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Abstract  
 
 

The aim of this work was to investigate the pure novel insulin spray-dried powder as DPI 

product (Ins_SD), studying physico-chemical stability, in vitro respirability, bioavailability and 

tolerability. The characteristics of  Ins_SD were compared to the one of Afrezza®. 

PK/PD profiles were conducted in wistar rats receiving the pulmonary powders by intra tracheal 

insufflation or the same dose by sub cutaneous way. 

The results showed that Ins_SD powder exhibited a very high in vitro respirability (FPF of 

91%) not affected by the semi-automatic filling process and the powder remained unmodified 

during the 6 months of stability investigation at room temperature.  

In vivo data demonstrated that Ins_SD was promptly absorbed, reaching the maximum 

concentration (tmaxx4.9±1.5 mU/tml) 15 minutes post-dosing. Afrezza had a slower absorption 

(tmax30 min) and lower Cmax of 1.8±0.37 mU/ml. Following the glucose injection, Ins_SD 

determined a rapid glucose reduction, similar to Afrezza. In comparison SC injection showed 

a longer lasting hypoglycemic effect due to the prolonged insulin concentration in the plasma. 

The Ins_SD product is suitable for a post prandial glucose control providing to the patient a 

convenient and compliant product, in particular in the event of using a disposable device. 

Albeit the product could be distributed in cold chain, these findings open the possibility of 

executing the therapy during daily use, adopting patient conducts not dependent on storage in 

the refrigerated conditions. 
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Abbreviations 

AUC: Area Under the Curve 

BALF: Bronchoalveolar lavage fluid 

DPI: Dry Powder Inhaler 

FDA: Food and Drug Administration 

FDKP: Fumaryl-diketopiperazine 

FPD: Fine Particle Dose 

FPF: Fine Particle Fraction 

HMWP: high molecular weight protein 

IT: Intratracheally 

MMAD: mass median aerodynamic diameter 

ORP: other related protein 

PD: Pharmacodynamic 

PK: Pharmacokinetic 

RBA: Relative Bioavailability 

SC: Subcutaneous 

 

 

  



  

Introduction 

Approximately 6 million people in the U.S. require insulin therapy for glycemic control [1]. 

Insulin is mainly administered subcutaneously or intravenously. Some patients are disturbed by 

insulin administration because of adverse-events (e.g., hypoglycemia, weight gain) and fear of 

injections. Inhalation delivery of insulin avoids the invasiveness and fear of the injectable 

administration, so increasing the patient's convenience of the therapy. Treatment with insulin 

by oral inhalation addressed these concerns and empowered patients to obtain appropriate 

glycemic control. It has been a long time since pulmonary insulin both liquid and dry powder 

was investigated [2]: Aerami therapeutics has completed a clinical Phase 2 of a liquid 

formulation delivered as a soft mist (web ref 1). Pfizer company had developed an inhaled 

insulin product that obtained the US FDA approval in 2006 with the brand name of Exubera. 

In October 2007, Pfizer withdrew the product from the market due to unsatisfying sales, in part 

due to serious side effect and risks (hypoglycemia, cough, pharyngitis, and rhinitis) 

{Oleck:2016hd} and in part assigned to the device size [3,4]. In July 2014, Afrezza® (human 

insulin) inhalation powder (MannKind Corp, US), was approved by FDA for type-1 and type-

2 diabetes mellitus patients. It employs a small and easy to use dry powder inhaler. This novel 

insulin reduces the glucose levels similarly to rapid-acting insulin injection, with better control 

of hypoglycemia [5]-[6,7]. Upon inhalation, insulin microparticles are deposited into the deep 

lung where they dissolve. The absorbed peptide enters the bloodstream producing the glucose-

lowering response. The pharmacodynamic effect appears quickly and has a shorter duration 

than the sub-cutaneous injected products [8].  

To favour and control the pulmonary deposition and absorption of insulin, a number of studies 

have used excipients as carriers and absorption promoters [9,10]. For example, Jiake He et al. 

(2018) studied pharmacokinetic and pharmacodynamic performance of dry powders of rh-

insulin intratracheally administered in rats, formulated with pig pulmonary surfactant or 



  

phospholipid hexadecanol tyloxapol [10]. Conjugation with biocompatible substrates or 

polymers, with the intent to construct insulin particles highly respirable and resistant to 

proteolytic degradation of alveolar macrophages, were described [9]. 

Exubera insulin powder was formulated with a number of excipients (calcium chloride, 

phospholipids, citric acid) to obtain highly respirable particles, named PulmoSphereä [11]. 

Currently, the only oral inhalation powder formulation on the market (Afrezza , human insulin) 

contains 18% w7w of insulin diluted with fumaryl-diketopiperazine (FDKP) and polysorbate 

80 [12]. These excipients were used to manufacture respirable microparticles, according to the 

proprietary Technosphereâ technology [13]. According to the manufacturer, FDKP has no 

biological activity and acts as vehicle for delivering insulin to the alveoli [12,14]. 

The presence of excipients in the formulations for chronic pulmonary administration of drugs 

is scrutinized by of regulatory agencies. The insulin lung powders such as Exubera and Afrezza 

have to be stored at 2-8°C; consequently, the product for daily therapy requires the availability 

of cold storage [1] . 

