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Abstract In this work, we sought to prepare sustained-release injectable

microspheres loaded with the GLP-1 analogue liraglutide. Using

water-in-oil-in-water double emulsion methods, poly(lactic-co-glycolic acid) (PLGA)

microspheres loaded with liraglutide were prepared. The microspheres gave sustained

drug release over 30 days with cumulative release of up to 90% reached in vitro. The

microspheres were further studied in a rat model of diabetes over 30 days, and their

performance compared with a group given daily liraglutide injections. Reduced blood

sugar levels were seen in the microsphere treatment groups, with the results being

similar to treatment with conventional injections between 10 and 25 days after the

commencement of treatment. After 5 and 30 days of treatment, the microspheres

seem a little slower to act than the injections. The pathology of the rats’ spleen, heart,

kidney and lungs was probed after the 30-day treatment period, and the results

indicated that the microspheres were safe and had beneficial effects on the liver,

reducing the occurrence of fatty deposits seen in untreated diabetic rats. Moreover, in

terms of liver, renal and cardiac functions, and blood lipid and antioxidant levels, the

microspheres were as effective as the injections. The expression of several proteases

linked to the metabolism of aliphatic acids and homocysteine were promoted by the

microsphere formulations. Inflammatory markers in the microsphere treatment

groups were somewhat higher than the injection group, however. The liraglutide /

PLGA microspheres prepared in this work are overall shown to be efficacious in a rat

model of diabetes, and we thus believe they have strong potential for clinical use.
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water; type 2 diabetes mellitus

1. Introduction

Liraglutide is a powerful biologic drug used for the treatment of type 2 diabetes

mellitus. The drug was introduced in the EU in 2009, and in the USA in 2010 [Lorenz

M, et al., 2013]. In 2015, Novo Nordisk began to market liraglutide as a treatment for

obese adults who have associated co-morbitities [Alfaris N, et al., 2013]. Liraglutide

is an analogue of glucagon-like peptide 1 (GLP-1), with 97% sequence homology to

human GLP-1, and is produced by recombination technologies using yeast [Gallwitz,

B, 2008]. It is poorly water-soluble, and is mainly administered by injection as a

solution with sodium dihydrogen phosphate in a mixed solvent system of water and

1,2-propanediol. The dose is 1.8 mg per day [Aimaretti G, 2010; Joffe D, 2010]. Such

daily injection application causes significant patient discomfort, and thus there is a

need to develop a pharmaceutical strategy to extend the release period and reduce the

frequency of injections. In order to solve this problem, many scholars have explored a

range of sustained release systems for proteins. For instance, Graf [Graf A, et al.,

2009] prepared insulin-loaded poly(alkylcyanoacrylate) nanoparticles from

microemulsions and were able to extend drug release over 36 h. In other work, Jiang

et. al. [Jiang G, et al., 2015] prepared insulin-loaded polymeric micelles which they

proposed to be effective candidate carriers for insulin release.

One route commonly used to extend release times is the preparation of

microspheres constructed from biodegradable polymers. Poly(DL-lactic-co-glycolic

acid) (PLGA) is an FDA certificated “generally regarded as safe” polymer, and has
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attracted particular attention for the sustained delivery of protein and peptide drugs.

For instance, Zhang and coworkers encapsulated erythropoietin in PLGA

microspheres [Zhang W, et al., 2015]. In vivo experiments demonstrated that rats

suffering from peripheral nerve injuries and treated with erythropoietin microspheres

enjoyed enhanced recovery rates compared to those which received daily

intraperitoneal injections of erythropoietin. Exenatide, an earlier synthetic GLP-1

receptor activator, has been loaded into a PLGA subcutaneous microsphere drug

delivery system developed using a non-aqueous processing medium and found to be

effective both in vitro and in vivo [Lim S M, et al., 2015; Xuan J, et al., 2013]. The

microspheres displayed only a small amount of burst release after implantation, and

high encapsulation efficiency. In other work, Feng et al. [Feng Q, et al., 2014] found

PLGA microspheres loaded with exenatide could effectively reduce blood glucose

levels without any inflammatory response being initiated.

There have been many studies in which drug loaded PLGA microspheres have

been developed, and the drug loading capability, encapsulation efficiency, release

rates and other properties have been investigated in detail [Niu X, et al., 2009; Luo Y,

et al., 2014; Andreas K, et al., 2010]. This body of work clearly demonstrates that

PLGA microspheres are highly suitable as sustained-release carriers [Ping, 2005], and

once-weekly microsphere formulations of exenatide (Bydureon, AstraZeneca) are

already available in the clinic [Painter N A, et al., 2013]. The production methods and

exact compositions of the microsphere formulations will markedly affect the stability

of the incorporated protein, however [Angkawinitwong U, et al., 2015]. To date, the

Commented [g1]: Initial missing
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production methods used to generate PLGA microspheres include freeze-drying,

spray drying, and emulsion methods [Prajapati V D, et al., 2015; Gavini E et al., 2004;

Patel B B, et al., 2014]. Emulsion methods have been extensively investigated in

pharmaceutical research for preparing polymeric particles both of small molecule

active ingredients and therapeutic proteins. The process can be undertaken with a

wide range of polymers, and is relatively easy to scale-up [Iqbal M, et al., 2015]. The

oil-in-water emulsion and double emulsion (w1/o/w2) methods are most widely

examined, although sterilization can be challenging and low encapsulation efficacy

can be an issue as proteins are able to diffuse from the oil phase to the continuous

aqueous phase [Carrascosa C, et al., 2003].

Many researchers have used w1/o/w2 methods to produced drug-loaded

microspheres [e.g. Jiang H L, et al., 2004, 2002; Prieto M J B, et al., 1994]. However,

the therapeutic effects of drug loaded PLGA microspheres in diabetic animals and the

impacts on key organs such as the liver, kidney and heart remain uncertain. In this

study, a water-in-oil-in-water solvent evaporation method was employed to prepare

microsphere structures loaded with liraglutide; these were fully characterized and

explored both in vitro and in vivo to evaluate their drug release properties and to

determine their therapeutic efficacy in rats.

