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ABSTRACT

Development of a product for pulmonary delivery of insulin presented significant technology
challenges for this first-in-class pharmaceutical product. These included developing (a) a chem-
ically stabilized protein, (b) a dry powder formulation exhibiting required aerosol physical char-
acteristics, (c) low-dose powder filling and packaging technology, and (d) a mechanical device
for powder dispersal and reliable dosing to the patient. The insulin drug is formulated using a
novel excipient combination to create a powder with a high glass transition temperature (Tg).
The high Tg minimizes insulin mobility (thus reactivity), enabling ambient storage conditions.
The formulation composition results in minimal hygroscopicity, where customized packaging
produced product ruggedness to humidity. The formulated insulin powder is manufactured by
spray-drying. This technology was further engineered to produce the desired reproducible pow-
der characteristics with tight control over particle size and moisture content. A solution step
prior to drying assures homogeneity and minimizes dependence on the physical form of the
components. Novel low-dose filling and packaging technology reproducibly meters milligram
quantities of microfine powder to meet stringent quality requirements for dose control. The tech-
nology for accurate, uniform, high-throughput metering of drug powders allows for automa-
tion and is scaleable for commercial operations. Finally, the mechanical device design provides
powder deagglomeration and dispersion processes in a reusable dry powder inhaler with unique
characteristics. The device was designed to rely on patient-generated compressed air as the en-
ergy source. A sonic discharge of air through the novel TransJector reproducibly extracts, deag-
glomerates, and disperses the inhalation powder. A clear holding (spacer-type) chamber allows
for patient feedback via dose visualization, and separates powder dispersal from the inspiratory
effort. The EXUBERA® [Pfizer (New York, NY) and sanofi-aventis (Paris, France)] product pro-
vides insulin into the bloodstream with similar reproducibly and effectiveness as subcutaneous
injections.

1Nektar Therapeutics, San Carlos, California.
2Pfizer Global R&D, Groton, Connecticut.
*Present address: Epic Therapeutics, Inc., Norwood, Massachusetts.
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INTRODUCTION

INSULIN IS THE PRIMARY THERAPY for type 1 di-
abetes mellitus, and is also an integral com-

ponent for the treatment of type 2 diabetes. In-
sulin was once considered the therapy of last
resort for patients with type 2 diabetes, but
physicians are now utilizing it earlier in the
treatment of the disease state. Insulin therapy
has a number of advantages by providing pa-
tients with insulin who have none (type 1), or
supplementing the body’s natural hormone
(type 2), which is deficient or used inefficiently.
Furthermore, insulin is an antihyperglycemic
agent with a proven long-term safety profile.1

Many patients with type 2 diabetes have
poor glucose control, where their glycosylated
hemoglobin (HbA1c) level is greater than 7%.2
Patients on insulin, or insulin with an oral ther-
apy regimen, can restore normal levels of
glycemia.3 Currently, the use of comparable in-
tensive insulin regimens is limited by their lack
of flexibility, needle phobia, and patient moti-
vation. Specifically, anxiety associated with in-
sulin needles may affect patient compliance.4
Improvements in insulin delivery provide so-
lutions to insulin therapy and its effectiveness
in clinical practice.5

The pulmonary route of administration was
targeted to increase the compliance and life
quality for patients with diabetes, who may
otherwise endure multiple daily subcutaneous
injections of insulin. Increased compliance is
important for decreasing the severe and debil-
itating long-term effects of poorly controlled
diabetes.6 The advantages of pulmonary deliv-
ery of macromolecules include a well-estab-
lished delivery route, large alveolar surface for
absorption (�100 m2), rapid absorption across
alveolar membranes, with no absorption en-
hancers, and ultimately delivery as aerosols.7–10

For aerosol drug delivery, it is generally rec-
ognized that absorption into the systemic cir-
culation is higher where the layers between air
and capillary blood are thin: the alveoli, alve-
olar ducts, and respiratory bronchioles collec-
tively termed the deep lung.11 Pulmonary de-
livery of insulin is designed to optimize
alveolar deposition of the drug while mini-
mizing deposition in the mouth, throat, and up-
per airways. This is accomplished through the

use of a holding chamber that encourages a
slow deep inspiration of an aerosol cloud that
contains drug particles with the appropriate
size for alveolar depositions (mean aerody-
namic particle diameter of �3 �m).12

In order to provide a pharmaceutical alter-
native to rapid-acting subcutaneous insulin in-
jections, dose flexibility was required to ac-
commodate the varying insulin needs of
patients with diabetes. To enable dosing flexi-
bility, a pre-metered unit-dose concept was de-
veloped, utilizing two product strengths (1 mg
and 3 mg). Combinations of these product
strengths provide flexibility in dose titration.

