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Development of  inhalable dry-powder
formulations for low water-soluble
products using spray-dried engineered
particles

Lung cancer is the leading cause of  cancer-related
deaths in the world. While novel targeted therapeutics
are making their way into the clinic, chemotherapeutics
remain a mainstay of  lung cancer therapies. Treatment
options for metastatic as well as primary lung cancers,
such as non-small cell and small cell lung cancer, are
determined by disease stage. First-line chemotherapeu-
tic options often include the cytotoxic compounds cis-
platin, etoposide and irinotecan.1-3 These compounds,
though effective, are dosed systemically and, as a result,
are associated with dose-limiting toxicities such as
nephrotoxicity, myelosuppression and neutropenia.4-6

Toxicities may negatively impact patient adherence and
narrow a compound’s therapeutic window by limiting its
efficacy. Yet due to the prevalence and proven utility of
cytotoxic compounds in treating cancer, there is a com-
pelling need to improve their performance by develop-
ing novel formulations and methods of  delivery. 

Potential of  local delivery to enhance
chemotherapeutic efficacy and mitigate 
toxicity
Delivering chemotherapeutics through inhalation shows
promise as a new delivery method with which to treat
cancer. It is well known and widely established that dis-

eases of  the lung, such as asthma, COPD and infec-
tions, can be treated though drug formulations delivered
via nebulizers, metered-dose inhalers and dry-powder
inhalers. Inhaling drugs to treat lung disease is effective
because, after inhalation, the active compound is
deposited at or near its site of  action, and though a
lower total dose is delivered to the patient (when com-
pared to systemic delivery), a higher local drug concen-
tration is achieved. Systemic toxicities may also be dra-
matically abrogated because less total drug is delivered
to the patient when compared to oral or intravascular
delivery. Inhalation drug therapy has the added benefits
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of  bypassing liver metabolism and being able to deliver
poorly permeable compounds to the lung airspace.

Recent work suggests that inhalable formulations of
chemotherapeutics hold promise in treating lung can-
cers.7,8 Nebulized formulations of  the anticancer com-
pounds doxorubicin, cisplatin, docetaxel and camp-
tothecin (CPT) have been successfully delivered to
patients with pulmonary cancers. The vesicant anti-
cancer compound doxorubicin was delivered through
nebulization in a Phase I study, which concluded that
inhaled doxorubicin was safe up to a dose of  7.5
mg/m2 every three weeks and that there was evidence
of  tumor reduction in dogs and mice.8 A nebulized cis-
platin formulation was also advanced to clinical trials to
determine the pharmacokinetics (PK) and maximum-
tolerated dose of  the drug when delivered via a nebu-
lized liposomal formulation.7

Spray drying can successfully deliver poorly
soluble compounds
Anticancer compounds are often plagued by poor solu-
bility, which can be a hurdle to systemic and lung deliv-
ery, especially when delivering drugs through nebuliza-
tion.9 Technologies such as amorphous particles,
alternative salt forms, prodrugs, nanoparticles, lipo-
somes and nanocrystals have been used to systemically
deliver relatively insoluble compounds.9 The same
approaches have been used to deliver poorly soluble
compounds to the lung through inhalation with the
caveat that they must be compatible with the creation
and delivery of  inhalable droplets or particles with a
mass median aerodynamic diameter (MMAD) between
approximately 1-6 microns. Though there are a number
of  formulation technologies that deliver poorly soluble
drugs through inhalation, there is a limited selection of
available clinically-precedented excipients that can be
used to create these formulations. Depending on the
formulation technology, processing equipment may
have to be developed for scale up from laboratory scale
to commercial manufacture. We are proposing a robust
method of  manufacturing an inhalable formulation of
the anticancer drug CPT, using a clinically proven excip-
ient, for the treatment of  lung cancer utilizing CPT
nanocrystals encapsulated within polymeric particles. 