2. Materials and methods

2.1 Materials

PLGA (poly-D,L-lactide/glycolide 50/50; Mw 30 kDa) was purchased from the
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Jinan Daigang Biomaterial Co., Ltd (Jinan, China). Liraglutide was kindly provided

by the Wuxi Yatai Biotechnology Co., Ltd. (Wuxi, China). Poly(vinyl alcohol)

(PVA-217, degree of polymerization 1700, degree of hydrolysis 88.5%, Mw 72 – 84

kDa) was purchased from Kuraray (Osaka, Japan). Acetonitrile and trifluoroacetic

acid (both HPLC grade) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

All other reagents were of analytical grade.

Aspartate transaminase, alanine aminotransferase, alkaline phosphatase, lactate

dehydrogenase, creatine kinase, creatine kinase-MB, creatinine, uric acid and blood

urea nitrogen ELISA kits were all procured from the Wuhan Boster Biological

Engineering Co. (Wuhan, China). Interleukin-1α, interleukin-6 and interleukin-1β 

ELISA kits were obtained from the Shanghai Meilian Bio Technology Co. Ltd.

(Shanghai, China). High-density lipoprotein-cholesterol, low-density lipoprotein

-cholesterol, triglyceride, total cholesterol, total antioxidant capacity, hemoglobin A1c,

superoxide dismutase and glutathione ELISA kits were obtained from the Nanjing

Jiancheng Biological Engineering Institute (Nanjing, China). Tumor necrosis factor-α 

kits were bought from the Shenzhen Juying Biotechnology Co. Ltd. (Shenzhen

China).

Polyclonal antibodies including sterol regulatory element binding protein-1c,

acetyl-CoA carboxylase, acyl-CoA oxidase-1, peroxisome proliferator-activated

receptor, stearoyl-coenzyme A desaturase, methylenetetrahydrofolate reductase,

cystathionine beta-synthase and methyltetrahydrofolate homocysteine were sourced

from Santa Cruz Biotechnology Ltd (Dallas, TX, USA), as were monoclonal β-actin, 
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polyvinylidene fluoride touch and ECL kits. Secondary antibodies were provided by

the Zhongshan Golden Bridge Company (Beijing, China).

2.2 Animals

Male Sprague Dawley (SD) rats weighing 160 – 180 g were provided by

Kunming Medical University (Kunming, China). All animal experiments were

performed under certificate number SYXK 2011-0004 issued by the Yunnan Science

and Technology Agency. Ethical approval was obtained from the Kunming Medical

University Ethics Committee prior to experimental work beginning.

2.3 Preparation of PLGA microspheres and yield

PLGA microspheres were prepared using the water/oil/water (w1/o/w2) double

emulsion solvent evaporation method [Wischke C, et al., 2006]. First, an aqueous

phase w1 (3 mg liraglutide powder dissolved in 0.1 mL of a 1 % w/v aqueous

solution of sodium acetate), was emulsified with 10 mL of a solution of PLGA in

dichloromethane (1 % w/v) by ultrasonication (SL-900D instrument, Nanjing Shunliu

Instrument Co., Ltd., Nanjing, China) using a sonochemical power of 120W. Second,

the w1/o emulsion was poured into 200 mL of w2, an aqueous solution containing

PVA (2 % w/v) and NaCl (0.5 % w/v). This resulted in a coarse double emulsion

(w1/o/w2). Next, the emulsions were stirred for 5h at room temperature and the

resultant microspheres then collected by centifugation (5810R instrument, Eppendorf,

Hamburg, Germany) for 10 min at 10000 rpm. They were washed with distilled water

(10 mL; 5 times) and then dispersed in a 5 % w/v mannitol solution prior to

freeze-drying (10 Pa, -50 ºC; SJIA-10N instrument, Ningbo Dual Ka Instrument Co.,
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Ltd. Ningbo, China).

The presence of any residual dichloromethane (DCM) was quantified using

headspace gas chromatography (GC l12A instrument, Shanghai Analytical Instrument

Overall Factory, Shanghai, China). An equity-5 fused silica capillary column (30 mm

× 0.53 mm, 1.0 µm; Supelco Co., Ltd., PA, USA) was first held at 90 ºC for 2 min,

then increased to 180 ºC at 40 ºC/min and held for 10 min. The gasification chamber

temperature was 230 ºC. Experiments were performed using nitrogen as a carrier gas

(7 mL / min), a hydrogen flow rate of 45 mL / min and an air flow rate of 120 mL /

min. A calibration curve with regression equation y = 0.0194x + 0.0547 (r2 = 0.9733,

n = 6) was determined and used for analysis. If the measured value of residual

dichloromethane was less than 10 μg DCM / g PLGA microspheres, the formulations

were deemed acceptable for further investigation and sterilized using ultraviolet

irradiation.

The process yield was calculated by comparing the quantity of polymer and drug

initially used and the amount of microspheres obtained, using the following equation

[Jose S, et al., 2014]:

Microsphere yield (%) = 100% × mass of lyophilized microspheres (mg) / [(mass of

peptide added (mg) + mass of polymer added (mg))]

2.4 Particle size and morphology

The microspheres’ particle size and morphology were evaluated using scanning

electron microscopy (SEM) on a JSM-5600 instrument (JEOL, Tokyo, Japan). The

freeze-dried microspheres were mounted onto an aluminum stub using double-sided
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adhesive tape and sputter coated with a thin layer of gold under an argon atmosphere

before examination. The coated specimen was then examined at an acceleration

voltage of 10 kV. The average microsphere size for each sample was calculated from

the analysis of around 200 microspheres in SEM images, using the Image J software

[Guedes J C, et al., 2013].