A pure insulin pulmonary powder was invented at University of Parma [15]. The novel 

formulation of insulin for inhalation (Ins_SD) was manufactured as spray dried powder free of 

excipient. The novelty resided in the preparation of the respirable powder by spray drying of 

an aqueous acetic solution of peptide. Insulin spray dried from acidic solution was sufficiently 

stable at room temperature to obviate the need for refrigeration [16] during the patient use. 

The aim of this work was to investigate the pure novel insulin spray-dried powder as DPI 

product, studying physico-chemical stability, in vitro respirability, bioavailability and 

tolerability. In particular, with the objective to develop the medicinal product, the effect of 

filling process and capsule/blister packaging were assessed. The stability studies were 

conducted storing the capsules packed in blisters at room temperature and in refrigerate 

conditions up to six months. The in vitro respirability was studied during the storage period. 

Covalent degradation products with high molecular weight and related protein were searched.  



  

Finally, the PK/PD in rats after intratracheal insufflation of Ins_SD at a dose of 10 IU/Kg was 

investigated in comparison with Afrezza and subcutaneous administration of insulin solution. 

The plasma concentration profile of insulin and the pharmacodynamic effect, i.e., the level of 

plasma glucose, were determined. In addition, the potential inflammatory effects of the powder 

insufflation were studied by histological analysis of animal lung tissue. The granulocyte and 

monocyte populations present in the bronchoalveolar lavage fluid were determined.  

 

  



  

Materials and methods 
 

Materials 

Human recombinant insulin (CAS Number 11061-68-0) was purchased from Sigma Aldrich 

(Sigma Chemical Co., St.Louis, MO, US). A box of Afrezza containing 4 IU and 8 IU (batch 

number 000125P, MannKind Corp./Sanofi-Aventis US) was purchased. Mannitol for inhalation 

was supplied by Merck KGaA (Darmstadt, DE). HPMC capsules for or use in dry powder 

inhalers, Quali-V®-I size 3, were provided by Qualicaps (Madrid, ES) and a single dose high 

resistance (0.031 √"#$
%

×𝑚𝑖𝑛&' ) dry powder inhaler RS01®_HR was gifted by Plastiape 

(Osnago, Lecco, IT). Transparent blisters were supplied by Research Pharmaceutical (CN) and 

aluminum foil was purchased by Amcor Flexibles Soliera (IT). All other chemicals used were 

obtained from commercial suppliers and were of analytical grade. 

 

Preparation of Insulin and mannitol spray-dried powders 

A human recombinant insulin powder for inhalation (Ins_SD) was prepared by spray drying as 

described before [15,16]. In detail, the micronized insulin powder was obtained starting from 

1% w/v solutions of the peptide. Human insulin raw material was dissolved in acetic acid 0.4 

N providing a pH of 2.6 then the pH was displaced to 3.6 using 10% (v/v) ammonium 

hydroxide. Spray-dried insulin powder was manufactured employing a Büchi Mini Spray Dryer 

B-191 (Büchi Labortechnik, Flawil, CH). Briefly, 100 ml of insulin solution was sprayed using 

the following process parameters: inlet temperature 120 °C, drying air flow rate 600 l/h, 

aspiration 100%, solution feed rate of 3.5 ml/min and a nozzle diameter 0.7 mm Under these 

conditions an outlet temperature of 40–60 °C was measured.  

Mannitol spray dried powder (mannitol_SD) was prepared dissolving the raw material in 

distilled water a concentration of 1% w/v. Then the solution was spray dried using an inlet 



  

temperature of 160 °C and all the other process parameters were set as described for the insulin 

powder preparation. 

Filling and Packaging of Quali-V-I capsules 

HPMC size 3 capsules (Quali-V®-I) were semi-automatically filled with 2 mg of Ins_SD 

powder using a Omnidose TT vacuum drum filler system (Harro Höfliger, DE). A batch size 

of 100 capsules was prepared. Then, capsules were packed in a blister constituted by preformed 

foil of polypropylene/aluminum/polyvinylchloride and polyvinylidene chloride with a 

thickness of 350 µm (Research Pharmaceutical, CN). sealed with a standard 20 µm thickness 

aluminum foil. The sealing process was conducted at a temperature of 140 °C, for 1 second at 

a pressure of 1410 N/cm2. 

A small batch of 10 capsules was prepared as well filling manually the capsuled with 3 mg of 

powder in order to assess the effect of the semi-automatic filling on the aerodynamic 

performance. 

Insulin stability test  

Ins_SD, dosed in HPMC capsules sealed in blisters, was stored at 25°C, 60% RH. Samples 

were analysed for degradation products of A21 and other related protein (ORP) and high 

molecular weight protein (HMWP) at 0, 30, 90 and 180 days after powder filling. The same 

stability tests were performed on blistered powders stored at 4 °C. The aerodynamic 

performance of the Ins_SD powder was determined using NGI at 0, 30, 90 and 180 days after 

powder filling. 

Insulin and insulin degradation products assay 

Insulin content was determined by HPLC using the conditions reported in USP. Test and 

reference solutions were prepared in HCl 0.01 N. As stationary phase, a C18 Symmetry300TM 

column (250 x 4.6 mm, 5 µm, Waters Corp., Milford, MA, US) was used. The HPLC 



  

quantification was performed as described in 10 Eur Ph. The quantification of insulin was linear 

over the concentration range between 10 and 60 µg/ml (R2 = 0.999) and the method precision 

was 0.55%. 

