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Purpose: Oral administration of liraglutide, a protein drug, suffers from low intestinal absorption and instability in the gastrointestinal 
tract, resulting in low bioavailability. The present study aimed to develop a pH-responsive nanocomposite based-colonic delivery 
system to improve the oral efficacy of liraglutide.
Methods: Nanocomplex (AC-Lira) between aminoclay and liraglutide was prepared by a spontaneous self-assembly. After surface 
charge reversal using citric acid, AC-Lira was coated with poly(methacrylic acid-co-methyl methacrylate) (1:2). The fabricated 
nanocomplex underwent various in vitro studies to characterize its physicochemical properties, drug release, and cellular transport. 
In vivo efficacy studies were also conducted using streptozotocin-induced diabetic rats.
Results: Both uncoated (AC-Lira) and coated nanocomplex (EAC-Lira) achieved high entrapment efficiency (> 90%) and showed 
a narrow size distribution. While exhibiting low drug release at pH 1.2 (approximately 30%), EAC-Lira achieved rapid and extensive 
drug release (~90%) at pH 7.4, displaying pH-dependent drug release. EAC-Lira showed significant size reduction and surface charge 
reversal during dissolution at pH 7.4, probably due to the removal of the outer coating layer. Furthermore, EAC-Lira was effective at 
protecting the entrapped proteins against enzymatic degradation. EAC-Lira also increased the membrane transport of liraglutide by 3.5 
folds in Caco-2 cells. Owing to enhanced membrane transport and metabolic stability, EAC-Lira improved in vivo efficacy of orally 
administered liraglutide, significantly reducing blood glucose concentrations, intake of food and water, and body weight in type 2 
diabetes rats.
Conclusion: These results suggest EAC-Lira is a promising approach to improving the oral bioavailability and efficacy of liraglutide.
Keywords: liraglutide, aminoclay, GLP-1 agonist, type 2 diabetes, nanocomposite

Introduction
High potency, selectivity, and low toxicity of protein drugs increase their desirability for treating various incurable and 
chronic diseases.1,2 However, low metabolic stability and poor membrane permeability of therapeutic proteins result in 
low bioavailability; hence, most protein drugs are available in injectable formulations in the current pharmaceutical 
market. Therefore, patient-friendly oral formulations of protein drugs are necessary to improve patient compliance, 
particularly in long-term therapy for chronic diseases.

Diabetes is one of the most common chronic diseases globally.3 In 2021, the number of patients with diabetes was 
estimated at 537 million; it is expected to reach 783 million by 2045.4 Specially, type 2 diabetes is prevalent in 90% of 
diabetes patients and is a leading cause of mortality, increasing the risk of various diseases, including cardiovascular 
disorders, blindness, renal failure, and chronic liver diseases.4,5 For more effective treatment of type 2 diabetes, protein 
drugs are often used as anti-diabetic medications, besides traditional synthetic small molecules. For example, liraglutide is 
a long-acting, fatty acylated glucagon-like peptide-1 (GLP-1) analog, which shares 97% homology to human GLP-1 except 
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for two parts: arginine residue at position 34 instead of lysine and a fatty acid side chain (C16, palmitic acid) attached to the 
lysine at position 26 via glutamate spacer.6–8 Liraglutide is used for type 2 diabetes, obesity, and chronic weight 
management.9 Compared to insulin therapy, liraglutide has the following advantages:10,11 (i) minimizing the risk of 
hypoglycemia, (ii) a long half-life of approximately 13 h, (iii) inhibiting gastric emptying and reducing appetite and food 
intake. In current medical practice, liraglutide is administered once daily by subcutaneous injection. Given that oral delivery 
is a highly desirable alternative to injections, particularly in chronic diseases requiring repeated dosing for prolonged periods, 
this study aimed to develop a pH-responsive nanocomposite system for effective oral delivery of liraglutide.