2.5 Loading efficiency and encapsulation efficiency

Microspheres (5 mg) were dispersed in acetonitrile (150 µL), before 0.01 M HCl

(850 µL) was added. The resultant mixture was agitated to ensure complete

dissolution then filtered and reverse-phase HPLC employed to determine the

liraglutide concentration. The HPLC system (L-2000, Hitachi, Tokyo, Japan)

comprised a L-2130 quaternary pump, a L-2200 auto-sampler, a L-2420 UV–vis

detector and a L-2300 column oven. The column was an Inertsil ODS-SP column (GL

Sciences, Tokyo, Japan) with dimensions of 250 mm x 4.6 mm. The mobile phase

comprised acetonitrile (solvent A) and a 0.05 M aqueous KH2PO4 solution (pH = 4.0,

solvent B). The flow rate was set to 1.0 mL / min and a gradient method used (% v/v

of solvent A: 0 – 30 min: 40 → 45 %; 30 – 33 min: 45 % → 80 %, 33.1 – 35 min:

80 % → 40 %). The column temperature was maintained at 30 ºC. A calibration

curve with regression equation y = 128.33x - 25.54 (r = 0.9999, n = 6) was

determined and used for analysis. The loading and encapsulation efficiencies (LE and

EE respectively) were calculated using the equations [Vysloužil J, et al., 2014;

Muralikrishnan A, et al., 2014]:

LE (%, w/w) = 100% × Mass of drug in microspheres / Mass of microspheres
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EE (%) = 100% × Actual protein loading / Theoretical protein loading

2.6 Physical form and component compatibility

Differential scanning calorimetry (DSC) was performed using a GIVE MODEL

NUMBER instrument (Mettler Toledo, Columbus, OH, United States). 3-5 mg

samples were placed in an aluminum pan and heated at a constant rate of 10 °C/min

from 20 to 150 °C, under a dry atmosphere of nitrogen (as carrier gas). The

instrument temperature and energy scales were calibrated using an indium standard

(99.9%).

The microspheres were also studied using X-ray powder diffraction (XRD) on a

D/MAX-2500PC instrument (Rigaku, Tokyo, Japan) supplied with Cu Kα radiation. 

Diffraction patterns were collected in the 2θ range 3 – 50° with a step size of 0.01° 

(2θ) and count time of 1 s per step. 

Infrared (IR) spectra were recorded with a 5700 spectrometer (Nicolet, Madison,

WI, USA). 5 mg of each formulation was mixed with 500 mg KBr in an agate mortar,

before being compressed into a pellet. The measurement range was 4000–400 cm− 1;

32 scans per sample were collected at a resolution of 2 cm− 1.

2.7 In vitro drug release

The in vitro release of liraglutide from the microspheres was studied as follows.

10 mg microspheres were placed in an Eppendorf tube containing 1 mL buffer (10

mM HEPES, 100 mM NaCl, pH7.4) and incubated at 37 ºC under mild stirring (100

rpm) by a magnetic flea [Qi, F, et al., 2013]. A number of tubes were set up in parallel,

and after predetermined time points the release medium was removed by

Commented [g2]: Need to give the model number of the

DSC here
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centrifugation at 10,000 rpm for 5 min. The solid residue was washed with fresh

release buffer and the microspheres lyophilized for 24 h before the remaining

liraglutide concentration was determined. Experiments were run in triplicate for each

batch of microspheres.

2.8 Type 2 diabetes model

A Type 2 diabetes rat model was successfully established by feeding rats on a

high-fat diet for 6 months [Mourad A A, et al., 2013]. The criterion for success in this

regard was if, after 6 months, the fasting blood glucose level was greater than 11.1

mmol/L for seven consecutive days. Sixty rats were randomly divided into a negative

control group (CG), a high fat group (HFG), and four groups treated with liraglutide.

Three groups received different amounts of the liraglutide-loaded microspheres (low

(LLG), medium (LMG), and high liraglutide (LHG) groups), and finally we

established a liraglutide injection control group (LCIG). Each group contained 10

animals. Animals in the LLG, LMG, and LHG groups were given a subcutaneous

injection of microspheres (containing 0.9, 1.8, or 3.6 mg of liraglutide, respectively)

into the neck once on day zero of the experiment. The LCIG animals were injected

daily with a solution containing 60 µg of liraglutide in 0.5 mL of a 1 % w/v aqueous

sodium acetate solution (giving a total dose over 30 days of 1.8 mg), and the HFG

and CG group with 100 mg of blank PLGA microspheres.

2.9 Blood sugar measurement

Glucose levels were recorded at days 5, 10, 15, 20, 25 and 30. Before each

measurement, rats were fasted for 12 hours. One hour before each measurement, 5
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mL of 10% (w/v) brown sugar water was used for gavage. Blood glucose was

measured from the tail vein at hourly intervals over a 6 h period. This process mirrors

those used in other studies [Suresha R N, et al., 2013; Debnath T, et al., 2013].

2.10 Biochemical analysis

The amounts of aspartate transaminase, alanine aminotransferase, alkaline

phosphatase, total bile acid, creatine kinase, creatine kinase-MB, creatinine, uric acid,

interleukin-1α, interleukin-6 and interleukin-1β and tumor necrosis factor-α were 

measured using ELISA, according to the manufacturers’ instructions and with the aid

of a microplate reader (DG5033A, Nanjing Huadong Electronics Group Co., Ltd.,

Nanjing, China). Blood insulin, serum high-density lipoprotein-cholesterol, serum

low-density lipoprotein-cholesterol, serum triglycerides, serum total cholesterol,

blood urea nitrogen, total antioxidant capacity, hemoglobin A1c, superoxide

dismutase, glutathione, actate dehydrogenase, malondialdehyde and glutathione were

quantified by spectrophotometry (W2-G12 instrument, Shanghai Jiabiao Co.

Shanghai China).

2.11 Sacrifice and tissue collection

After 30 days, the rats were weighed and their tail vein glucose level quantified.