The content of impurities with molecular masses greater than that of insulin and related proteins 

were determined. In particular, A21 desamido insulin and other related proteins (ORP) were 

determined by liquid chromatography using the gradient conditions according to 10 Eur Ph.  

Concerning the high molecular weight protein (HMWP) impurities, size exclusion 

chromatography was performed using an Insulin HMWP column (300x7.8 mm, Waters Corp., 

Milford, MA, US) following 10 Eur Ph. The test solution was prepared by dissolving 4 mg of 

insulin in 1 ml of HCl 0.01 N. The peak-to-valley ratio of height of dimer peak and height of 

the lowest point of the curve separating dimer and monomer peak, determined to perform the 

system suitability test, was higher than 2.0.  

Particle-Size Distribution by Laser Diffraction  

The particle size distribution of Ins SD was determined using a Spraytec (Malvern Instruments 

Ltd, Worcestershire, UK) laser diffraction equipped with a 45 mm focal lens, which measures 

particle size in the range from 0.1 to 80 µm. Briefly, 10 mg of powder were dispersed in 

cyclohexane containing 0.1% (w/v) of lecithin and samples were sonicated for 5 min. The 

results of the analysis were expressed as dv,90, dv,50, and dv,10 i.e., cumulative undersize volume 

diameters at 90%, 50% and 10% of particle population, respectively.  

The particle size distribution of Ins_SD/mannitol or Afrezza/mannitol blend upon 

aerosolization from DP-4 insufflator was assessed in dry condition. The DP-4 insufflator 

loading chamber was filled with 20 mg of blend and aerosolized with 10 ml of air using in front 

of the laser. The aerosol cloud was arranged to cross the laser beam perpendicularly. The end 

of the device needle was positioned at 2.5 cm from the laser beam and at 1.0 cm from the 



  

detector. The measure was repeated in triplicate. 

Aerodynamic assessment of Afrezza and Ins_SD 

The aerodynamic performance of insulin batches was assessed using the Next Generation 

Impactor (Copley Scientific, UK). The NGI was connected to a SCP5 vacuum pump (Copley 

Scientific, UK) through a TPK. The cups of the impactor were coated with a thin layer of 

ethanol containing 2% (w/v) Tween20 to prevent particle bounce. Insulin was recovered from 

the apparatus by washing with HCl 0.01 N and assayed by HPLC as previously reported.  

Due to the resistance of the Gen-2 inhaler of Afrezza, the in vitro respirability of this product 

was tested at 30 L/min air flow rate in order to achieve a 4 kPa pressure drop. The flow rate 

was set using a DFM 2000 Flow Meter (Copley Scientific, UK). Ins_SD was aerosolized using 

RS01_HR device (Plastiape, IT) and this device was activated at 65 L/min. In all the tests, the 

duration time was adjusted so that a volume of 4 L of air was drawn through the inhaler during 

each experiment.  

The test was executed on capsule manually- and on capsules semi-automatically- filled. The 

content of three capsules was discharged for each NGI test. Number of Afrezza cartridge 

discharged in the NGI for each test was of six for 8 IU test and nine for 4 IU test. According to 

the literature, the 8 unit of cartridge contains 0.7 mg of insulin and the 4 unit of cartridge 

contains 0.35 mg of insulin. 

The metered dose (MD) is the mass of drug quantified by HPLC, calculated by summing the 

drug recovered from the inhaler and the impactor (induction port, stages 1 to 7 and MOC). The 

Emitted Dose (ED) is the amount of drug leaving the device and entering the impactor 

(induction port, stages 1 to 7 and MOC). The mass median aerodynamic diameter (MMAD) 

was determined by plotting the cumulative percentage of mass less than the stated aerodynamic 

diameter for each NGI stage on a probability scale versus aerodynamic diameter of the stage 

on a logarithmic scale. The Fine Particle Dose (FPD) was the mass of drug <5 μm (calculated 



  

from log-probability plot equation) and the Extra Fine Particle Dose was the mass of drug <2 

μm. The Fine particle fraction (FPF) was the ration between FPD and ED percentage. 

Particle morphology by scanning electron microscopy 

Scanning electron microscopy (SEM, Zeiss AURIGA, Oberkochen, DE) was operated under 

high vacuum conditions with an accelerating 1.0 kV voltage, at different magnifications. 

Powders were deposited on adhesive black carbon tabs pre-mounted on aluminum stubs and 

imaged without undergoing any metallization process.  

Pharmacokinetic and Pharmacodynamics profile of pulmonary insulin formulations 

PK/PD profiles of Ins_SD pulmonary administration was investigated in comparison to Afrezza 

and subcutaneous injection. The experiments were performed with the approval of the Local 

Ethical Committee of University of Parma and by the Italian Ministry of Health, in according 

to the Italian (DLgs 26/2014) and the European (Directive 2010/63/EU) legislation on the “Care 

and Use of Laboratory Animals”. 36 male Wistar rats (Charles River Laboratories International, 

LC, Italy) weighing 280-320 g were housed under standard conditions (22° ± 2 °C, humidity 

55 ± 10%, 12 h light and dark cycle, food and water available ad libitum).  

