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Summary 

The purpose of this study was to investigate the chemical stability and respirability of a pure insulin spray-dried 
(Ins_SD) powder. Moreover, the glycemic plasma profile of rats was measured after pulmonary insufflation of 
Ins_SD and Afrezza® at a dose of 10 IU/Kg. 

The results of this study show that a pure insulin pulmonary powder (Ins_SD), produced by spray drying from an 
acid aqueous solution of the peptide, presented a high respirable fraction (FPF=91.5%) and favourable stability 
behaviour. The powder, filled into HPMC Quali-V®-I capsules together with the PVC-PVDC packaging material, 
showed long term stability at room temperature whilst maintaining good aerodynamic performance. The in vivo 
study was conducted in rats and the glycemic plasma profile was determined after pulmonary insufflation of Ins_SD 
and Afrezza® powder. These profiles resulted to be similar to each other when the powder was administered and 
both of them were similar to the glycemic plasma profile registered after the subcutaneous insulin solution 
administration. 

Key Message 

A highly respirable insulin spray dried powder was demonstrated to be stable at room temperature for 6 months, 
this outcome opens the possibility of a diabetic therapy that is less dependent on the cold storage of drug product. 
The glycemic plasma profile after pulmonary insufflation was equal to the one obtained by Afrezza®. 

Introduction 

Approximately 6 million people in the U.S. require insulin therapy. Insulin therapy allows for better glycemic control, 
but patients are often hesitant to make the transition to insulin because of its adverse-event profile 
(e.g., hypoglycemia, weight gain) and because of fear of injections. 

Afrezza® (insulin human) inhalation powder (MannKind Corp./Sanofi-Aventis US) was approved by the FDA in July 
2014 for patients with type-1 and type-2 diabetes mellitus. Afrezza® employs the Gen2 inhaler and it is available in 
different IU strengths that are modulated loading augmented amount of powder in the device. This product contains 
18% of insulin with fumaryl diketopiperazine used to manufacture respirable microparticles according to proprietary 
Technosphere® technology. Afrezza® has to be stored at 2-8°C and when the blister foil package is opened it must 
be used within 10 days.[1] 

A pure insulin pulmonary powder produced by spray drying was developed and patented by the Department of 
Pharmacy of the University of Parma.[2] 

The aim of this study was to investigate the chemical stability and respirability of this insulin spray-dried powder 
loaded into capsules packed in blister. High molecular weight covalent degradation products were searched at 
0, 30, 150 and 180 days after powder production. The in vitro respirability of Ins_SD was compared to the one of 
the commercial Afrezza® products. Finally, the glycemic plasma profile of rats was measured after pulmonary 
insufflation of Ins_SD and Afrezza® at a dose of 10 IU/Kg. 

Experimental methods  

A human recombinant insulin powder for inhalation (Ins_SD) was prepared by spray drying using a mini Spray Dryer 
Büchi B-290 (Büchi, CH), as previously described.[3] The powder was characterized by SEM analysis (SUPRA 40, 
Zeiss, DE) and its particle size distribution measured (Spraytec, Malvern Instruments Ltd, UK). 

HPMC capsules size 3 (Quali-V®-I, Qualicaps Europe, ES) were semi-automatically filled with 2 mg of INS_SD 
powder using a Omnidose TT vacuum drum filler system (Harro Höfliger Verpackungsmaschinen GmbH, DE). 
Capsules were packed in PVC/PVDC 260 mm x 250 µm, 60 g transparent blister (Research Pharmaceutical Co., 
Ltd., Colombia) sealed with a standard 20 µm aluminum foil (Amcor Flexibles Soliera, Srl, IT). The in vitro 
respirability of Ins_SD was assessed using the Next Generation Impactor (NGI) (Copley Scientific, UK) and RS01® 