Using a chloral hydrate (3 % w/v) intraperitoneal injection the rats were sacrificed

after being anesthetized, and their abdominal cavities exposed. Samples of blood

were collected rapidly from the heart, centrifuged and stored at -80 ºC for future

analysis. Liver, spleen, lung, heart and kidney samples were collected and stored at

-80 ºC.
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2.12 Western blotting

Liver tissue was homogenized (D-8 high shear homogenizer, Miccra, Müllheim,

Germany) and the tissue lysate produced analysed for protein content using the BCA

methodology. 60 μg of homogenized tissue was used for SDS-PAGE electrophoresis; 

proteins were transferred using a semi-dry transfer method to a PVDF membrane,

which was then bathed in 5 % skimmed milk (20 mL) for 2 h. Polyclonal antibodies

were added and the membranes stored overnight at 4 ºC. The following day they were

washed with 50 mL of phosphate buffered saline (PBS) before the addition of

HRP-conjugated secondary antibodies and incubation for 2 h. After washing with 1

mL of the ECL luminescent reagent, the films were scanned and images processed

using the ImageJ software (National Institutes of Health, Bethesda, MD, USA) to

quantify the amounts of protein present using β-actin as an internal standard. Each 

experiment was repeated three times. Proteins detected were: sterol regulatory

element binding protein-1c, acetyl-CoA carboxylase, acyl-CoA oxidase-1,

peroxisome proliferator-activated receptor, stearoyl-coenzyme desaturase

methylenetetrahydrofolate reductase, cystathionine beta-synthase and

methyltetrahydrofolate homocysteine.

2.13 Statistical processing

Data are reported as mean ± the standard error of the mean (SEM). Differences in

parameter mean values were analyzed using one-way analysis of variance (ANOVA)

tests followed by SNK-q multiple comparisons using the SPSS19.0 software (IBM,

Armonk, NY, USA). A p-value of <0.05 was considered statistically significant.
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3. Results

3.1 Optimisation of microsphere production process

A range of experimental parameters were explored (see Table 1), after which the

optimal experimental parameters were set as follows: ultrasonication for 5 min, a 2 %

w/v PVA solution, and volume ratios for w1/o and o/w2 of 1:100 and 1:20 respectively

(serial 2, 11, 12 in Table 1). This formulation was selected because it offers the best

balance of encapsulation efficiency, drug loading, and process yield. In all cases, the

drug-loading is somewhat lower than other reports in the literature [Wei, G., et al.,

2004; Qi F., et al., 2013], but the encapsulation efficiency is consistent with these.

3.2 Characterisation of microparticles

Microspheres were prepared using the optimized parameters above at three

different mixing speeds (2400, 1200, and 600 rpm). SEM images are shown in Fig. 1:

all the microspheres are spherical in shape, with some pores visible on their surfaces.

The particle diameters are 16.19 ± 5.32 µm, 9.43 ± 2.36 µm and 6.88 ± 2.16 µm for

the samples prepared at 600, 1200, and 2400 rpm respectively. The percentage

relative standard deviation values are 32.8, 25.0, and 31.4 %.

The microspheres were next characterised by DSC, XRD and IR spectroscopy.

DSC data are given in Fig. 2A. PLGA and liraglutide show clear melting endotherms

at 42.8 ºC and 88.3 ºC respectively. The PLGA melt is also visible in the

microspheres, at 46.2 ºC (drug-free) and 48.8 ºC (liraglutide-loaded), showing the

polymer to be semi-crystalline in all cases. The liraglutide melt is not visible in the
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microspheres, indicating that the drug is converted from crystalline to amorphous in

the production process. The XRD data on the formulations are somewhat

inconclusive (Fig. 2B). The pure liraglutide powder appears to be semi-crystalline,

with some broad reflections present in the pattern. There are no clear reflections for

the microsphere formulations, only broad halos centered at around 18º, which

suggests that these are all amorphous materials. However, the DSC data clearly show

the presence of some crystalline PLGA material in the microspheres. It is not clear

why this is not detected by XRD, but it may be that the amount of crystalline material

is below the limit of detection; in any case, these results are consistent with the

literature [Guo W, et al., 2015]. Fig. 2C shows the IR spectra of the liraglutide loaded

PLGA microspheres and the raw materials. There are no clear differences between the

spectra of the blank microspheres and those containing liraglutide, which is as

expected since the drug loading is very small.

3.3 In vitro drug release

The liraglutide release profiles from the three different sets of microspheres

prepared under optimal conditions but at different mixing speeds are given in Fig. 3.

The spheres prepared at 600 rpm release the embedded drug most quickly and also to

the greatest extent. This is followed by the 1200 rpm formulation. The 2400 rpm

sample releases at approximately the same rate as the 1200 rpm analogue, but reaches

a lower release percentage after 30 days. Since it gives the best (slowest rate,

maximum release percentage after 30 days) sustained release profile and also has the

most uniform particles, the material prepared at 1200 rpm was taken forward into
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further studies.

3.4 In vivo blood glucose, HbA1c and insulin levels

The observation of a hypoglycemic effect when the drug-loaded microspheres

are injected into the body is vital for clinical application. We thus performed a series

of in vivo experiments in which rats were given a sugar gavage and blood then

periodically taken from the tail vein for analysis. Experiments were performed at

5-day intervals after the beginning of the experiment and the injection of

microspheres. The results are presented in Fig. 4. The trends are the same for the

samples taken at all timepoints, with the glucose level rising rapidly for all groups

except the negative control between 0 and 1 h after application of the sugar gavage.

The microsphere and injection-treated groups all have very similar ability to lower

blood glucose levels, as is visible in all measurements. Looking at the results

obtained 5 days after the start of the dosage regimen, it appears that the injection

treatment (LGIC) is reducing the glucose levels slightly faster than the microsphere

groups, but this effect is not particularly marked. After days 10, 15, 20 and 25 the

microsphere and injection groups are virtually indistinguishable in terms of the

changes in glucose concentration after gavage. On day 30, the glucose concentration

profile again appears to show a more rapid decline with the injection formulation,

indicating that maybe the microspheres are losing their potency at this time. The

different amounts of microspheres injected (LLG, LMG, LHG groups, given spheres

containing 0.9, 1.8, or 3.6 mg of liraglutide respectively) do not have any appreciable

effect on the data obtained.
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To further characterize the response in vivo, hemoglobin A1c (HbA1c, a more

reliable marker of longer-term glucose levels than direct measurement) was also

quantified. HbA1c and insulin levels after 30 days are presented in Fig. 5. The

negative control group (CG) has the lowest levels of HbA1c, as would be intuitively

expected, and the positive control high fat group (HFG) the highest. All the treatment

groups display significantly lower HbA1c levels than the HFG (p < 0.05), but there

are no significant differences between the LLG, LMG, and LHG groups which

received microspheres and the injection LCIG group. Both the microsphere and

injection groups showed higher values than the negative control group (CG).