The animal groups and the formulation tested are summarized in Table 1. The insulin dose  

administered to rats was 10 IU/kg. Considering the animal weight, the amount of insulin powder 

to pulmonary insufflate was in the range of 100-110 µg. This was a too low amount to be 

accurately weighed and loaded in the insufflator device. The strategy adopted to overcome this 

issue was to prepare insulin powder blends (4% w/w) using spray dried mannitol as bulking 

excipient. Mannitol was selected due to its safety [17] and chemical compatibility with insulin. 

Ins_SD and Afrezza blends with spray-dried mannitol were mixed manually in a glass mortar 

for ten minutes. The drug content and homogeneity were assessed by HPLC. The blended 

Ins_SD and Afrezza were weighed directly in the inhaler DP-4 insufflator (Penn CenturyTM), 



  

at a dose of 10 UI / kg corresponding roughly to a final weight of 2-3 mg of powder and itra-

tracheal insufflated using 4 ml of air. 

Mannitol_SD was intratracheally administered to the control group at a dose of 8 mg/kg (group 

1). Insulin solution was administered subcutaneously to group 4. by dissolving Ins_SD in saline 

solution with the addition of a 9% v/v of HCl 0.01 N in order to obtain quickly a clear solution. 

The solution prepared was of 10 IU/ml and the final pH was 4.7. Finally, a group of animals 

employed as control received intratracheally a puff of 4 ml air by DP-4 insufflatorTM. 

Table 1. Treatment groups for evaluation of glycemic profile in rats after intratracheal (IT) administration (n=9).  
 

 

Animals were fasted for 3h prior to basal glycemic determination; then, they received 1g/kg 

glucose by intraperitoneal injection (time zero) and 5 min later 10 IU/kg of insulin were 

administered subcutaneously (SC) or intratracheally (IT). DP-4 insufflatorTM dry powder 

inhaler (Penn-Century, Inc, Philadelphia, US) device was used for IT delivery. In this case, the 

animals were anesthetized by an intraperitoneal injection of Nembutal (50 mg/kg) and minutes 

later, each rat was placed on its back at an angle of 45°. A clear view of the trachea was provided 

by inserting a fibre optic laryngoscope (Welch-Allyn) into the mouth of the animal. Then, the 

device tip of the DP-4 insufflator attached to air-filled syringe was inserted into the trachea. 

Subsequently, the insulin powder particles loaded in the insufflator were delivered into the lung 

of the rats discharging 4 ml of air. 

Blood samples (200 µl) were collected by sublingual vein at time 15, 30, 60, 120 and 180 min 

after administration of glucose. The rats were sacrificed under anesthesia after completion of 

the experimental procedure by carbon dioxide inhalation. 

Treatment group Route of 
administration 

Type of administration 

Group 1 IT Excipient microparticles (Mann_SD) 
Group 2 IT Ins_SD/mannitol_SD powder blend (Ins_SD/mann) 
Group 3 IT Afrezza/mannitol_SD powder blend (Afrezza/mann) 
Group 4 SC Insulin solution 10 IU/ml (Ins SC) 
Group 5 IT 4 ml air puff 



  

The blood samples were collected into micro-centrifuged tubes supplemented with EDTA as 

anticoagulant. Plasma was obtained by blood samples centrifugation at 10000 rpm for 5 

minutes. Glucose concentration was determined using a Glucose Oxidase reagent 

(Instrumentation Laboratory-Werfen). The results were evaluated as average ± standard error 

for each treatment. The statistical analysis was carried out by two-way Anova followed by the 

Bonferroni post-test.   

For insulin determination ELISA kit (Crystal Chem 90095), a sandwich ELISA assay suitable 

for the determination of human insulin alone, was employed. It uses a specific antibody 

immobilized on the wells of the plate and an antibody labelled with the enzyme HRP 

(horseradish peroxidase). In the kit, there are a diluted washing solution (Wash Buffer diluted 

1:30 with distilled or deionized water), a substrate solution (Substrate solution) and a stopping 

solution (Stop Solution).  

Results were expressed at each time point as mean ± standard error for each treatment. Glucose 

and insulin profiles were analysed using Two way ANOVA followed by Bonferroni's Post Test. 

Cmax, tmax and AUC0-120 were calculated using GraphPad Prism 5.0 and One-way ANOVA 

followed Tuckey’s post- test was applied for statistical comparison of groups. P <0.01 were 

considered highly significant, p<0.001, extremely significant. Taking Afrezza as reference, the 

Relative Bioavailability (RBA) was calculated as: 

 

𝑅𝐵𝐴 =	
𝐼𝑛𝑠_𝑆𝐷	𝐴𝑈𝐶
𝐴𝑓𝑟𝑒𝑧𝑧𝑎	𝐴𝑈𝐶	 	×	

𝐴𝑓𝑟𝑒𝑧𝑧𝑎	𝑑𝑜𝑠𝑒	
𝐼𝑛𝑠_𝑆𝐷𝑑𝑜𝑠𝑒	 × 	100 

 
 
Bronchoalveolar lavage fluid (BALF) analysis and lung histology 

After euthanasia bronchoalveolar lavage fluid (BALF) was retrieved with three injections of 4 

mL of HBSS containing 1 mM Hepes, 10 mM EDTA. The harvested fluid was centrifuged at 