Development of a product for pulmonary de-
livery of insulin presented significant technol-
ogy challenges for this first-in-class pharma-
ceutical product. The efforts were focused on
formulation development, powder production,
powder filling technology, and device devel-
opment, where specific advances were made
developing (a) insulin stabilization in a dry
powder to provide room temperature storage,
(b) a dry powder formulation exhibiting the re-
quired physical characteristics for pulmonary
delivery and manufacturing processes provid-
ing particles suitable for aerosolization, (c) low-
dose powder filling and packaging technology
for delivery of very small doses of powder, and
(d) a rugged, reusable mechanical device for
powder dispersal and reliable dosing to the pa-
tient. These advances led to the development
of the EXUBERA® [Pfizer (New York, NY) and
sanofi-aventis (Paris, France)] system for pul-
monary delivery of insulin.13–15
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FIG. 1. Tg at 25°C as a function of moisture content.
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FORMULATION DEVELOPMENT

Protein stabilization

A dry powder product was selected, and had
significant advantages over aqueous dosage
forms. These advantages included stability and
storage, high mass per inhalation, low micro-
bial growth, and the avoidance of preser-
vatives. Compared with aqueous liquid for-
mulations and propellant-based systems, dry
powder formulations offer better opportunities
to optimize the physical and chemical stability
of insulin in order to allow room temperature
storage stability.16

Formulation development utilized excipi-
ents producing stable rugged powder. Insulin
powder for inhalation is manufactured as ho-
mogeneous powder from an aqueous solution.
This provides a unique advantage over con-
ventional dry powder pulmonary products,
which are typically non-homogeneous blends.

The amorphous insulin powder contains 60%
insulin in a buffered, sugar-based matrix.

Amorphous pharmaceutical solids have been
shown to be markedly more soluble than their
crystalline counterparts.17 Amorphous solids,
termed glasses, do not melt but exhibit a glass
transition temperature (Tg) that depends on the
formation conditions, processing history, chem-
ical composition, and the time scale of observa-
tion. The Tg is a temperature at which a transi-
tion begins from a mechanical solid phase to a
viscoelastic, supercooled rubber phase.

When amorphous solids are stored well be-
low their Tg, molecular motions and chemical
reactivity are slowed. Molecular mobility be-
comes insignificant when the storage tempera-
ture is significantly below the Tg.18 Labile pro-
teins exhibit kinetic stability and acceptable
shelf life when stabilized in an amorphous
glass stored below the Tg.19 The Tg for insulin
powder was assessed, by modulated differen-
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FIG. 3. Scanning electron micrographs of (a) traditional jet-milled powder and (b) spray-dried insulin powder for
inhalation.

a b

FIG. 2. X-ray powder diffraction patterns of insulin spray-dried powder for inhalation (a) when exposed to relative
humidity between 55% and 88% after 22.5 (curve A), 26 (curve B), and 28 h (curve C) at 25°C and (b) before (curve
A) and after (curve B) exposure to 150°C at ambient relative humidity for 15 min. CPS, cycles per second.

a b
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tial scanning calorimetry, as the extrapolated
onset temperature of the Cp transitions. The Tg
for spray-dried powder is between 78°C and
95°C at target moisture content, and decreases
with residual moisture (Fig. 1).20 Insulin pow-
der exhibits a single Tg, indicative of a single
amorphous phase. No evidence of component
crystallization or melting is detected in the heat
flow signal from 0°C to 150°C. Thus, even with
exposure to temperature conditions favorable
for crystallization (T �� Tg) insulin powder ex-
hibits no signs of crystallization.

This is further demonstrated by the absence
of sharp diffraction peaks, by x-ray diffraction,
revealing an absence of crystallinity, where the
particle morphology of the insulin powder for
inhalation does not change with moisture or
temperature (Fig. 2).

