymer and thermoreversible phase transition in water. J. Biomed. Mater. Res. 61, 188-196 (2002).

SCIENTIFICREPORTS | 6:31593 | DOI: 10.1038/srep31593 11



www.nature.com/scientificreports/

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Yu, L., Zhang, H. & Ding, J. D. A subtle end-group effect on macroscopic physical gelation of triblock copolymer aqueous solutions.
Angew. Chem. Int. Ed. 45, 2232-2235 (2006).

Yu, L., Zhang, Z., Zhang, H. & Ding, ]. D. Mixing a sol and a precipitate of block copolymers with different block ratios leads to an
injectable hydrogel. Biomacromolecules 10, 1547-1553 (2009).

Yu, L., Zhang, Z. & Ding, J. D. Influence of LA and GA sequence in the PLGA block on the properties of thermogelling PLGA-PEG-
PLGA block copolymers. Biomacromolecules 12, 1290-1297 (2011).

He, C. L., Zhuang, X. L., Tang, Z. H., Tian, H. Y. & Chen, X. S. Stimuli-sensitive synthetic polypeptide-based materials for drug and
gene delivery. Adv. Healthc. Mater. 1, 48-78 (2012).

Park, M. H. et al. 3D culture of tonsil-derived mesenchymal stem cells in poly(ethylene glycol)-poly(L-alanine-co-L-phenyl alanine)
thermogel. Adv. Healthc. Mater. 3,1782-1791 (2014).

Park, M. R. et al. Sustained delivery of human growth hormone using a polyelectrolyte complex-loaded thermosensitive
polyphosphazene hydrogel. J. Control. Release 147, 359-367 (2010).

Seo, B. B., Choi, H., Koh, J. T. & Song, S. C. Sustained BMP-2 delivery and injectable bone regeneration using thermosensitive
polymeric nanoparticle hydrogel bearing dual interactions with BMP-2. J. Control. Release 209, 67-76 (2015).

Zentner, G. M. et al. Biodegradable block copolymers for delivery of proteins and water-insoluble drugs. J. Control. Release 72,
203-215 (2001).

Yu, L., Zhang, Z., Zhang, H. & Ding, J. D. Biodegradability and biocompatibility of thermoreversible hydrogels formed from mixing
a sol and a precipitate of block copolymers in water. Biomacromolecules 11, 2169-2178 (2010).

Yu, L., Sheng, W. ., Yang, D. C. & Ding, J. D. Design of molecular parameters to achieve block copolymers with a powder form at dry
state and a temperature-induced sol-gel transition in water without unexpected gelling prior to heating. Macromol. Res. 21, 207-215
(2013).

Chen, L., Ci, T. Y,, Li, T, Yu, L. & Ding, J. D. Effects of molecular weight distribution of amphiphilic block copolymers on their
solubility, micellization, and temperature-induced sol gel Transition in water. Macromolecules 47, 5895-5903 (2014).

Lei, K. W, Shen, W.],, Cao, L. P,, Yu, L. & Ding, J. D. An injectable thermogel with high radiopacity. Chem. Commun. 51, 6080-6083
(2015).

Petit, A. et al. Effect of polymer composition on rheological and degradation properties of temperature-responsive gelling systems
composed of acyl-capped PCLA-PEG-PCLA. Biomacromolecules 14, 3172-3182 (2013).

Yu, L., Chang, G. T., Zhang, H. & Ding, J. D. Temperature-induced spontaneous sol-gel transitions of poly(D,L-lactic acid-co-
glycolic acid)-b-poly(ethylene glycol)-b-poly(D,L-lactic acid-co-glycolic acid) triblock copolymers and their end-capped derivatives
in water. J. Polym. Sci., Part A: Polym. Chem. 45, 1122-1133 (2007).

Ma, H. C. et al. Localized co-delivery of doxorubicin, cisplatin, and methotrexate by thermosensitive hydrogels for enhanced
osteosarcoma treatment. ACS Appl. Mater. Interfaces 7, 27040-27048 (2015).

Li, K. et al. A long-acting formulation of a polypeptide drug exenatide in treatment of diabetes using an injectable block copolymer
hydrogel. Biomaterials 34, 2834-2842 (2013).