1,800 rpm for 7 min at 4°C and cells were suspended in cell staining buffer (PBS containing 

0.5% FCS and 0.1% sodium azide) for flow cytometry analysis. Prior to staining with 



  

antibodies, 200 µL of cellular suspension was incubated with IgG1-Fc (1µg/106 cells) for 10 

minutes at 4°C, to block non-specific binding sites for antibodies. The following antibodies 

were used for fluorescent staining: Phycoerythrin-Cyanine 5 (PE-Cy5) conjugated Mouse anti-

Rat CD45, 0.25 µg/106 cells (BD Biosciences™, San Jose, CA, US), Fluorescein 

Isothiocyanate (FITC) anti-Rat CD3, 0.5 µg/106 cells, Phycoerythrin (PE) anti-Rat CD43, 0.5 

µg/106 cells (BioLegend™, San Diego, CA, US). Cells were incubated with antibodies for 1 

hour in the dark at 4°C, washed with PBS to remove excessive antibody and suspended in cell 

staining buffer to perform flow cytometry analysis. The viability of the cellular suspension was 

determined through propidium iodide (PI) staining: cells were incubated with PI 10 µg/mL 

(BioLegend™, San Diego, CA, US) for 1 minute in the dark, at room temperature, and 

immediately subjected to flow cytometry analysis. Only PI- cells were included in the analysis.  

Samples were analyzed using Guava easyCyteÔ and InCyteÔ software (Merck Millipore, 

Darmstadt, Germany). Leukocytes were defined by gating on granuolocytes-monocytes 

(CD45+ CD3- CD43+).  

The formalin-treated lungs were dehydrated and embedded in paraffin. Slices of 5 microns 

thickness were sectioned and stained with a regular hematoxylin-eosin staining. Histological 

evaluation was performed by using a microscope (Carl Zeiss, Jena, Germany). 

Statistical Analysis 

The statistical analysis was carried out by One-way ANOVA, verified by the Dunnett test, with 

the GraphPad Prism 8.3 program. The differences were considered significant for value p <0.05 

and very significant for values of p <0.01. 

  



  

Results and Discussion 
 
The Ins_SD powder was successfully manufactured by spray drying with a process yield of 

72%. The powder exhibited a median volume diameter of 2.72 µm and a dv,10 and dv,90 of 1.20 

and 7.91 µm respectively. As previously reported, the thermogravimetric analysis connected 

with FTIR spectrometer showed that Ins_SD had a weight loss of about 5% in the range 30–

100 °C, attributable to water loss since no presence of acetic acid/ammonium hydroxide was 

detected [16]. Thus, the spray drying process was able to remove the volatile acetic acid from 

the powders. The SEM analysis showed that insulin raw material particles had a cubic shape 

and size around 50 µm (Figure 1). Ins_SD powder exhibits microparticles having a wrinkled 

shape. Shriveled microparticles derived from the collapse of inflated protein solution droplets 

during drying. Previous authors [18] explored particle size and density of spray dried insulin 

microparticles with the aim to maximize total lung dose. The particles corrugated morphology, 

size and density are consistent with the formulation properties of spray dried insulin adopted in 

this study [18]. Afrezza presented the typical microcrystalline plates  morphology of 

Technosphere particles [12]. 



  

 
 
Figure 1. SEM images of insulin raw material, Afrezza and Ins_SD. 
 
The powders Ins_SD and Afrezza were characterized in terms of aerodynamic performance 

(Table 2). Both the products, Afrezza and Ins_SD, showed an emission from the device > 90% 

and a remarkable respirability. However, Ins_SD provided a superior performance presenting 

a MMAD of 0.9 µm , a FPF up to 91.5 %, and an extra fine fraction of 76%. The insulin 

aerodynamic distributions in the NGI are shown in Figure 2. Reduced powder deposition in the 

induction port and increased deposition from stages 5 to MOC were obtained with Ins_SD (see 

Figure 2a). The low amount of Ins_SD powder deposited into IP decreases the risk of 

microparticles’ deposition in the extrathoracic region. In addition, the MOC captured more than 

20% of the aerosolized particles, so justifying the low value of MMAD. These small particles 

aerodynamic size lets a deep lung deposition, without disregarding a certain risk of particle 

exhalation. Since the process of release and absorption are at their maximum level in the alveoli, 

the deep deposition would be effective for the systemic insulin uptake,  



  

Very interestingly, the aerodynamic properties of Ins_SD were not affected by the product 

manufacturing process: MMAD and fine particle fraction measured before and after the semi-

automatic filling procedure, were similar. Therefore, the mechanical manipulation of powder 

applied for metering the loaded dose did not affect the aerosolization behavior. In fact, the 

powder showed a favorable flowability during the filling process in HPMC capsule for 

inhalation (Quali-V®-I capsules). The filled capsule had a uniform insulin content of 1.78± 0.08 

mg. 

Afrezza was tested for comparison, emitting the powder from its Gen-2 device. The powder 

mainly deposited on the stage 3, 4 and 5 of the impactor (Figures 2b) and particles exhibit 

MMAD values in between 3.1 and 3.2 µm. The 8 and 4 IU cartridges had a similar deposition: 

the fine particle fraction lower than 5 µm was around 68-71% and the extra-fine particle fraction 

<2 µm was around 20-22%. This value is the half of the value measured for Ins_SD. However, 

the distribution was not affected by the amount of powder loaded in the Gen-2 inhaler.  