Aminoclay is a 3-aminopropyl-functionalized magnesium phyllosilicate. It is dispersed in water as cationic nano- 
sheets.12 It provides several advantages; (i) it can produce a nanocomplex with a diverse range of drugs via electrostatic 
interactions, and (ii) it has low risk of toxicity, enhancing cellular drug uptake.13,14 It can also improve the thermal 
stability of protein drugs.15 Therefore, in this study, an aminoclay-based colonic nanocomposite system was fabricated as 
an oral delivery system of liraglutide as illustrated in Figure 1. First, the core nanocomplex between aminoclay and 
liraglutide was fabricated via a spontaneous co-assembly, and then, the surface charge of the nanocomplex was reversed 
to positive using citric acid. Finally, the core-nanocomplex underwent a surface coating with poly(methacrylic acid-co- 
methyl methacrylate) (1:2), a pH-dependent polymer.16 In this study, we developed a direct coating method between two 
repulsive components via a charge modification in acidic conditions, demonstrating a new manufacturing process of pH- 
dependent nanoparticles loaded with protein drugs.

Materials and Methods
Materials
Liraglutide was obtained from Chengdu Shengnuo Biopharm Co., Ltd. (Chengdu, China). Streptozotocin (STZ), 
3-aminopropyltriethoxysilane (APTES, 99%), citric acid, pepsin, and trypsin were purchased from Sigma-Aldrich 
Co. (St Louis, MO, USA). Inorganic salts including magnesium chloride hexahydrate (98%) were obtained from 
Junsei Chemical Co., Ltd (Tokyo, Japan). Poly(methacrylic acid-co-methyl methacrylate) (1:2) (Eudragit® S100, 

Figure 1 Fabrication of a pH-responsive nanocomposite-based colonic delivery system to improve the oral absorption of liraglutide.
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ES100) was provided by Evonik Korea Ltd. (Seoul, Korea). 3-Aminopropyl functionalized magnesium phyllosilicate 
(aminoclay) was prepared as described in previous studies.17 Hank’s balanced salt solution (HBSS), Dulbecco’s 
Modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, and non-essential amino 
acids were purchased from GE Healthcare Life Sciences (South Logan, UT, USA).

Cells
Caco-2 cells were provided by the Korean Cell Line Bank (Seoul, Korea). Cells were grown in a DMEM medium with 
10% FBS, 1% antibiotics, and 1% nonessential amino acid. Cells were incubated at 37 °C in an atmosphere of 5% CO2 

and 90% relative humidity.

Preparation of Nanoparticles
Liraglutide (10 mg/mL) was dissolved in distilled water and added dropwise into an aqueous solution of 
aminoclay (10 mg/mL) at a drug/clay ratio of 1:3 with stirring at 350 rpm. After stirring for 1 h, a white 
precipitate was collected by centrifugation (22,250×g) at 4 °C for 15 min and dried at room temperature 
under vacuum. The obtained nanoparticles (AC-Lira, 20 mg) were dispersed in 10 mM citric acid (1mL, 
pH 3) and added dropwise into 2% poly methacrylate copolymer (ES100) in organic solvent (ethanol: acetone 
= 1:2, v/v) at an AC-Lira/ ES100 ratio of 1:2 (v/v). After vigorous stirring for 30 min, the coated nanoparticles 
(EAC-Lira) were collected by centrifugation (22,250×g) at 4 °C for 15 min, and dried at room temperature under 
vacuum.

Structural Characterization
Particle size and zeta potential of all formulations were measured by dynamic light scattering (DLS) using 
a Zetasizer (Nano-ZS90; Malvern Instruments, Malvern, UK). The polydispersity index (PDI) was also estimated 
to examine the size distribution. The entrapment efficiency (EE) of the nanoparticles was calculated using the 
following equation:

The structural stability of liraglutide entrapped in the nanoparticles was examined by Circular dichroism (CD) 
analysis using the Chirascan™-Plus Spectrometer (Applied Photophysics, Surrey, UK). Spectra were obtained 
from 200 nm to 260 nm at 25 °C (a light path length: 5 mm, a bandwidth: 1 nm). Fourier-transform infrared 
spectroscopy (FT-IR) (Nicolet™ iS™ 5; Thermo Fisher Scientific Inc., Waltham, MA, USA) analysis was also 
performed with a ZnSe crystal accessory. FT-IR spectra of all samples were measured over a wavenumber range of 
4000–500 cm⁻1 with 64 scans at a resolution of 4 cm⁻1. The morphological characteristics of nanoparticles were 
examined using a transmission electron microscope (TEM) (JEM-F200; JEOL Ltd., Tokyo, Japan) at the National 
Center for Inter-University Research Facilities (NCIRF) at Seoul National University (Seoul, Korea).