Comparing the microsphere and injection groups with the HFG, it is clear that insulin

levels are increased both before and 2h after a meal. There are no statistically

significance differences between the microsphere and injection groups, nor between

the treatment groups and the CG.

3.5 Tissue staining

After treatment for 30 days, rats were sacrificed and the pathology of their lungs,

spleens, hearts, livers, and kidneys observed by hematoxylin-eosin staining (Fig. 6).

No major differences in the pathology of the heart, lungs, spleen, or kidneys can be

seen. However, looking at the sections from the liver in the HFG group, many fatty

deposits can be seen. The incidence of these is much reduced in the treatment groups,

particularly the LMG, LHG and LCIG.

3.6 Heart, lung and kidney function, and blood markers

The elevated blood glucose levels arising during diabetes commonly lead to liver,
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kidney and heart damage. The likelihood and extent of these problems arising can be

assessed through proxy measures: abnormal lipid levels, inflammatory factors and

oxidative stress. GLP-1 can regulate the blood lipid levels, inflammation, and

antioxidant ability of diabetic rats and improve their liver, kidney and heart functions.

Its efficacy post-loading into PLGA microspheres is not known, however, and thus to

verify the utility of our formulations we explored these parameters after in vivo

experiments. The results are detailed in Table 2 and Table 3.

The PLGA microspheres appeared to influence positively the blood lipid levels

(lipoprotein-cholesterol, triglycerides, and total cholesterol), and have similar effects

on regulating blood lipids to the injection group. The LMG and the LCIG groups

show very similar values. In terms of oxidative stress (superoxide dismutase,

glutathione and total antioxidant capacity), the LMG and the LCIG groups again give

very similar results. Considering the inflammatory markers (tumor necrosis factor-α 

and the interleukins IL-1α, IL-1β and IL-6) it can be seen that the microspheres lead 

to significantly greater production of these than the LCIG animals. This is consistent

with previous work [Yang J, 2011], and arises because PLGA frees lactic acid as it

degrades.

The toxicity of the PLGA microspheres must also be established, and to this end

liver function was assessed through measurements of the aspartate transaminase,

alanine aminotransferase, alkaline phosphatase, and r-valley ammonia acyl

transferase markers (Table 3). In the case of r-valley ammonia acyl transferase the

LHG group presented lower values than the LCIG group (p < 0.05), while the LGIC
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and LMG groups are almost identical. Considering the kidney function indicators

(creatinine, uric acid, and blood urea nitrogen), in the case of creatinine, the LHG

group value is significantly lower than the LCIG group (p < 0.05), and the LMG and

LCIG groups present very similar values. Similar trends are found with the heart

function indices (lactose dehydrogenase, creatine kinase and creatine kinase-MB),

with the LHG group being significantly reduced compared to the LCIG group in

terms of the latter. From these data, it can be concluded that loading liraglutide into

PLGA microspheres did not affect its thereapeutic effect: the formulations can

improve the liver, kidney and heart functions of rats, and they performed very

similarly to the injection control group.

3.7 Metabolic enzymes

The expression of key enzymes for lipid metabolism (sterol regulatory element

binding protein-1c, acetyl-CoA carboxylase, acyl-CoA oxidase-1, peroxisome

proliferator-activated receptor and stearoyl-coenzyme A desaturase) and for cysteine

metabolism (methylenetetrahydrofolate reductase, cystathionine beta-synthase and

methyltetrahydrofolate homocysteine) were quantified after the 30 day treatment

regimen. It has been reported that activators of GLP-1 receptors can regulate lipid

metabolism and homocysteine enzymes [Wang X, et al., 2014; Gao H, et al., 2015;

Liu Y, et al., 2014; Niu S, et al., 2015]. From Fig 7, we can see that except for

cystathionine beta-synthase, where similar quantities are observed for all groups, the

three microsphere groups and the LCIG treatment group have distinct effects on the

metabolic enzyme profile. The liraglutide formulations reduced sterol regulatory
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element binding protein-1c and acetyl-CoA carboxylase protein expression and

increased acyl-CoA oxidase-1, peroxisome proliferator-activated receptor,

stearoyl-coenzyme A desaturase, methylenetetrahydrofolate reductase and

methyltetrahydrofolate homocysteine expression compared with the HFG group.

4. Discussion

As reported in other work [Abashzadeh S, et al., 2011; Rodríguez -Contreras A,

et al., 2013; Xie X, et al., 2015], a range of factors including the ultrasonication time,

the ratios of the different phases, the concentration of PVA employed, and the mixing

speed are all important in determining the properties of microspheres produced in

w1/o/w2 double emulsion processes, including their drug loadings and encapsulation

efficiencies. In order to strike the best balance between the drug loading,

encapsulation efficiency and process yield, we investigated a range of these

parameters in our work. We found that a longer ultrasonication time leads to lower

drug loadings. This agrees with the literature [Xia Z, et al., 2005], which reports that

while long ultrasound times can give small microspheres excessive sonication

damages their structures. As the w1/o ratio decreases, the drug loading, encapsulation

efficiency and production yield all decline. As w2/o decreases, the drug loading

increases but there are no clear trends in terms of encapsulation efficiency and

production yield. The importance of these ratios has previously been identified by

Parikh et al., who prepared PLGA microspheres loaded with 5-fluorouracil using the

same method as employed here [Parikh R H, et al., 2003]. These authors found that
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the drug loadings and encapsulation efficiency were reduced with increases in the

amount w1 and w2 used. These trends are somewhat different to those observed here,

which can be ascribed to differences in the molecular weight and solubility of the

drugs used.

The optimum PVA concentration was found to be 2 % w/v; this gave the highest

drug loading, encapsulation efficiency and process yield. These were all reduced

when the PVA concentration was 1% or 3%, with the 1% solution giving particularly

low loading, encapsulation efficiency and process yield. This is consistent with the

studies of Mao et.al. [Mao S, et al., 2008]. High concentrations of PVA can produce

more stable microspheres and render them more compact, leading to high levels of

drug entrapment. However, high concentrations of PVA can also lead to drug

solubility increases, eventually leading to reduced entrapment [Yang Y Y, et al.,

2001].

