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Summary 

Background: Glucagon-like peptide 1 (GLP-1) is an incretin hormone with multi-faceted actions that find use in the 

management of type 2 diabetes mellitus. This study focuses on the development and characterization of a GLP-1 
loaded dry powder inhalation (DPI) formulation prepared by spray-freeze drying (SFD) technique. Methods: Inhalable 

porous GLP-1 particles were prepared by SFD, using a blend of L-leucine and trehalose, and the particles were 
characterized in terms of particle size distribution and morphology. Carr’s index (CI) and angle of repose (θ), which 
are measures of powder flow properties, were calculated. In-vitro aerosol performance was assessed in terms of 
mass median aerodynamic diameter (MMAD), fine particle fraction (FPF) and geometric standard deviation (GSD) 
using Andersen Cascade Impaction (ACI). The specific surface area (SSBET) of porous particles was determined by 
nitrogen adsorption-desorption method. The viability of A549 (lung adenocarcinoma) cells after exposure to the DPI 
was assayed to evaluate the toxic effects of the DPI formulation on alveolar epithelial cells. Results: Particles 

prepared in high yield (~90%) by SFD exhibited good dispersibility and aerodynamic performance (MMAD=3.7±0.01 
µm, FPF=60.5±0.5%). Particles showed good flow properties but poor compressibility. Scanning electron microscopy 
(SEM) revealed that particles were highly porous structures, and possessed high SSBET (5.676 m

2
/g) and low density 

(0.03 g/ml). In-vitro cytotoxicity studies on A549 cells indicated that the particles did not exert significant cytotoxicity. 
Conclusion: A suitable inhalable formulation of GLP-1 was developed that may be used for the treatment of type 2 

diabetes mellitus. 

Introduction 

Glucagon-like peptide 1 (7-36) amide (GLP-1) is a 30-amino acid incretin hormone secreted by intestinal L-cells 
following meal ingestion 

[1]
. This enteroendocrine peptide is euglycemic in both type 1 and type 2 diabetes mellitus 

through pleiotropic actions on the hypothalamus, the glucagon-associated endocrine cascade and on β-cells of the 
pancreas 

[2]
. The peptide is prone to rapid degradation by the enzyme dipeptidyl-petidase-IV (DPP-IV) and possibly 

also by gastric enzymes which accounts for its extremely short half-life (1-2 min) 
[3]

 and low oral bioavailability. 
Delivering proteins/peptides through the non-invasive pulmonary route can offer various advantages as it presents a 
large surface area for absorption and evades first pass metabolism 

[4]
. However, the labile nature of proteins/peptides 

makes it challenging to formulate them for pulmonary drug delivery. To mitigate the risk of denaturing GLP-1 during 
processing, cryoprotectants/stabilizers such as L-leucine and trehalose have been employed to formulate peptide-
containing DPIs 

[5]
. SFD is a novel formulation strategy that produces particles having high porosity, large geometric 

size (>5 µm) and remarkably low density (<0.1 g/cc), thus displaying aerodynamic diameters (1-5 µm) eminently 
appropriate for deep lung delivery 

[6]
. Due to their relatively large size, such particles bypass macrophage uptake 

[7]
, 

thus increasing the overall bioavailability of the anti-diabetic peptide. L-leucine is an efficient aerosolization enhancer 
[8]

 and also improves insulin sensitivity in type 2 diabetes mellitus 
[9]

. Magnesium stearate, an anti-adherent excipient, 
was added to reduce the electrostatic charge 

[10]
 between the GLP-1 porous particles 

[11]
. 

AIM: The aim of the present work is to develop porous inhalable particles of GLP- 1 as a dry powder inhalation 

employing L-leucine and trehalose as excipients in a spray-freeze drying process. 

Materials and Methods 

GLP-1 (7-36) amide fragment was obtained from ChemPep Inc. (FL, USA). L-Leucine and Trehalose were supplied by 
Merck (India). Magnesium stearate and Sigmacote

®
 (sliliconizing reagent for glass) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). The water used in all experiments was prepared in a three-stage Millipore Milli-Q plus 
185 purification system (Bedford, MA, USA). 