Ci, T. Y., Chen, L., Yu, L. & Ding, J. D. Tumor regression achieved by encapsulating a moderately soluble drug into a polymeric
thermogel. Sci Rep 4, 5473 (2014).

Ni, P. et al. Injectable thermosensitive PEG-PCL-PEG hydrogel/acellular bone matrix composite for bone regeneration in cranial
defects. Biomaterials 35, 236-248 (2014).

Chen, L. et al. An injectable hydrogel with or without drugs for prevention of epidural scar adhesion after laminectomy in rats.
Chin. J. Polym. Sci. 34, 147-163 (2016).

Wu, Q. ]. et al. Thermosensitive hydrogel containing dexamethasone micelles for preventing postsurgical adhesion in a repeated-
injury model. Sci Rep 5, 13553 (2015).

Zhang, Z. et al. Biodegradable and thermoreversible PCLA-PEG-PCLA hydrogel as a barrier for prevention of post-operative
adhesion. Biomaterials 32, 4725-4736 (2011).

Cao, L. et al. Safe and efficient colonic endoscopic submucosal dissection using an injectable hydrogel. ACS Biomater. Sci. Eng.
2,393-402 (2016).

Tang, Y. & Singh, J. Biodegradable and biocompatible thermosensitive polymer based injectable implant for controlled release of
protein. Int. J. Pharm. 365, 34-43 (2009).

Yu, L. et al. In vitro and in vivo evaluation of a once-weekly formulation of an antidiabetic peptide drug exenatide in an injectable
thermogel. J. Pharm. Sci. 102, 4140-4149 (2013).

Petit, A. et al. Release behavior and intra-articular biocompatibility of celecoxib-loaded acetyl-capped PCLA-PEG-PCLA
thermogels. Biomaterials 35, 7919-7928 (2014).

Pitt, C. G., Jeffcoat, A. R., Zweidinger, R. A. & Schindler, A. Sustained drug delivery systems.1. permeability of poly(epsilon-
caprolactone), poly(DL-lactic acid), and their copolymers. J. Biomed. Mater. Res. 13, 497-507 (1979).

Pitt, C. G., Gratzl, M. M., Jeffcoat, A. R., Zweidinger, R. & Schindler, A. Sustained drug delivery systems. 2. factors affecting release
rates from poly(epsilon-caprolactone) and related biodegradable polyesters. J. Pharm. Sci. 68, 1534-1538 (1979).

Sinha, V. R, Bansal, K., Kaushik, R., Kumria, R. & Trehan, A. Poly-epsilon-caprolactone microspheres and nanospheres: an
overview. Int. J. Pharm. 278, 1-23 (2004).

Lemoine, D. et al. Stability study of nanoparticles of poly(epsilon-caprolactone), poly(D,L-lactide) and poly(D,L-lactide-
co-glycolide). Biomaterials 17, 2191-2197 (1996).

Cao, L. P. et al. An injectable hydrogel formed by in situ cross-linking of glycol chitosan and multi-benzaldehyde functionalized PEG
analogues for cartilage tissue engineering. J. Mater. Chem. B 3, 1268-1280 (2015).

Chuang, E. Y. et al. Noninvasive imaging oral absorption of insulin delivered by nanoparticles and its stimulated glucose utilization
in controlling postprandial hyperglycemia during OGTT in diabetic rats. J. Control. Release 172, 513-522 (2013).

Jeong, B., Lee, K. M., Gutowska, A. & An, Y. H. H. Thermogelling biodegradable copolymer aqueous solutions for injectable protein
delivery and tissue engineering. Biomacromolecules 3, 865-868 (2002).

Choi, S., Baudys, M. & Kim, S. W. Control of blood glucose by novel GLP-1 delivery using biodegradable triblock copolymer of
PLGA-PEG-PLGA in type 2 diabetic rats. Pharm. Res. 21, 827-831 (2004).

Choi, S. & Kim, S. W. Controlled release of insulin from injectable biodegradable triblock copolymer depot in ZDF rats. Pharm. Res.
20, 2008-2010 (2003).