The spray-dried insulin formulation is a
strong glass, with a temperature range of 20°C
between the extrapolated onset and end point
of the glass transition.21 A strong glass exhibits
mobility that obeys an Arrhenius relationship
over a wide temperature range, and has a
weaker temperature dependence relative to
fragile glasses of molecular mobility above the
onset of the glass transition. In contrast, fragile
glasses deviate from Arrhenius behavior and
exhibit rapid increases in molecular mobility
above the Tg.22,23

Studies demonstrated that moisture content
in the insulin powder impact the Tg and insulin
stability. Water acts as a plasticizer and lowers
the Tg of amorphous solids.24 Increasing the
moisture content of the formulation decreases
the Tg and increases the rate of insulin degra-

dation. When the Tg remains above pharma-
ceutical room temperature storage conditions,
then adequate shelf stability is obtained (Fig.
1). In order to maintain an appropriate differ-
ence between Tg and storage temperatures, a
moisture content of less than 5% is essential to
ensure chemical stability. A consistent Tg of
�80°C was observed for spray-dried powders
with water content of approximately 2%
(wt/wt). Moisture sorption curves at 25°C also
show no signs of water-induced crystallization.20

POWDER PRODUCTION

Spray-drying and physical characterization

The application of spray-drying technology
to produce particles for pulmonary use re-
quires process conditions outside those nor-
mally utilized for pharmaceutical products.
Generally, spray-drying is used to produce par-
ticles much larger than that required for aero-
sol delivery: food applications range from 50 to
100 �m, and typical pharmaceutical applica-
tions range from 10 to 50 �m.

Spray-drying was selected over other parti-
cle processing technologies for its ability to pro-
duce homogeneous particles within the desired
small particle size range (�5 �m), low mois-
ture content, and high drug purity. Further-
more, spray-drying is a continuous production
method, scalable for commercial production
volumes. Solution spray-drying ensures com-
positional homogeneity of the insulin powder,
since the insulin and the excipients are dis-
solved prior to spray-drying. This also elimi-
nates the need for control of the specific parti-
cle morphology of the ingoing components.

The spray-drying process, though only tak-
ing milliseconds to produce a given particle, is
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FIG. 4. Median particle size versus specific surface area
for bulk insulin powder, where �50 (or 50% cumulative
undersize diameter) was found to be most predictive.

FIG. 5. Circular dichroism (CD) spectra of insulin drug
substance (red), formulated solution prior to spray-dry-
ing (blue), and bulk insulin powder for inhalation (green).
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composed of several stages. Insulin solution is
first atomized to form droplets. As these
droplets cool, moisture is rapidly removed
from the system, creating a particle skin, and
shrinkage to form rugose, raisin-shaped parti-
cles [5% (wt/vol) solids].25,26 These particles
are collected with a cyclone and further dried
to remove residual moisture.27

The typical size reduction technique for
aerosol applications is jet milling, which does
not result in a uniform particle size distribu-
tion and shape by scanning electron mi-
croscopy (Fig. 3a). In contrast, spray-drying
of the formulated insulin solution results in
uniform particle morphology with a raisin-
like appearance (Fig. 3b). The resulting in-
sulin powder for inhalation has also proven
to be stable to increased temperature and 
humidity (75% relative humidity, 25°C for 
36 h).

The EXUBERA spray-dried bulk insulin
powder was also characterized for true den-
sity (�1.48 g/cm3 by helium pycnometry) and
bulk density (�0.2 g/cm3).22 These powder
characteristics have been shown to be typical
for fine powders of a size suitable for inhala-
tion applications. Process robustness was con-
firmed by correlating specific surface area (ni-
trogen adsorption/BET) and primary particle

size (Sympatec) (Fig. 4).22 At standard pro-
cessing conditions, powder-specific surface
area is consistent at approximately 9 m2/g.
Specific surface area varies (�4–13 m2/g) as a
function of processing conditions (varied out-
side standard conditions). Specific surface area
shows a strong correlation with particle size
distribution.22 Therefore, control of surface
area is achieved by controlling primary parti-
cle size.