The drug loadings and encapsulation efficiency decrease with increasing stirring

speed, as previously identified by Xuan [Xuan J, et al., 2013]. Overall, we found that

the liraglutide loading is somewhat lower than the literature reports for other PLGA

microsphere systems. For instance, Wei et. al. reported a loading of 2.59 % [Wei G, et

al., 2004] for bovine serum albumin (BSA) in PLGA using a w1/o/w2 system, and Qi

and coworkers achieved 5.13 % [Qi F., et al., 2013] for exenatide in PLGA. The

encapsulation efficiency determined in our work is generally consistent with these

previous reports, however [Wei G, et al., 2004; Qi F., et al., 2013].
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The mechanical stirring speed has been widely reported to affect the size of the

microspheres [Chaisri W, et al., 2009; Sun F, et al., 2010]. Here, we find that is a

clear trend for faster mixing speeds to produce smaller particles, in accordance with

reports in the literature. For instance, Chaisri et al. used speeds of 4000 rpm, 8000

rpm and 10000 rpm, and obtained microspheres of 16.50 ± 2.60 μm, 4.95 ± 0.06 μm 

and 3.18± 1.23 μm [Chaisri W, et al., 2009]. In other work speeds of 1000 and 1500

rpm yielded spheres of ca. 80 μm and 55 μm [Sun F, et al., 2010]. The mixing speed

clearly also influences the release properties. The literature reports that PLGA

microspheres can extend release to 7-40 days [Wang J W, et al., 2015; Vaughn W M,

et al., 2003; Jiang, G., et al., 2003]. Although there are a number of differences

between these studies and the work performed here, our results concur with the body

of knowledge to date and show drug release over around 30 days, with very similar

release profiles seen for all samples studied. The similarity of the profiles is attributed

to PLGA degradation being the rate determining step in release. For this application,

we hoped to achieve sustained release over around 30 days, as this is a clinically

relevant injection interval.

As a result of the drug release experiments performed, it was clear that the

microspheres have potential as once-monthly dosage forms for the treatment of

diabetes. The literature reports that using PLGA-encapsulated insulin can give a

hypoglycemic effect lasting from 5 to 15 days [Jiang G, et al., 2003; Kang F, et al.,

2004]. Our research indicates that the hypoglycemic effect of liraglutide-loaded

PLGA microspheres can be maintained for around 30 days. Three different doses
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were explored (0.9, 1.8 and 3.6 mg), and the therapeutic effects of these were very

similar. This may be related to the pharmacological activity of GLP-1 which

generally does not cause low blood sugar [Briones M, et al., 2006]. Thus, after

liraglutide is injected and helps return the blood sugar level to normal, it will not

continue to have a hypoglycemic effect. From the data obtained in this work, it

appears that no more than 0.9 mg over 30 days is required to produce the desired

hypoglycemic outcomes in the rat model employed here.

To further characterize the response in vivo, hemoglobin A1c (HbA1c) and

insulin were also quantified. HbA1c is a more reliable marker of longer - term

glucose levels than direct measurement [Berger W, et al., 1980; Sikaris K, 2009], and

insulin production is directly related to the pharmacological effect of liraglutide,

which stimulates production of the latter through the islet B cells [Damdindorj B, et

al., 2012]. Our research found that the microspheres can improve the HbA1c and

insulin levels, in the latter case giving values very similar to the negative control

group. The liraglutide-loaded PLGA microspheres thus can effectively exert a

long-term hypoglycemic effect.

Tissue staining can give direct information on the effects of medicines [Qiao C,

et al., 2013; Dang H, et al., 2015]. The results obtained from HE staining verify that

the liraglutide-loaded PLGA microspheres are safe and non-toxic, as previously

found by Kang and co-workers [Kang, S.W., et al. 2007].

The elevated blood glucose levels arising during diabetes commonly lead to liver,

kidney and heart damage. The likelihood and extent of these problems arising can be
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assessed through proxy measures: i.e. abnormal lipid levels, inflammatory factors and

oxidative stress [Dall T M, et al., 2014; Mebazaa A, et al., 2013; Abarikwu S O.

2014]. GLP-1 can regulate the blood lipid levels, inflammation, and antioxidant

ability of diabetic rats [Aassaloni C, 2005; Pickup J C, 2004; Gao H, et al., 2015] and

improve the liver, kidney and heart functions [Mells J E, et al., 2012; Zavattaro M, et

al., 2015; Rizzo M, et al., 2013], and this it was expected that liraglutide could act

similarly. The liraglutide PLGA microspheres show improvements in all these

measures, and were as effective as the liraglutide injection group. The only exception

to this concerns inflammatory cytokines, where the microsphere groups caused

slightly increased production. This is consistent with previous work [Yang J, et al.,

2011], and arises because PLGA frees lactic acid as it degrades. The production of

inflammatory molecules leads to diabetic complications, but given that the

microsphere formulations lead to an improvement over the positive control it is not

thought that their poorer performance than the injection in this regard should lead to

any major problems.

It has been reported that activators of GLP-1 receptors can regulate lipid

metabolism and homocysteine enzymes [Wang X, et al., 2014; Gao H, et al., 2015;

Liu Y, et al., 2014; Niu S, et al., 2015], so we observed the effect of our

liraglutide-loaded PLGA microspheres on these. The microspheres have positive

effects in improving lipid metabolism and homocysteine enzyme levels.

Our results offer a significant addition to the extant studies using drug-loaded

PLGA microspheres to treat diabetes, and add additional depth to these because often
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detailed studies of hypoglycemic effect are not reported [Jiang G, et al., 2003; Kang F,

et al., 2004]. There are many papers concerned with the toxicological and safety

profiles of PLGA, and our data concur with these in demonstrating the safety of the

materials [Semete B, et al., 2010; He Y, et al., 2006; Hara K, et al., 2008]. In one

example of this, Kang implanted PLGA films into rats and mice, and observed

toxicity and biocompatibility over 24 weeks [Kang B C, et al., 2005]. Attention was

paid to body weight, food, water, eyes, urine, blood, metabolism and organ quality,

and no serious inflammation or systemic toxicity was identified. As a result of all

these studies and the new results reported here, we are confident that

liraglutide-loaded PLGA microspheres are safe and non-toxic, and have great

potential for translation to the clinic.