Finally, the NGI deposition profile of Afrezza was positioned on the high cut off stages.  

Table 2. Aerodynamic parameters of Ins_SD when the capsule was filled manually and post semi-automatic filling 

process and of Afrezza (n=3, average value ± st.dev). Loaded dose: Ins_SD 2 mg of powder, Afrezza  8 IU and 

4IU cartridge equivalent to 0.7 and 0.35 mg respectively. 

*Metered dose: insulin amount remained in the inhaler and collected in the impactor (induction port, stages 1 to 
7 and MOC) quantified by HPLC. 
 

 
Metered 
Dose* 
(mg) 

Emitted Dose  
 (mg) 

MMAD 
(µm) 

FPD 
(mg) 

FPF 
(%) 

Extra-fine 
dose  
<2 µm 
(mg) 

Extra-fine 
fraction 
 <2 µm 
(%) 

Ins_SD 
semi-

automatic 
filled 

1.62 ± 0.08 1.50 ± 0.05 0.89 ± 0.09 1.37 ± 0.04 91.5 ± 5.9 1.14 ± 0.04 76.1 ± 5.3 

Ins_SD 
manually 

filled 
2.35 ± 0.06 2.26 ± 0.07 0.85 ± 0.09 2.07 ± 0.04 91.5 ± 1.2 1.73 ± 0.05 76.9 ± 0.2 

Afrezza 
Cart. 8UI 0.64± 0.00 0.60 ±0.00 3.19 ± 0.03 0.41 ± 0.01 68.3 ± 0.6 0.12 ± 0.01 20.8 ± 0.9 

Afrezza 
Cart. 4UI 0.29±0.01 0.28 ±0.01 3.11 ± 0.02 0.20 ± 0.01 71.0 ± 0.5 0.07 ± 0.02 21.5 ± 0.1 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2. In vitro Aerodynamic Drug Distribution in different stages of the NGI of A) Ins_SD post production and 
post capsule filling by Harro and B) Afrezza powder in the strength of 8IU and 4IU inside the NGI. 
 

Stability of Ins_SD 

One of the major issues of insulin formulation is the chemical stability of the molecule that 

often require the supply and storage of the medical product using a cold chain. Afrezza has to 

be stored in refrigerated conditions and the powder cartridges has to be used within 3 days form 

the blister opening. 

The European Pharmacopoeia monograph for injectable insulin preparations monitors insulin 

stability by determining the formation of compound having molecular masses greater than that 

of insulin (HMWP) and the formation of A21-desamido-insulin and other related proteins 

(ORP). The other impurities with molecular masses greater than that of insulin have to remain 

within the limit of 2.0%. The limit for the content of A21 is set below 5.0% and that for related 

compounds below 6.0%.  In Figure 3A and 3B the trend of the degradation products is reported. 

The percentage of all Ins_SD decomposition products (A21, ORP and HMWP) was below the 

USP limits (dotted line in the graphs) in both storage conditions for the 6 months of 

investigation. 



  

A stability test was performed also for the respirability of the powder. Figure 3 C and 3D show 

the aerodynamic parameters of Ins_SD stored at 4°C and at 25°C-60%RH. The results obtained 

conclude that the respirability of Ins_SD powder remained unmodified during the 6 months of 

investigation. The powder, stored both at room temperature or refrigerated conditions, kept the 

high respirability performance showed at time zero.  

In summary, Ins_SD in combination with HPMC Quali_V_I capsules, specifically developed 

for	use	in	dry	powder	inhalers	having	a	low	moisture	content	in	the	range	4.5-6.5%,	can provide 

a stability at room temperature up to six months.	For	 this	reason	for marketing it would be 

advisable to keep the product in a cold chain during the distribution and when it is in the 

patient's hands it could be kept at room temperature.	



  

 

 
Figure 3.  Degradation products of insulin spray-dried powders INS_SD stored in Quali_V_I capsules and Alu-Alu blister at 

room temperature (25 °C, 60% RH) and at 4°C for six months: (A) A21 desamido insulin + other related proteins (ORP) 

percentage content in the stored powder; (B) high molecular weight protein (HMWP) degradation products (USP limits are 

represented by the dotted lines). Aerodynamic parameters of Ins_SD upon aerosolization with RS01 inhaler: Emitted Dose 

(mg) (C); Fine Particle Dose (mg) (D); (mean ± standard deviation, n = 3). 

 
Pharmacokinetics and Pharmacodynamic studies  
 
With the aim to administer the Ins_SD 10 IU/Kg to the rats, the peptide powder was blended 

with a carrier constituted by spray-dried mannitol powder to obtain a sufficient mass to 

accurately load the drug in the device. The blends showed a uniform insulin content; the drug 

content in the blend of mannitol with Ins_SD or Afrezza are reported in Table 3. The figure 4 



  

shows the aspect of these insulin–mannitol blends to administer to rats by insufflation. In both 

the pictures the particles of insulin and the spherical particles of mannitol_SD are clearly 

identifiable. The blend containing Afrezza (Afrezza/mann) (Figure 4A) presents the typical 

Technosphere microplates particles, whereas Ins_SD shows the characteristics shriveled and 

corrugated.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Scanning electron microscopy pictures of Afrezza /mannitol (A) and Ins_SD/mannitol (B) powder 
blends.  
 