In vitro Drug Release Studies
The drug release studies of nanoparticles were performed at pH 1.2 and 7.4 to evaluate pH-dependent drug release 
characteristics. As release media, 0.1 M hydrochloride buffer and 0.05 M phosphate buffer were prepared and 
adjusted to pH 1.2 and 7.4, respectively. Each formulation (equivalent to 0.2 mg of liraglutide) was incubated in 
the release medium (3 mL) at 37 °C while shaking at 100 rpm. At the predetermined time points, the samples were 
withdrawn and centrifuged (22,250×g) for 10 min. Drug concentrations in supernatants were determined by an 
HPLC assay. Change in the particle size, zeta-potential, and PDI of nanoparticles during incubation in dissolution 
media were also evaluated using a Zetasizer (Nano-ZS90; Malvern Instruments, Malvern, UK).
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Protection Against Enzymatic Degradation
The conformational stability of liraglutide entrapped in nanoparticles was investigated using simulated gastric fluid (SGF, 
pH 1.2 with 5 µg/mL pepsin) and intestinal fluid (SIF, pH 7.4 with 20 µg/mL trypsin), as reported previously with slight 
modification.18 The nanoparticles were incubated in SGF or SIF at 37 °C and the enzymatic reaction was terminated at 
the predetermined time points by adding 0.2 M NaOH (0.2 mL) into SGF and 0.1 M HCl (0.2 mL) into SIF. The 
nanoparticles were collected by centrifugation (22,250×g) for 15 min, and liraglutide in nanoparticles was extracted in 
PBS (pH 7.4) for 2 h. The secondary structure of liraglutide released from nanoparticles was examined by CD 
spectroscopy and compared to that of native liraglutide.

Transport Studies
Caco-2 cells were seeded on the trans-well plates (surface area of each well: 1.12 cm2) at a cell density of 
2.0×105 cells/well. Cells were incubated at 37 °C for 21 days, and the medium was changed every other day. 
During incubation, the integrity of cell monolayers was monitored regularly by determining trans-epithelial 
electrical resistance (TEER) values using an epithelial tissue voltohmmeter (Millicell ERS-2; MerckKGaA, 
Darmstadt, Germany). Prior to the transport studies, the medium was removed, and cells were washed twice 
with HBSS. Both apical and basolateral compartments were filled with HBSS and pre-incubated for 30 min at 
37 °C. Then, HBSS in the apical side was replaced by a drug solution containing each formulation equivalent to 
200 µg/mL of liraglutide. At predetermined time points, samples (150 µL) were collected from the basolateral 
side, and an equal volume of fresh HBSS was added to the basolateral side to maintain a constant volume. Drug 
concentrations were determined using an HPLC assay. The apparent permeability coefficient (Papp) was calcu-
lated as follows; Papp = dQ/dt × 1/AC0 (C0: the initial drug concentration in the apical compartment, A: the 
surface area of membrane filter, and dQ/dt: the cumulative drug amount as a function of time in the basolateral 
compartment).

TEER values were also monitored during the transport studies. After removing the drug solution at the end of 
transport studies, fresh HBSS was added into the apical and basolateral compartments, and TEER values were measured 
for 24 h.