high resistance inhaler (Plastiape, IT) at 65 L/min to aerosolize the formulation. In comparison, the aerodynamic 
performance of Afrezza® (8 IU), corresponding to 0.70 mg of insulin, was assessed. The content of three Ins_SD 
capsules or six Afrezza® cartridges was discharged for each NGI test. Insulin collected in the impactor was 
quantified by HPLC, using a previously validated method.[3] Emitted Dose (ED), Median Mass Aerodynamic 
Diameter (MMAD), Fine Particle Dose (FPD<5 µm) and Fine Particle Fraction (FPF<5 µm), were calculated 
according to USP 36. The stability study was conducted storing the capsules in blisters at room temperature 
(25°C-60% RH) and at refrigerate conditions (4°C) up to 6 months. Samples were analysed for higher molecular 
weight protein (HMWP) impurities, according to insulin and impurities HPLC quantification methods reported in Ph. 
Eur. 9th Edition. 
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Male Wistar rats weighing 280-320 g (Charles River, LC, Italy) were maintained in the animal facility of Parma 
University with a 12 h day and night schedule with food and water available ad libitum for 7 days before the 
experiment. Rats (4 per group) were fasted for 3 h prior to basal glycemic determination then they received a 1 g/Kg 
glucose injection (time zero) and 5 min later 10 IU/Kg of insulin were administered subcutaneously (SC) or 
intratracheally using a dry powder inhaler device DP-4 insufflatorTM (Penn-Century, Inc, Philadelphia, US). Ins_SD 
and Afrezza® were blended in order to achieve a mass of powder sufficient to be loaded in the device. Blends were 
prepared in Turbula® mixer (25 rpm for 5 min) with mannitol spray-dried powder in order to have 80 µg of peptide 
in 2 mg of powder. A group of rats received the carrier microparticles (mannitol spray-dried), as control. For SC 
administration insulin was dissolved in 0.01 N HCl/saline 1:9 (solution pH= 4.7). Blood samples (250 µl) were 
sublingually collected at time 15, 30, 60, 120 and 180 min after administration of insulin or carrier formulation. 
Plasma was separated by centrifugation and glucose concentration was spectrophotometrically determined using 
Glucose Oxidase reagent (Werfen) The rats were sacrificed under anaesthesia after completion of the experimental 
procedure by withdrawing the entire blood volume through their abdominal aorta. Data obtained were analyzed 
using a Two-way ANOVA and Bonferroni post test. 

 

Results  

Ins_SD was successfully prepared by spray drying with a yield process > 60%. The powder particle size distribution 
is reported in Figure 1. The SEM analysis showed that Ins_SD was constituted by microparticles having a wrinkled 
shape attributable to the insulin substance. Shrivelled microparticles derived from the collapse of inflated protein 
solution droplets during drying. Some spherical particles were present in the population. 

 

 

 

 

 

 

Figure 1 - Describe the figure above 

 

Figure 1  Particle size distribution of Ins_SD by laser diffraction. The dv 0.1, dv 0.5, dv 0.9 represent the volume 
diameter of the particles at 10, 50 and 90% on the cumulative undersize curve. 

 

        

Figure 2. SEM images of insulin spray-dried Ins_SD. 

 

Ins-SD powder showed a high respirability, considering that the delivered dose was >95% and the FPF lower than 
5 µm was 91%. The MMAD of 0.85 µm (Table 1) was lower than the median volume diameter because particles 
had corrugated and aerodynamic-favourable shape. The uniformity of content after the semi-automatic filling of 
Ins_SD powder was performed and the capsules resulted contain slightly less (1.70 ± 0.06 mg) than the target value 
of 2 mg. The data collected before and after the filling process were similar in terms of fine particle fraction showing 
that the mechanical manipulation of the powder did not affect the aerosolization behaviour.  

Afrezza® powder, tested for comparison, was successfully emitted from the device (more than 95%). The powder 
mainly deposited on stages 3, 4 and 5 of the impactor, with an MMAD of 3.2 µm. 