Chemical and physical characteristics

The spray-drying process does not affect the
secondary structure of insulin, assuring bio-
logical activity. Circular dichroism and Fourier
transform infrared spectroscopy of drug sub-
stance and drug product are essentially un-
changed after spray-drying and temperature-
accelerated storage. Circular dichroism spectra
obtained before and after spray drying indicate
similar �-helical conformation (Fig. 5).28 By
Fourier transform infrared spectroscopy, the
structure of insulin is dominated by �-helix, as
indicated by the prominent band at approxi-
mately 1658 cm�1. Smaller intensity bands at
approximately 1682 cm�1 and 1648 cm�1 are
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FIG. 6. Insulin degradation Arrhenius plot depicting in-
sulin degradation products: deamidated insulin (trian-
gles), insulin-related substances (squares), and high-mo-
lecular-weight protein (circles).

FIG. 7. Metered dose powder filling, with (a) insulin
powder in a unit-dose blister and (b) relative proportion
of insulin blister to standard pharmaceutical tablets.

a

b
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attributed to turn and unordered structures, re-
spectively.29 Similarly, two bands at 1693 cm�1

and 1613 cm�1 are attributed to �-sheet struc-
tures.

The insulin powder was further character-
ized by reversed-phase high-performance liq-
uid chromatography and size exclusion chro-
matography, for its chemical stability under
temperature-accelerated conditions.30,31 The
rate of insulin degradation was characterized
and was found to fit to Arrhenius kinetics over
a wide temperature range, encompassing the
Tg (Fig. 6).30 These data also confirm that spray-
dried insulin is a strong glass.21

Powder filling and packaging

In order for the insulin unit dose to effec-
tively interact with the delivery system, a unit-
dose blister technology was selected. This in-
volves a volumetric dose metering system to
fill insulin powder reproducibly into blisters.
Because of the low fill masses required to
achieve the insulin dosage forms, novel filling
technology was developed. Specific design
challenges included low density, cohesive
powders, fill weights �5 mg, high-throughput
filling (�1,500 fills/min), and stringent re-
quirements for accuracy, precision, and consis-

tency. Novel processes and equipment were
designed to induce controllable insulin powder
flow and volumetric metering as loose com-
pacts into unit-dose blisters. The relative pro-
portions of a standard pharmaceutical dosage
form (tablet/capsule) are contrasted with the
insulin unit dose (Fig. 7).

The powder filling dose metering system
was integrated with packaging equipment that
formed the aluminum foil blisters on-line and
sealed the filled blisters. The packaging design
is composed of a compact package to facilitate
patient handling, provide compatibility at the
device interface, and assure insulin powder sta-
bility.16 Achievement of these manufacturing
goals (powder processing, filling and packag-
ing) is demonstrated in tight fill weight control
with �2% relative standard deviation (Fig. 8).

PULMONARY INHALER DEVELOPMENT

Inhaler design

Typical limitations of traditional inhalation
devices include low efficiency, variable dosing,
poor moisture barriers, low drug content per
inhalation, inapplicability to macromolecules,
and sensitivity to the breathing maneuver.16 In
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FIG. 8. Fill weight process control chart. RSD, relative standard deviation.
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comparison, the EXUBERA inhaler is a novel
pulmonary delivery system developed by Nek-
tar Therapeutics (San Carlos, CA) that solves
many of these challenges.

The pulmonary delivery system is a reusable
dry powder inhaler that has been designed to
deliver insulin to the small airways and alve-
oli for systemic insulin absorption (Fig. 9).32,33

The inhaler was designed to provide repro-
ducible powder extraction, deagglomeration,
and dispersion, capable of aerosolizing rela-
tively small amounts of cohesive powder (1–10
mg). It is solely mechanical, and requires only
modest effort by the patient to operate. Unlike
typical high-resistance inhaler systems,
aerosolization of insulin powder is indepen-
dent of patient inspiratory effort, providing op-
portunities for improved performance and
product consistency.16,34

The inhaler consists of three subsystems:
base, TransJector, and chamber/mouthpiece.
The inhaler performs four key functions: punc-
ture of the insulin powder-containing blister af-
ter loading into the device, extraction of the
powder from the blister, dispersal of the pow-
der into the chamber, and facilitation of in-

halation delivery of the powder cloud to the
patient. Specifically, the base contains an air
pump and valves that generate, store, and re-
lease compressed air. The patient opens and
closes the pump handle once before actuation
to draw in and compress ambient air. Upon ac-
tuation, an individual blister is punctured, and
compressed air is released through a jet struc-
ture in the TransJector and then vented into the
chamber. The sudden sonic discharge of this
mass of air through the small jets in the Trans-
Jector results in extraction and dispersion of in-
sulin powder (Fig. 10). The rapidly moving air
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FIG. 9. Pulmonary delivery system.