Pharmacokinetics Studies
The pharmacokinetic characteristics of EAC-Lira were examined in rats and the experimental protocol was approved by 
the Review Committee of Dongguk University (IACUC-2022-009-1). Male Sprague-Dawley rats (230–250g) were 
provided by Orient Bio Inc. (Seongnam, Korea). Rats were divided into two groups (n = 4 per group) and administered 
orally liraglutide or EAC-Lira. Each formulation was dispersed in 0.5% aqueous methylcellulose and administered orally 
at a dose equivalent to 15 mg/kg of liraglutide. Blood samples were collected from the jugular vein at 0.5, 1, 2, 4, 6, 8, 
12, 24 and 30 h after dosing. Blood samples were centrifuged at 16,600 × g for 10 min at 4 °C, and the separated plasma 
samples were stored at −80 °C until analyzed by LC-MS/MS.

In vivo Efficacy Studies
Animal studies were conducted in accordance with the “Guiding Principles in the Use of Animals in Toxicology” 
adopted by the Society of Toxicology (USA), and the study protocol was approved by the review committee of 
Dongguk University (IACUC-2022-009-1). Male Sprague–Dawley rats were provided by Orient Bio Inc. 
(Seongnam, Korea). As previously reported,17 all rats were fed a high-fat diet (HFD) for 3 weeks, and type 2 
diabetes was induced with streptozotocin (STZ) (in 50 mM citrate buffer solution, pH 4.5) via intraperitoneal (IP) 
injection at 40 mg/kg. After 10 days, blood was collected from the jugular vein to determine blood glucose 
concentrations by a Roche glucose meter (ACCU-CHEK® guide). Rats with fasting blood glucose over 
300 mg/dL were used as diabetic models.

The pharmacodynamics effects of liraglutide were evaluated in STZ-induced type 2 diabetic rats. Animals were 
divided into four groups (n = 5–6/group). Group 1 was given a vehicle by SC injection. Group 2 was treated 
subcutaneously with liraglutide solution once daily at a dose of 300 µg/kg. Groups 3 and 4 were administered 
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liraglutide solution and EAC-Lira orally at a dose equivalent to 15 mg/kg of liraglutide. Changes in blood glucose 
concentrations, intake of food and water, and body weight were examined for 30 days. Each day, the rats were given 
a predetermined amount of HFD and normal tap water;18 after 24 h, the quantity of remaining food and water was 
measured. The body weight of each diabetic rat was measured daily using a micro-weighing balance. Blood samples 
were collected from the jugular vein under aseptic conditions, and blood glucose concentrations were determined 
using a Roche glucose meter (ACCU-CHEK guide). All physiological parameters were expressed as a percentage of 
initial levels on Day 0 before the drug administration.

Analytical Method
In vitro Samples
Drug concentrations were determined using an HPLC system (Ultimate 3000 HPLC; Thermo fisher, Waltham, MA, 
USA) and a reversed-phase column (Gemini® C18, 4.6×150 mm, 5 μm; Phenomenex, Torrance, CA, USA). The mobile 
phase consisted of (A) 0.1% trifluoroacetic acid (TFA) in acetonitrile and (B) 0.1% trifluoroacetic acid (TFA) in water. 
The flow rate was 0.6 mL/min and the column temperature was 40 °C. The analytes were separated using a linear 
gradient changing from 60% B to 50% B within 2.5 min and then to 40% B for 0.5 min, which was maintained for 1 min. 
Mobile phase B was changed from 40% to 50% over 2 min and then to 60% B for 1 min, which was maintained for 3 
min. The detection wavelength was 220 nm, and tolbutamide was used as an internal standard. The calibration curve was 
linear over the drug concentration of 1–200 µg/mL, displaying good linearity (r2>0.998).

In vivo Samples
Drug concentrations in plasma were measured using LC-MS/MS assay. Mobile phases (A: 0.1% formic acid in water, B: 
0.1% formic acid in acetonitrile) were eluted through a C18 column (2.1×50 mm, 5.0 μm; Phenomenex, CA, USA) at 40 °C 
with the flow rate of 0.25 mL/min. The analytes were separated using a linear gradient changing from 30% B to 60% 
B within 0.5 min and then to 90% B for 0.5 min, which was maintained for 1.5 min. Mobile phase B was then changed from 
90% to 30% over 0.1 min and maintained for 2.4 min. An API 4000 triple quadrupole mass spectrometer (ABSciex, 
Framingham, MA, USA) with an electrospray ionization (ESI) source was used for mass analysis. The precursor/product 
ion pair (m/z) for Lira was 938.8/1128.3 and the calibration curve was linear (r2 > 0.999) over the concentration range of 5– 
1000 ng/mL.