5. Conclusions

Extended-release injectable microspheres of poly(lactic-co-glycolic acid)

containing liraglutide were prepared using a double emulsion method. Faster mixing

speeds were found to result in smaller spheres, in accordance with previous findings

in the literature. The microspheres give controlled release of the incorporated drug

over around 30 days. In vivo studies demonstrated that injected microspheres are able

to reduce blood glucose levels in a rat model of type 2 diabetes. At the very start and

very end of a 30-day treatment period, the microspheres perform slightly less well

than an injection formulation, but over the majority of the time course the

microspheres are found to be as efficient as the injections. An investigation of the
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pathology of key organs found that the fatty deposits seen in the liver with the

diabetic rats are prevented when they are treated with liraglutide microspheres, and

the heart, renal, and liver functions were unaffected by liraglutide treatment. The

microsphere treatments were statistically no different from the injection group in this

regard. Biochemical analyses of blood showed that blood lipids and

oxidation/antioxidant markers were indistinguishable from the injection formulation,

but inflammatory markers were somewhat raised. Levels of key enzymes involved in

lipid and cysteine metabolism were approximately the same regardless of whether the

liraglutide was delivered by injection or through the microspheres. Overall, our

results show that the liraglutide microspheres have a powerful therapeutic effect in a

rat model of diabetes, and may have great potential for clinical use.
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Figures

Fig. 1.

Fig. 1. SEM images (a, c, e) and particle size distributions (b, d, f) for the liraglutide-loaded

microspheres. Samples were prepared at (a and b) 2400, (c and d) 1200 and (e and f) 600 rpm.

The average microsphere size for each sample was calculated by the analysis of around 100

microspheres in SEM images, using the Image J software.
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Fig. 2.

Fig. 2. In vitro drug release from the liraglutide loaded microspheres. Experiments were

performed in triplicate, and data are plotted as mean ± SEM.
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Fig. 3.

Fig. 3. Characterising data on the microspheres. (a) DSC (exo up), (b) XRD and (c) IR

spectroscopy data are given. The liraglutide-loaded microspheres shown are those prepared with

ultrasonication for 5 min, a 2 % w/v PVA solution, a mixing speed of 1200rmp, and W1/O and

O/W2 volume ratios of 1:100 and 1:20 respectively.
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Fig. 4.

Fig. 4. Glucose concentration profiles monitored over 6 h after application of a sugar gavage.

Measurements were taken (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days after the start of the

dosage regimen. CG is a negative control group; HFG a positive control high-fat diet group;

LCIG the injection group; and, LLG, LMG, and LHG are groups treated with different amounts of

microspheres (containing 0.9, 1.8 and 3.6 mg liraglutide, respectively). Data are shown as mean ±

SEM over the 10 rats in each group.
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Fig. 5.

Fig. 5. Changes in (a) HbA1c and (b) insulin levels after treatment for 30 days. CG is a negative

control group; HFG a positive control high-fat diet group; LCIG the injection group; and, LLG,

LMG, and LHG are groups treated with different amounts of microspheres (containing 0.9, 1.8

and 3.6 mg liraglutide, respectively). Data are shown as mean ± SEM over the 10 rats in each

group. The annotation * in (a) denotes where values were found to be statistically different to the

HFG (p <0.05.)
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Fig. 6.

Fig. 6. HE staining results. Representative images from the (A) lung, (B) liver, (C) spleen,

(D) kidney, (E) heart are shown. CG is a negative control group; HFG a positive control high-fat

diet group; LCIG the injection group; and, LLG, LMG, and LHG are groups treated with different

amounts of microspheres (containing 0.9, 1.8 and 3.6 mg liraglutide, respectively).
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Fig. 7.

Fig. 7. Expression of key enzymes for lipid and cysteine metabolism after 30 days’ treatment. CG

is a negative control group; HFG a positive control high-fat diet group; LCIG the injection group;

and, LLG, LMG, and LHG are groups treated with different amounts of microspheres (containing

0.9, 1.8 and 3.6 mg liraglutide, respectively). Other abbreviations are: SREBP1c - sterol

regulatory element binding protein-1c, ACC - acetyl-CoA carboxylase, ACOX1 - acyl-CoA

oxidase-1, PPAR - peroxisome proliferator-activated receptor, SCD - stearoyl-coenzyme A

desaturase, MTHFR - methylenetetrahydrofolate reductase, CBS - cystathionine beta-synthase,

and MTR - methyltetrahydrofolate homocysteine.
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Tables

Table 1. Encapsulation efficiency and drug loading of microspheres prepared under different

conditions (mean ± SEM, n=3). (PVA is polyvinyl alcohol).

Serial

Inner water

phase (µL)

Oil phase

(mL)

External water

phase (mL)
PVA (%)

Ultrasonication

time (min)
Speed (rpm)

Drug loading

(%)

Encapsulation

efficiency (%)

production

Yield (%)

1 100 5 100 2 5 1200 1.76±0.05 77.4±5.6 51.4±5.2

2 100 10 200 2 5 1200 1.71±0.06 76.6±2.6 49.8±3.9

3 100 15 300 2 5 1200 1.52±0.14 68.7±4.2 34.6±4.9

4 100 10 100 2 5 1200 1.82±0.12 73.3±4.7 42.4±4.6

5 100 10 150 2 5 1200 1.76±0.21 72.1±3.7 46.4±5.8

6 100 10 250 2 5 1200 1.66±0.23 62.1±4.8 35.2±4.3

7 100 10 200 1 5 1200 1.32±0.11 52.4±6.2 46.4±3.8

8 100 10 200 3 5 1200 1.56±0.14 72.3±3.2 47.2±4.4

9 100 10 200 2 10 1200 1.48±0.21 58.7±4.1 42.6±4.8

10 100 10 200 2 15 2400 1.21±0.15 47.4±5.6 39.8±6.6

11 100 10 200 2 5 600 1.77±0.03 78.3±3.1 45.2±3.9

12 100 10 200 2 5 1200 1.65±0.06 74.1±2.9 43.6±5.0
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Table 2. Biochemical measurements of blood lipid levels, inflammation, oxidation and

antioxidant activities. Measurements were recorded in 3 times per rat on each of the 10 rats in

each treatment group, and the results are reported as mean ± SEM across all measurements.