Ge, H. X, Hu, Y, Yang, S. C,, Jiang, X. Q. & Yang, C. Z. Preparation, characterization, and drug release behaviors of drug-loaded
epsilon-caprolactone/L-lactide copolymer nanoparticles. J. Appl. Polym. Sci. 75, 874-882 (2000).

Jiao, Y. Y. et al. Preparation and characterization of heparin-loaded polymeric microparticles. Drug Dev. Ind. Pharm. 28, 1033-1041
(2002).

Dash, T. K. & Konkimalla, V. B. Poly-epsilon-caprolactone based formulations for drug delivery and tissue engineering: A review.
J. Control. Release 158, 15-33 (2012).

Cha, Y. & Pitt, C. G. A one-week subdermal delivery system for L-methadone based on biodegradable microcapsules. J. Control.
Release 7, 69-78 (1988).

McDonald, P. E, Lyons, J. G., Geever, L. M. & Higginbotham, C. L. In vitro degradation and drug release from polymer blends based
on poly(DL-lactide), poly(L-lactide-glycolide) and poly(epsilon-caprolactone). J. Mater. Sci. 45, 1284-1292 (2010).

SCIENTIFICREPORTS | 6:31593 | DOI: 10.1038/srep31593 12



www.nature.com/scientificreports/

Acknowledgements

The authors are grateful for the financial support from National Natural Science Foundation of China (Grants
No. 21474019 and 51273217), Chinese Ministry of Science and Technology (863 Program No. 2015AA033703),
Science and Technology Developing Foundation of Shanghai (Grants No. 15]C1490300 and 14441901500).

Author Contributions

L.Y. and Y.C. designed the experiments. Y.C. carried out most of the experiments and data analysis. Y.L.
participated in the animal experiments. W.S. participated in polymer synthesis. Y.C. and L.Y. wrote the
manuscript. J.D., Q.C. and K.L. participated in discussion and manuscript revision.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Chen, Y. et al. Controlled release of liraglutide using thermogelling polymers in
treatment of diabetes. Sci. Rep. 6, 31593; doi: 10.1038/srep31593 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:31593 | DOI: 10.1038/srep31593 13


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Controlled release of liraglutide using thermogelling polymers in treatment of diabetes

	Results

	Characterization of triblock copolymers. 
	Thermogellability of copolymer aqueous solutions. 
	Interactions between Lira and PEG/polyester triblock copolymers. 
	In vitro release of Lira from thermogels. 
	In vivo imaging of Lira from PCGA-PEG-PCGA thermogel. 
	In vivo hypoglycemic efficacy. 

	Discussion

	Conclusion

	Methods

	Materials. 
	Experimental animals. 
	Synthesis and physicochemical characterization of polymers. 
	Dynamic laser scattering. 
	Circular dichroism spectroscopy. 
	In vitro drug release. 
	Monitoring of Lira release from thermogel in ICR mice. 
	Mice oral glucose tolerance test. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic presentation of a Lira-loaded thermogel formulation as the long-acting drug delivery system.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Thermogellability of copolymer aqueous solutions.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Interactions between Lira and PEG/polyester triblock copolymers.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Cumulative release of Lira from the indicated thermogels in PBS (pH 7.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Monitoring of fluorescence-probe-modified peptide Cy5.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ OGTT of ICR mice.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ Blood glucose levels of ICR mice in the groups of “NaCl” and “Lira in Gel” during the whole experimental period of 10 days.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Body weights of ICR mice after the indicated treatments.
	﻿Figure 9﻿﻿.﻿﻿ ﻿ Schematic presentation of controlling blood glucose level by the Lira-loaded PCGA-PEG-PCGA thermogel formulation.



 
    
       
          application/pdf
          
             
                Controlled release of liraglutide using thermogelling polymers in treatment of diabetes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31593
            
         
          
             
                Yipei Chen
                Yuzhuo Li
                Wenjia Shen
                Kun Li
                Lin Yu
                Qinghua Chen
                Jiandong Ding
            
         
          doi:10.1038/srep31593
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep31593
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep31593
            
         
      
       
          
          
          
             
                doi:10.1038/srep31593
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31593
            
         
          
          
      
       
       
          True
      
   