Formulation: A schematic representation of SFD to prepare inhalable porous particles containing GLP-1 is depicted 
in Figure 1A. The optimized aqueous feed had 2 %w/v solids, which consisted of 1 %w/w GLP-1 and 99 %w/w 
excipients (Leucine:Trehalose=75:25), were directly sprayed into cryogen (liquid nitrogen) contained in a 5 L three-
necked round bottom flask using a 0.5 mm diameter two fluid nozzle (Labultima LU-20) at a solution feed rate of 5 
ml/min and nozzle pressure of 25 psi. The resulting suspension of frozen droplets was lyophilized for 48 hr under 0.01 
mBar at -80°C (Labconco, USA) to obtain dried powder. In the next step, 0.5 %w/w magnesium stearate was added to 
the dried powder, mixed well and finally stored at -20°C. All glassware was siliconized using Sigmacote

®
 prior to use. 
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Physico characteristics of particles: The particle size distribution of the powder was determined by laser diffraction 

using a wet sample dispersion unit (Malvern Mastersizer 2000, Hydro 2000MU unit, Malvern Instruments, UK). The 
dry powder was dispersed in hexane (refractive index=1.463) and determinations were made when an obscuration of 
5-10% was achieved. 

The density of the powder was measured by tapped density measurements. The ratio of powder (g) weight to tapped 
volume (ml) gives the tapped density (ρt). The flow properties of powder such as angle of repose (θ) and Carr’s 
compressibility index (CI) were estimated by the following equations: 

Angle of repose  = tan
-1

 (h/r); where h=height of powder pile from base (mm), r=radius of powder pile (mm). 

Carr’s Index CI = 100 * (ρt-ρb)/ρt; Where ρt=tapped density (g/ml), ρb=bulk density (g/ml). 

The typical particle size distribution, expressed in span is calculated as: 

Span = (d90- d10)/d50; Where d90, d50 and d10 represent diameters below which 90%, 50% and 10% of particles have 
smaller size, respectively 

Particle aerodynamic behaviour analysis: The in-vitro aerosol performance of the porous particles was 
experimentally determined in terms of mass median aerodynamic diameter (MMAD) using an eight-stage Andersen 
Cascade Impactor (ACI). Briefly, the DPI formulation (~100 mg) was filled in the reservoir of a Rotahaler

®
 (Cipla Ltd., 

Mumbai, India) powder inhalation device and the ACI was operated at a flow rate of 60 L/min for 4 sec. After the run, 
the powder retained at each sample stage was weighed. Geometric size distribution (GSD) represents the ratio 
between 84% undersize and 50% undersize (MMAD). The total emitted dose (TED) is the total mass of drug emitted 
from the inhaler. The fine particle dose (FPD) corresponds to the dose of aerosolized particles having size less than 5 
µm. Fine particle fraction (FPF) is the percentage ratio of FPD to the total dose. 

Particle morphology: Morphology of the particles was determined using scanning electron microscopy (SEM). 
Samples were deposited on pin mounts having conductive aluminum tape with adhesive and coated with Au−Pd 
(80:20) using a JEOL smart sputter coater. Samples were examined and imaged in a JEOL (Japan Electro-optics 
laboratory Ltd., Tokyo, Japan) JSM-IT300LV SEM at an accelerating voltage of 7 kV using a secondary electron (SE) 
detector. 

Surface area analysis: Specific surface area (SSBET) of inhalable particles was estimated by nitrogen adsorption-
desorption method using Brauner Emmet and Teller (BET) equation. The measurement was carried out at cryogenic 
temperature (-196°C) on Autosorb

®
 iQ-XR (Quantachrome instruments, FL, USA). The mesopore size distribution was 

also calculated using Barrett Joyner Halenda (BJH) desorption method. 