FIG. 10. TransJector airflow during actuation.
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creates a vacuum in the TransJector and blis-
ter, causing the insulin powder to be drawn
into the chamber and dispersed into a cloud.
The energy generated is sufficient to disperse
the powder into particles less than 5 �m in
aerodynamic diameter. After the aerosol cloud
has formed in the chamber, the patient rotates
the mouthpiece 180° into the open position and
inhales the dose.

The design and function of the EXUBERA
inhaler eliminate the need for exact coordi-
nation of inhaler actuation and inhalation by
the patient. The emitted dose, particle size
distribution, and fine particle dose of the
aerosol are controlled primarily by character-
istics of the insulin powder and the inhaler,
and are relatively independent of variables
that may be introduced by the patient. The in-
haler was specifically designed such that pa-
tients can use the device with a simple, slow,
deep inhalation.

Inhaler performance

Insulin powder is delivered into the deep
lung (Fig. 11). Dosing occurs during empty-
ing of the chamber volume (�200 mL), spec-
ifically within the first 300–400 mL of the 
inhalation breath. The following 500 mL 
of inhalation volume moves the dose 

through the conducting airways into the deep
lung.

Particle size distribution, via actuation
through the inhaler, is predicted by properties
of the spray-dried powder (Fig. 12). Spray-
dried powder primary particle size distribution
is measured by laser light scattering following
high-energy pneumatic dispersion, and the cor-
responding aerosolized powder (ex-device) is
measured by cascade impaction. This minor
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FIG. 11. Aerosol inhalation ex-pulmonary delivery system.

FIG. 12. Spray-dried primary particle to ex-device aero-
sol particle size distribution.
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shift in particle size distribution is consistent
with the powder being predominately dis-
persed to primary particles in the inhaler-
aerosolized cloud.

Product performance was characterized by
emitted dose, particle size distribution, and fine
particle dose. Aerosol delivery across a range
of flow rates (5–60 L/min) and flow volumes
(400–1,400 mL) do not materially affect aerosol
performance metrics for either the 1-mg or the
3-mg blisters.34 Emitted dose and particle size
distribution show negligible dependence on
priming as well as device orientation for both
1 mg and 3 mg. All device orientations (0°, 24°,
90°, 180°, 270°) give mean emitted dose and fine
particle dose values within 2–3% of the con-
trols.

Furthermore, robustness performance (in
vitro dose delivery and mechanical integrity) is
demonstrated over a range of environmental
conditions (temperature, humidity, and atmo-
spheric pressure). Long-term in-use perfor-
mance consistency (aerosol and mechanical)
has been demonstrated through in vitro use-
life simulations and through testing of inhalers
retrieved from clinical trials following up to 2
years of usage. These studies have resulted in
the demonstration of improved performance
over standard dry powder inhalers.

CONCLUSIONS

Pulmonary delivery of insulin is not new. In
1925, Gänsslen35 predicted the potential of in-
sulin inhalation therapy when he studied its
use with a nebulizer. Although blood glucose
levels were reduced, the bioavailability, vari-
ability, and usability of the system made the
application impractical. Only recently have the
technical limitations associated with delivering
insulin efficiently to the deep (alveolar) lung
been fully realized and developed as a viable
treatment option. The EXUBERA insulin pow-
der for inhalation system required a novel tech-
nology solution and the integration of four key
technologies to provide this first-in-class prod-
uct. Other companies are also currently devel-
oping alternative formulations and delivery
systems for the treatment of diabetes, includ-

ing Eli Lilly & Company (Indianapolis, IN) and
Novo Nordisk (Bagsvaerd, Denmark).36–38

However, the development of EXUBERA pro-
vides a unique combination of insulin dry 
powder formulation and a delivery system, 
resulting in effective clinical treatment of dia-
betes.3,39–41
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