Statistical Analysis
All mean values are expressed with their standard deviation (mean ± SD). Statistical significance was determined using 
a Student’s t-test or one-way ANOVA. A p-value less than 0.05 indicated statistically significant difference.

Results and Discussion
Preparation and Structural Characterization of Nanoparticles
As summarized in Table 1, all nanoparticles exhibited high entrapment efficiency (> 90%) and narrow size distribution. 
First, the liraglutide-aminoclay nanocomplex (AC-Lira) was prepared via spontaneous self-assembly, where positively 
charged aminoclay could effectively interact with negatively charged liraglutide. The obtained nanoparticles (AC-Lira) 
had an average size of 146 ± 20.6 nm and a zeta-potential of −29.8 ± 2.08 mV (Table 1). Subsequently, when AC-Lira 
was dispersed into 10 mM citric acid (pH 3), its surface charge reversed to positive since liraglutide has an isoelectric 
point of 4.9.19 Therefore, it could undergo direct surface coating with anionic polymethacrylate copolymers, thus 
producing a colonic delivery system of liraglutide (EAC-Lira). In previous studies, the negatively charged nanocomplex 

Table 1 Characteristics of Nanoparticles (Mean ± SD, n = 3)

Formulation Size (nm) PDI Zeta Potential (mV) EE (%)

AC-Lira 145.7 ± 20.6 0.226 ± 0.07 − 29.8 ± 2.08 99.7 ± 0.07

EAC-Lira 370.4 ± 13.9 0.163 ± 0.05 − 1.97 ± 0.09 90.7 ± 0.09
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underwent a dual coating process via layer-by-layer deposition to fabricate pH-responsive drug delivery systems when 
the enteric coating polymers had the same surface charge as the nanocomplex.20–22 However, in this study, the 
modulation of surface charges using citric acid allowed a direct coating between two repulsive components, simplifying 
the manufacturing process of pH-dependent nanoparticles. EAC-Lira was obtained with an average size of 370 ± 13.9 nm 
in a narrow size distribution (Table 1 and Figure 2A).

Structural and morphological characteristics of nanoparticles were examined using a CD analysis, FT-IR, and TEM. As 
summarized in Figure 2B, the FT-IR spectrum of EAC-Lira exhibited absorption bands from each formulation component, 
including peaks at 1652 cm⁻1 (amide I peak) and 1541 cm⁻1 (amide II peak) from liraglutide, peaks at 1009 cm⁻1 (Si–O–Si) 
and 550 cm⁻1 (Mg–O) from aminoclay, and absorption bands at 1723 cm⁻1 (C=0 ester) and 1146 cm⁻1 (C–O ester) from 
polymethacrylate copolymer (ES100). This result suggests the formation of a liraglutide-aminoclay complex. Moreover, the 
morphology of nanoparticles was examined using TEM. All nanoparticles were spherical and their size was correlative to that 
measured by dynamic light scattering (Figure 2C). Given that the conformational stability is critical in formulating proteins, 
the secondary structure of liraglutide entrapped in nanoparticles was examined by CD spectroscopy. As shown in Figure 2D, 
the CD spectra of liraglutide released from nanoparticles were similar to that of native liraglutide, implying that nanoparticles 
maintained conformational stability of liraglutide. Furthermore, HPLC analysis confirmed the intact drug peak without any 
significant degradation products when the entrapped liraglutide was released from nanoparticles (Figure 2D).

Collectively, liraglutide-loaded nanoparticles with/without surface coating were obtained in a spherical shape with 
high entrapment efficiency (> 90%) and effectively maintained the structural stability of the entrapped protein.