In-vitro cell viability assay: The in-vitro cytotoxicity of inhalable formulations was measured by the methyl 
tetrazolium (MTT) assay. These experiments were carried out on the A549 cell line, derived from human lung 
adenocarcinoma. Cells were cultured in RPMI-1640 medium supplemented with 10% FCS and 1% antimycotic-
antibiotic mixture in 96-well culture plates at 37°C, 5% CO2, and 95% relative humidity. Cells were seeded in 96 well 
plates at a density of 5 × 10

4
 cells/well and were allowed to adhere overnight. The plates were then washed three 

times with RPMI medium (not supplemented with FCS and antibiotics), complete medium replaced, and incubated for 
48 hr with particles at 0.1 μM, 1 μM and 10 μM GLP-1 equivalent concentrations. Cells were washed twice RPMI 
medium and incubated in presence of 5 mg/ml MTT for 4 hr at 37°C. Dimethyl sulfoxide (150µl) was added to each 
well to solubilize formazan crystals. The optical density was read using a multiwell scanning spectrophotometer 
(Biotek Microplate Reader, Model-Powerwave XS, Dynatech Laboratories Inc., Chantilly, VA, US) at 550 nm. 

Results and Discussion 

Table 1 shows the physical parameters of some formulations prepared by SFD. Particles prepared using varying 
ratios of leucine and trehalose showed good flow properties, and a very poor compressibility index. Particles prepared 
by incorporating 25% trehalose had a MMAD of 3.68±0.01 µm (GSD=1.96±0.04) with fine particle fraction (FPF<4.6 µm) 
of 60.49±0.47 %. Hence, particles prepared by SFD showed good dispersibility and aerosol performance. The yield of 
particles obtained by SFD was above 90%. 
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Table 1: Physico characteristics of inhalable GLP-1 particles prepared by SFD. Values represent mean±SD (n=3) 

Median 
particle 

size (µm) 
Span 

Angle of 
Repose 

(θ) 

Carr’s 
Index 
(CI) 

% yield 
Total 

Emitted 
dose (µg) 

MMAD 
(µm) 

GSD 
Fine 

Paricle 
Dose (µg) 

FPF (%) 

7.6±0.9 3.2 32.8±0.9 40.9 93.4±2.3 490.2±5.7 3.7±0.01 1.9±0.1 302.4±2.3 60.5±0.5 

 

Figure 1: (A) Schematic representation of SFD technique for the preparation of porous particles. (B) SEM micrographs showing SFD 
particles prepared from leucine:trehalose in ratio of 75:25 at 2% w/v total solid content. (C) Median size and size distribution data of 
GLP-1 particles prepared by SFD keeping sample feed rate at 5ml/min. 

As shown in Figure 1B, the inhalable GLP-1 particles displayed a spheroid morphology and were highly porous 
structures formed due to rapid freezing and subsequent removal of water during lyophilisation. 

The particles exhibited a BET surface area of 5.676 m
2
/g and mesopore volume (determined by t-plot method) of 

0.012 cc/g. The pore radius measured using the BJH desorption method and De Boer calculation was 9.915 Å. 
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Figure 2: Effect of GLP-1 and its DPI formulations (Bank MP=Blank microparticles, GLP-1 MP=GLP-1 containing microparticles, 
GLP-1 FD=GLP-1 free drug) on the viability of A549 cells. All data are shown as mean±SD (n=3).  

The viability of A549 cells when exposed to GLP-1 porous particles with different GLP-1 equivalent concentration (0.1 
μM, 1 μM and 10 μM) is shown in Figure 2. As evident from the graph, the viability of the cells was above 80% for all 
inhalable formulations. Hence, the DPI formulations containing GLP-1 do not exert significant toxicity to A549 cell line 
even at the concentration of 10μm.  

Conclusion 

Particles engineered by SFD technique were porous and had extremely low density. The powder possessed 
physicochemical and aerodynamic characteristics suitable for lung delivery. In-vitro studies on A549 cells indicated 

that inhalable GLP-1 particles were non-toxic at the concentrations investigated. Further studies investigating 
pharmacodynamics and efficacy of GLP-1 particles in-vivo are underway. 
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