Both the blends were successfully emitted (>96%) by the DP-4 insufflator (Penn Century), 

indicating that powders were not cohesive. Finally, the dv,50 of the emitted powder plumes were 

measured by laser diffraction. The volume diameter value of Ins_SD blend (Ins_SD/mann) in 

Table 3, compared with the previous reported volume diameters of Ins_SD (2.7 µm) and 

mannitol spray dried (1.9µm), indicates that the air flow produced by the insufflator was 

capable to properly deaggregate the formulation (Table 3). Summarizing, the collected data 

demonstrated that the insufflator was suitable to aerosolize the blends for the animal IT 

administration. 

 

 

 

 

 
Table 3. Blends Insulin content and dv,50 of insulin powder blend upon emission using DP-4 insufflator dry powder 
inhaler (n=4, mean value and St. Dev). Expected insulin content in the blend = 4% w/w 

1 μm  1 μm  



  

 
 

 

 

 

 

Ins_SD/mann, intratracheally given, was promptly absorbed, reaching the peak plasma 

concentration (Cmax 4.9 ± 1.5 mU/ml) 15 minutes post-dosing (Figure 5). The concentrations at 

120 minutes after administration was negligible (0.03 mU/ml). Afrezza/mann  showed slower 

absorption rate (tmax 30 min), lower Cmax (1.8 ± 0.37 mU/ml) and a similar concentration at 120 

minutes. 

Subcutaneous insulin showed slow absorption rate (tmax 60 min), reaching a non-significantly 

different peak of insulin plasma concentration compared to Ins_SD/mann intra-tracheally 

administered (p = 0.7). As expected, insulin AUC0-120 after subcutaneous administration was 

the highest. In fact, AUC0-120 of subcutaneous insulin (352 ± 38 mU/ml*min) was significantly 

higher than AUC0-120 of intratracheal Ins_SD/mann administration (144 ± 29 mU/ml*min) and 

of Afrezza/mann (78 ± 14 mU/ml*min) (Figure 6). Albeit no significant difference in AUC0-120   

of Afrezza/mann and Ins_SD/mann, the latter presented a RBA equal to 185%. 

The longer exposure to insulin can be assigned to the slow insulin release and the total dose 

injected available for absorption. The data are in agreement with previous studies showing that 

dry powder insulin for inhalation had a faster absorption, but lower bioavailability relative to 

SC injection [4,19,20]. 

 
Ins content 
(% w/w) 

Emitted Dose by DP-4 
insufflator 
PennCentury (%) 

dv,50 
(µm) 

Ins_SD/mann 4.47 ± 0.09 96.3 ± 0.5 2.13 ± 0.10 

Afrezza/mann 4.06 ± 0.06 97.2 ± 0.3 3.57 ± 0.12 



  

  
 

Figure 5. Insulin plasma concentrations in rats receiving different insulin formulations. Data are the mean ± SEM 
of 9 rats. Two-way ANOVA followed by Bonferroni’s post-test §§§=p< 0.001 (Ins_SD/mann vs Afrezza/mann) 
###=p<0.001 (Ins SD vs Ins SC). 
 

 
 
Figure 6: Mean AUC 0-120 of Ins_SD/mann, Afrezza/mann and Insulin SC (10 UI/kg). Data are the mean ± SEM of 9 rats. 
One-way ANOVA followed by Tukey’s post-test ***=p<0.001. 
 
 
 
Profiles in Figure 5 showed that Ins_SD had a more rapid absorption of peptide compared to 

Afrezza/mann. In fact, a significantly higher Cmax (p < 0.01) was measured. Considering that 

the administered dose was the same (10 IU/Kg), the higher absorption rate (tmax and Cmax) of 



  

Ins_SD/mann in comparison to Afrezza/mann could be explained firstly by the higher fine 

particle dose leading to a more deep deposition of Ins_SD particles, where the drug absorption 

is maximized. Indeed, Ins_SD presented a more favorable respirability due to a FPF of 91% 

deriving from a very small aerodynamic size (MMAD 0.9 µm).  

Secondly, the small particle size and the absence of excipients in Ins_SD would lead to a fast 

dissolution rate of peptide microparticles and, consequently, absorption speed. Afrezza is 

constituted by composite microparticles, where insulin is embedded in a matrix of fumaryl-

diketopiperazine, possibly affecting the dissolution time, macrophage phagocytosis or ciliary 

transport. 

Taking in consideration IT and SC administration, the difference in exposure is due to the 

intrinsic differences of administration types. It is known that during the pulmonary 

administration a fraction of the dose can be lost in the device, whereas the SC administration 

the unit of insulin are whole injected in the tissue [2]. For this reason, a clinical study was 

conducted with Afrezza to find the international unit correlation between the two routes of 

administration. In order to achieve the plasma profile of 4 units SC injected, 0.35 mg of insulin 

corresponding to 10 U needed to be loaded in the inhaler and insufflated. 