In vitro Drug Release Studies
Drug release studies were performed at pH 1.2 and 7.4 to confirm a pH-dependent drug release of nanoparticles. As 
shown in Figure 3A, AC-Lira exhibited rapid drug release at acidic pH, releasing about 80% of the drugs within 30 min. 
In contrast, the coated nanoparticles (EAC-Lira) showed drug release of less than 30% at pH 1.2, achieving rapid and 
extensive drug release at pH 7.4 with approximately 90% over 12 h (Figure 3B). The pH-dependent drug release of EAC- 

Figure 2 In vitro characterization of aminoclay-based nanoparticles. (A) Size distribution of nanoparticles, (B) FT-IR spectra, (C) TEM images. Scale bar is 200 nm for AC- 
Lira and 500 nm for EAC-Lira, (D) CD spectra (left) and HPLC chromatograms (right) of liraglutide released from each formulation after incubation at pH 7.4 for 8 h. 
Abbreviation: I.S, internal standard.
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Lira could be due to peeling of the polymer coating layer at pH above 7.0. This is also supported by the changes in the 
size and surface charge of nanoparticles as shown in Figure 4. While particle size and zeta potential of EAC-Lira were 
maintained under incubation at pH 1.2, the particle size significantly reduced with the alteration in surface charge under 
incubation at pH 7.4. The pH-dependent drug release characteristics of EAC-Lira may prevent drug release in the harsh 
environment of the stomach and deliver more drugs into intestinal sites.

Protection Against Enzymatic Degradation
Proteolytic enzymes in the gastrointestinal (GI) tract can cause the destabilization of protein drugs, leading to low oral 
bioavailability. The protective effect of nanoparticles against enzymatic degradation of liraglutide in the GI tract was 
examined using simulated gastric fluid (SGF) and intestinal fluid (SIF) containing digestive enzymes.23,24 As shown in 
Figure 5A, liraglutide entrapped in AC-Lira was destabilized in SGF. In contrast, the secondary structure of liraglutide 

Figure 3 In vitro drug release profiles of the uncoated (AC-Lira) and coated (EAC-Lira) nanoparticles at pH 1.2 (A) and at pH 7.4 (B) (mean ± SD, n = 3).
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entrapped in EAC-Lira was similar to that of native liraglutide in both SGF and SIF (Figure 5A and B). These results 
were also consistent with the observation from the HPLC analysis of liraglutide released from nanoparticles. As shown in 
Figure S1, HPLC chromatograms from EAC-Lira indicated the intact drug peak without any additional impurities in the 
presence of digestive enzymes. These results suggest that EAC-Lira could successfully protect the proteins against 
enzymatic degradation during the transition in the GI tract.

Cellular Transport
Effect of nanoparticles on the cellular uptake of liraglutide was examined in Caco-2 cells. As shown in Figure 6A, all 
nanoparticles increased drug transport by 3.5–3.8 folds in Caco-2 cells compared to free drug. It may be attributed, at least in 
part, to the transient tight junction (TJ) opening in the presence of nanoparticles. As shown in Figure 6B, TEER values 
significantly decreased on cell exposure to AC-Lira and EAC-Lira, but fully recovered when nanoparticles were removed at 

Figure 4 Variation in particle size (A), zeta potential (B), and PDI (C) during the incubation of EAC-Lira at different pH values (mean ± SD, n = 3).
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the end of the experiment. EAC-Lira was converted to AC-Lira after the dissolution of outer coating layer at pH 7.4 and thus, 
both EAC-Lira and AC-Lira showed similar TJ opening effect during the incubation in Caco-2 cells (Figure 6B). The transient 
TJ opening effect of these nanoparticles may be explained, at least in part, as follows. First, as shown in Figure 3B, AC-Lira 
released drugs rapidly at pH 7.4 (greater than 80% drug release within 0.5 h). During this drug release process, the dissociation 
of nanocomplex also released the positively charged free aminoclay, a transient TJ opener.14,25 The effect of cationic 
aminoclay on the reversible TJ opening has been clearly demonstrated in the previous studies.14,25 Second, the protonated 
amine groups of aminoclay outward from the surface of AC-Lira (ie, outward-facing of nanocomplex) were not occupied by 
liraglutide, which might interact with negatively charged cell membrane and TJ components. Although the exact mechanism 
of TJ opening remains unknown, the result suggests that aminoclay-based nanoparticles have a transient and reversible effect 
on TJ opening and facilitate drug permeation via paracellular pathway.26