Abbreviations are as follows: negative control group (CG), high fat group (HFG), liraglutide

-loaded microspheres (low (LLG), medium (LMG), and high liraglutide (LHG) groups),

liraglutide injection control group (LCIG), low-density lipoprotein-cholesterol (LDL-C),

high-density lipoprotein-cholesterol (HDL-C), triglycerides (TG), total cholesterol (TC),

High-density lipoprotein-cholesterol (HDL-C), superoxide dismutase (SOD), glutathione (GSH),

total antioxidant capacity (T-AOC) malondialdehyde (MDA) tumor necrosis factor-α (TNF-α), 

interleukin-1α (IL-1α), interleukin-6 (IL-6) and interleukin-1β (IL-1β). 

CG HFG LLG LMG LHG LCIG

Blood

lipid

TC(mmol/L) 1.13±0.16 1.63±0.35 1.46±0.15* 1.45±0.87* 1.42±0.65* 1.41±0.25*

TG(mmol/L) 0.16±0.02 0.27±0.09 0.23±0.02* 0.21±0.03* 0.17±0.04* 0.20±0.03*

HDL-C(mmol/L) 0.42±0.04 0.78±0.13 0.63±0.03* 0.61±0.07* 0.54±0.11* 0.61±0.06*

LDL-C(mmol/L) 0.33±0.09 0.58±0.11 0.51±0.09* 0.48±0.07* 0.50±0.10* 0.51±0.08*

Inflamma

tion

factors

IL-1α(ng/L) 241.13±32.16 567.63±123.35 407.86±87.65*♯ 363.51±67.54*♯ 333.62±56.77* 321.65±72.14*

IL-1β(ng/L) 225.16±28.45 533.27±142.09 389.62±79.37*♯ 371.26±65.32*♯ 352.24±57.61*♯ 289.31±60.54*

IL-6(ng/L) 443.51±143.11

1252.48±365.0

6

898.71±159.54*♯ 851.23±143.21*♯ 806.43±161.86*♯ 698.65±189.23*

TNF-α(ng/L) 1200.3±243.0 3200.5±418.1 1807.6±305.6*♯ 1652.6±321.8*♯ 1646.6±265.4*♯ 1467.5±249.7*

Oxidative

and

antioxida

nt ability

SOD(U/mL) 170.13±26.16 56.63±33.35 88.57±22.43* 90.45±34.21* 97.38±29.87* 91.19±31.36*

GSH(mmol/L) 6.16±1.04 2.27±2.09 4.59±1.89* 4.18±1.65* 5.82±2.04*♯ 4.85±1.86* 

T-AOC(U/L) 17.51±3.11 7.48±4.06 12.93±3.89* 13.54±3.54* 14.33±3.65* 14.49±4.03*

MDA(mmol/L) 2.33±0.15 8.58±2.34 6.57±1.72*♯ 5.54±1.84* 5.17±1.14* 5.62±4.65* 

Note:"*" indicates that compared to the HFG group, p <0.05."♯" indicates that compared with the LCIG group, p < 0.05.



48



49

Table 3. Liver, heart, and kidney indices for rats after 30 days’ treatment. U/L = units per litre.

Measurements were recorded in triplicate on each of the 10 rats in each treatment group, and

results are reported as mean ± SEM across all 30 measurements. Groups and markers are

abbreviated as follows: negative control group (CG), high fat group (HFG), liraglutide -loaded

microspheres (low (LLG), medium (LMG), and high liraglutide (LHG) groups), liraglutide

injection control group (LCIG), aspartate transaminase (AST), alanine aminotransferase (ALT),

alkaline phosphatase (AKP), r-valley ammonia acyl transferase (r-GT), creatinine (Cr), uric acid

(UA), blood urea nitrogen (BUN), (actose dehydrogenase (LDH), creatine kinase (CK) and

creatinekinase-MB (CK-MB).

CG HFG LLG LMG LHG LCIG

Liver

function

AST(U/L) 122.67±13.21 215.25±40.98 166.81±20.16* 137.83±18.24* 128.45±17.63* 138.21±16.63*

ALT(U/L) 34.62±3.16 48.74±4.23 45.21±2.45 42.26±1.98* 39.27±2.67* 41.17±2.52*

AKP(U/L) 88.33±21.24 131.33±11.15 126.32±24.16 112.36±18.45* 101.26±20.41* 110.92±15.67*

r-GT(U/L) 0.67±0.33 2.67±0.33 2.43±0.21 2.30±0.42* 1.67±0.17*♯ 2.31±0.54* 

Heart

function

CK(U/L) 20.17±7.72 79.56±16.98 60.54±11.23* 51.23±10.26* 46.54±8.82* 51.43±9.83*

CK-MB(U/L) 78.36±14.21 190.98±33.69 150.21±12.44* 132.16±15.92* 110.84±13.21*♯ 130.23±11.23*

LDH(U/L) 81.16±10.42 168.43±22.61 121.69±11.43* 108.52±12.56* 97.54±12.16* 104.28±10.81*

Renal

function

CREA(umol/L) 51.13±7.16 101.63±20.28 78.23±12.86* 70.87±12.74* 65.23±11.21*♯ 74.32±10.17*

UA(umol/L) 78.16±11.41 110.27±30.19 98.26±18.39* 93.24±18.82* 90.36±12.43* 94.24±11.26*

BUN(mmol/L) 6.33±1.29 10.58±2.12 8.92±1.16* 8.74±1.55* 8.70±1.06* 8.81±0.94*

Note:"*" indicates that compared to the HFG group, p < 0.05."♯" indicates that compared with the LCIG group, p < 0.05