 

3.4 Pharmacodynamics studies 

The rat model is suitable for the PD study due to the efficacy of inhalatory administration. The 

pharmacodynamic profile of Ins SD in rats consisted in measuring the glucose plasma profile 

after intraperitoneal injection and inhalation administration of a bolus of 1g/kg glucose. As 

shown in Figure 7, all experimental groups showed similar initial basal glucose plasma levels 

(150 mg/dl). Following glucose administration, the glucose levels rapidly reached the 

concentration of 430 ± 21 mg/dl in 30 minutes, as it can be seen in control rats inhaling mannitol 

microparticles. Glucose values achieved for this experimental group were significantly higher 



  

than basal values even after 180 minutes and the curve profile was consistent with previous 

findings.  

  
Figure 7. Pharmacodynamic profile. Plasma glucose concentrations after 1g/kg glucose intraperitoneal injection. 
Data are the mean±SEM of 9 rats. Two-way ANOVA followed by Bonferroni’s post-test. **=p<0.01; ***=p< 0. 
001 (Ins SD vs mannitol). ##=p<0.01; ###=p<0.001 (Ins SD vs Ins s.c.). 
 
 

All insulin formulations (Ins_SD/mann, Afrezza/mann inhalation powder and subcutaneous 

insulin) prevented the growth of glycaemia after glucose administration. Insulin treatment kept 

plasma glucose concentrations significantly lower compared to the values obtained after 

mannitol powder inhalation, over the whole observation time. 

Rats treated with insulin SC, Afrezza/mann and Ins_SD/mann showed a similar initial glycemic 

small peak after 15 minutes and glycemic curves for 60 minutes after glucose administration. 

Plasma glucose of IT rats reverted to basal conditions after 2 hours, whereas a prolonged 

decrease was observed for SC insulin. This profile was in agreement with insulin plasmatic 

concentration due to a rapid absorption (tmax 15min) for IT treatment, a longer insulin exposure 

for subcutaneous administration. 

Histological analysis and Flow Cytometry  

The histological studies and BALF were used to evaluate the possible inflammatory effects of 

drugs formulation for inhalation. Figure 8 illustrates the histological analysis of lung tissue after 

administration of the different IT or SC insulin formulations. In all the samples, moderate 



  

pulmonary vessel hyperemia phenomena were observed in pulmonary parenchyma specimens; 

rarely, moderate mild alveolar edema was detected as well. It was also observed infiltration of 

polymorphonuclear cells into the alveolar wall and perivascular tissue (arrows symbol into the 

pictures of Figure 8). In summary, histologically significant differences between the control 

(mannitol) and the 3 experimental groups of pulmonary parenchyma samples did not emerged. 

Beside the histological analysis, the percentage of granulocyte and monocyte in the BALF was 

determined to evaluate the lung inflammation upon the insulin administration (Figure 9). 

Here, in the animals that received intratracheally just an air puff, the percentage of 

inflammatory cells (granulocytes and monocytes) was around 15 %. This value was in line with 

the other groups receiving intratracheally administrations. In comparison, animals treated with 

SC showed only an increase of about 3% of granulocyte and monocytes. The difference 

between SC and intratracheal groups was significant in all the cases (p < 0.01). Considering 

these results, it was concluded that the lung inflammation was to be attributed to the mechanical 

insertion of the device needle and not to the administered formulations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Lung tissue 3 h post administration of the different formulations (magnification: 20x hematoxylin-
eosin). A: mannitol; B:  Insulin SC; C: Ins_SD/mann ; D: Afrezza/mann . 

A B 

C D 



  

 

 
 
Figure 9: Percentage of granulocyte and monocyte (CD43+ cells; Gated on CD45+ CD3-) in the BALF after 

intratracheal vs SC insulin administration.  

 

Conclusions 

Pulmonary administration of Ins_SD and Afrezza powders blended with a mannitol carrier 

promptly reduced the glycemia level, exhibiting less pronounced hypoglycaemia than injected 

sub-cutaneous insulin. 

Pure insulin pulmonary powder, produced by spray drying from an acidic aqueous solution of 

peptide and filled in hard capsules, presented a very high respirability. Furthermore, insulin 

spray-dried powder stability data have shown that, the extra-dry HPMC capsules packaged in 

the blister Alu-Alu, can provide a stability at room temperature up to six months, preserving 

good aerodynamic performance.  

Ins_SD/mann intratracheally was promptly absorbed, reaching a maximal concentration 15 

minutes post-dosing, whereas Afrezza/mann showed a slower absorption rate.  

Concerning the glycemia control, Ins_SD/mann provided a rapid glucose reduction similar to 

Afrezza/mann, but shorter compared to SC injection. The Ins–SD product is suitable for a post 

prandial glucose control providing to the patient a convenient and compliant product, in 

particular in the event of using a disposable device. These findings open the possibility the 



  

execute the therapy during the daily use, adopting conducts less dependent on storage in the 

refrigerated conditions 

The product could be kept in cold chain during marketing to ensure the stability for several 

months, and when it is in the patient's hands it could be kept at room temperature. 

This work demonstrated that the excipient-free insulin powder having high respirability was 

successfully prepared without excipient use by spray drying. Finally, the regulatory agencies 

would be less concerned about the safety and tolerability in the case of excipient-free 

pulmonary formulation. 
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