Figure 5 CD spectra of liraglutide released from the nanoparticles after incubation in SGF (A) and SIF (B). At the end of incubation in SGF and SIF, the nanoparticles were 
collected and incubated in PBS (pH 7.4). The released liraglutide underwent CD spectroscopic analysis.
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In vivo Efficacy Studies
The in vivo effectiveness of EAC-Lira as an oral delivery system was evaluated in type 2 diabetic rats. In vivo efficacy of 
EAC-Lira in alleviating the symptoms of diabetes and obesity was examined in comparison with SC injection. Given that 
glucagon-like peptide-1 receptor agonists such as liraglutide stimulate insulin secretion and decrease food and water intake 
by delaying gastric emptying,11 the in vivo efficacy of each formulation was evaluated based on the change in blood glucose 
level, food/water intake, and body weight. As shown in Figure 7A, SC injection of free drug solution significantly reduced 
blood glucose concentrations, achieving approximately 70% of the initial blood glucose level on day 7. However, oral 
administration of free drug solution did not show any hypoglycemic effect, probably due to gastrointestinal destabilization 
and poor membrane permeability. In contrast, oral administration of EAC-Lira gradually reduced blood glucose concen-
trations, reaching approximately 80% of the initial blood glucose level on day 10. These results are consistent with the 
observation from pharmacokinetics studies (Table S1 and Figure S2). As shown in Figure S2, the systemic exposure of 
liraglutide was not detectible after the oral administration of pure drug solution. In contrast, EAC-Lira significantly 
improved the oral exposure of liraglutide, where the Cmax and AUC of liraglutide were 71.1± 36.3 ng/mL and 480 ± 253 
ng•h/mL, respectively.

In addition to the modulation of blood glucose levels, the study examined the efficacy of EAC-Lira against obesity in 
diabetic rats. Like SC injection, once-daily dosing of EAC-Lira significantly reduced food intake by 40–50% and water 
consumption by 50–60% compared to the control group (Figure 7B and C). Accordingly, EAC-Lira showed a significant 
effect in weight loss, steadily reducing body weight over 30 days (Figure 7D). These results suggest a high potential of 
EAC-Lira as an effective oral delivery system of liraglutide, improving the symptoms in diabetes and obesity.

Figure 6 Cellular transport of liraglutide in different formulations (mean ± SD, n = 4). (A) Apparent permeability of liraglutide from different formulations, and (B) the effect 
of each formulation on the trans-epithelial electrical resistance (TEER). *p < 0.05, compared to the control (liraglutide solution).
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Conclusions
In this study, EAC-Lira was developed for improved oral bioavailability of liraglutide. EAC-Lira was obtained as a nano- 
sized particle, displaying narrow size distribution and high entrapment efficiency (> 90%). It showed pH-dependent drug 
release characteristics, minimizing premature drug release in the upper GI tract. EAC-Lira could retain the structural 
stability of entrapped proteins in the presence of digestive enzymes. Furthermore, EAC-Lira significantly improved 
cellular drug uptake. Thus, orally administered EAC-Lira could reduce blood glucose levels, intake of food and water, 
and body weights in type 2 diabetic rats. Taken together, EAC-Lira may be a promising oral delivery system of 
liraglutide.

Data Sharing Statement
All data generated or analyzed during this study are included in this published article.

Ethics Approval and Informed Consent
All animal studies were approved by the review committee of Dongguk University (IACUC-2022-009-1).

Figure 7 In vivo efficacy of EAC-Lira in type 2 diabetic rats (mean ± SD, n = 5–6). The in vivo effect on blood glucose level (A), food intake (B), water consumption (C), and 
body weight (D) was assessed after once-daily dosing of each formulation for 30 days. The dose was equivalent to 0.3 mg/kg and 15 mg/kg of liraglutide, for SC injection and 
oral administration, respectively.
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