 

  

 dv 0.1 (µm) dv 0.5 (µm) dv 0.9 (µm) 

Ins_SD 1.20 ± 0.03 2.72 ± 0.14 7.91 ± 1.67 
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Table 1 - Aerodynamic parameters of Ins_SD when the capsule was filled manually and post Harro filling process 
(n=3) and Afrezza® powder (8 IU cartridge). 

 
Metered Dose  

(mg) 

Emitted Dose 

(mg) 

MMAD  

(µm) 

FPD  

(mg) 

FPF  

(%) 

Extra-FPD 
(mg) 

Extra-FPF 
(%) 

Ins_SD 
Post production 

2.35 ± 0.06 2.26 ± 0.07 0.85 ± 0.09 2.07 ± 0.04 91.5 ± 1.2 1.92 ± 0.04 85.1 ± 0.8 

Ins_SD 
Post filling 

1.62 ± 0.08 1.50 ± 0.05 0.89 ± 0.09 1.37 ± 0.04 91.5 ± 5.9 1.28 ± 0.07 85.2 ± 7.7 

Afrezza® 0.64 ± 0.00 0.60 ±0.00 3.19 ± 0.03 0.41 ± 0.01 68.3 ± 0.6 0.20 ± 0.00 40.5 ± 0.6 

 

The association of insulin monomers to dimers and larger aggregates (hexamers) is a complex, dynamic equilibrium 
and is a function of pH, ionic strength and protein concentration. The insulin aggregates have to preserve ability to 
readily dissociate into a rapidly absorbed monomeric/dimeric compound when dissolved in a biological fluid 
(Figure 3). Covalently linked aggregates of insulin, as a consequence of chemical degradation, are referred to as 
High Molecular Weight Products (HMWP) and are not able anymore to dissociate and release the monomers.  

Diabetic patients exposure at low HMWP levels cannot be prevented as they inevitably form in the formulation 
during use and storage of insulin products. 

The percentage of all Ins_SD covalent products (dimers and hexamers) was found to be below the USP limits of 
2% (dotted line, Figure 3) in both storage conditions for the 6 months of the investigation. Similarly, the level of 
other degradation products as A21 desamido insulin + other related proteins (ORP) was maintained in the USP limit 
for 6 months as previously reported.[4] 

 

Figure 3 - high molecular weight protein (HMWP) degradation products of insulin spray-dried powders INS_SD stored 
at room temperature (25 °C, 60% RH) for six months: (mean ± standard deviation, n = 3), USP limits are 
represented by the dotted lines. The schematic process of powder dissolution, hexamers dissociation and 
monomers absorption across capillary membrane is reported. 

 

From the plasma analysis it was demonstrated that Ins_SD provided a similar profile of glucose control as Afrezza® 
(p>0.05). The AUC profiles were not statistically different from the ones obtained after SC insulin injection (p>0.05). 
However, both the pulmonary insulin afforded a more rapid glucose decrease compared to SC which provided a 
longer lasting hypoglycaemic effect. The control group that received the carrier (mannitol spray-dried powder) 
reported the glucose profile correspondent to the physiological decrease after its assumption. 
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Figure 4 - Plasma glucose level time curve of rats that received Ins_SD, Afrezza®, mannitol by pulmonary insulation and 

insulin subcutaneously. The insulin dose was 10 IU/Kg per animal. Data are expressed as mean ± ES (n=4). 

 

Conclusions 

The results from this study show that pure insulin pulmonary powder, produced by spray drying from an acid 
aqueous solution of the peptide, presented a higher respirability compared to Afrezza®. Furthermore, insulin spray-
dried powder stability data have shown that Qualicaps® Quali-V®-I capsules, together with the PVC-PVDC 
packaging material, can provide long-term stability, maintaining good aerodynamic performance. This specific spray 
dried powder formulation pre-metered in HPMC capsules and packaged in PVC/PVDC 260 mm x 250 µm, sealed 
with standard aluminum foil, opens the possibility of an inhalation therapy less dependent on the cold storage of 
drug product. 
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