CPT is a topoisomerase I inhibitor that has shown
remarkable anticancer activity in the laboratory and the
clinic.10,11 Despite the effectiveness of  CPT and its ana-
logues, its use has been hampered by extremely poor
water solubility and toxicities associated with the high
systemic dose currently required for efficacy.12,13

Analogs of  CPT are used to treat various cancers.14

Research groups have successfully formulated CPT
analogs into inhalable formulations using nebulized
liposomes14,15 and have successfully deposited these

CPT formulations into the lungs of  laboratory animals.
Nebulized liposomal CPT formulations have also been
shown to reduce the size of  lung tumors in human
patients.14 The modest efficacy and success of  these
formulations is likely due in part to the small fraction of
the emitted dose that is deposited in the lungs of  the
patient. High percentages of  off-target deposition (i.e.,
in the mouth) have been seen with nebulized formula-
tions, which also increases the potential for off-site or
systemic toxicity.

Using a collaborative approach to drug
development
The goal of  this work was to develop an alternative
technology to enhance the delivery of  CPT to the lungs
through inhalation and overcome the difficulties associ-
ated with CPT delivery via other routes, thereby treating
lung cancer directly at its location within the body. This
project was conducted by Bend Research Inc., which
performed the formulation work, Lovelace Respiratory
Research Institute, which performed in v iv o PK studies,
and PPD, Inc., which is performing a long-term stability
study on the spray-dried powders. 

Drug dissolution increases with higher 
surface area
To achieve this goal, we developed a novel spray-dried,
engineered-particle formulation comprised of  CPT
nanocrystals embedded in an amorphous, dextran
matrix. The approach capitalized on the high crystalliza-
tion forces of  CPT, which also limit its aqueous solubil-
ity, to create CPT nanocrystals to deliver drug. The high
surface-area to volume ratio of  the CPT nanocrystals
resulted in rapid dissolution and an improved concen-
tration of  CPT in the lung fluid relative to large crystals.
This drug-delivery approach is analogous to that used
for topical administration of  fluticasone propionate for
the treatment of  airway inflammation.16

Creating inhalable particles by spray drying
nanocrystals with excipients 
To develop an inhalable formulation of  CPT, a two-step
method was employed. First, crystalline CPT was wet
milled. Second, the wet-milled CPT was combined with
a solution of  dextran polymer to form a nanocrystalline
CPT suspension, which was then spray dried. Dextran
was chosen in this formulation as a stabilizing matrix
polymer, because of  its solid state characteristics, such
as high-glass transition temperature (Tg) and relatively
low hygroscopicity. Dextran has been used in human
parenteral formulations17 and has been investigated for
use in human lungs.18 When considered with its physical
characteristics, these identify dextran as an excellent
potential excipient for inhalation. Spray drying was used



to manufacture the respirable particles because it is a
proven technology for preparing commercial inhalation
products. In addition, spray drying is highly tunable,
efficient and scalable, making it useful in the laboratory
and for commercial manufacturing.

CPT nanocrystals were manufactured by wet milling
CPT crystals with excipients selected for their ability to
help mill and stabilize nanocrystals. The resulting 120-nm
sized CPT nanocrystals were mixed with water and dex-
tran to form a suspension of  CPT nanocrystals in dis-
solved dextran. Spray drying was performed using a cus-
tom-designed, laboratory-scale spray dryer equipped
with a two-fluid atomizer. This laboratory-scale spray
dryer was designed to manufacture and collect particles
with aerodynamic diameters of  1-5 microns. Figure 1 is
a scanning electron microscope (SEM) image of  the
CPT/dextran particles produced with this method. 

In v itro aerosol characterization tests using a next gen-
eration impactor (NGI) showed that the aerodynamic
diameter of  the particles was 2.7 microns with a geo-
metric standard deviation (GSD) of  2.1. The tests also
showed that the fine particle fraction of  the emitted

powder was 68%, which is the fraction of  the powder
below 5 microns in aerodynamic diameter. These parti-
cle aerosol characteristics are appropriate for use in an
in v iv o  PK study for delivery of  the CPT formulation
to the lungs. 

CPT releases into the lungs after inhalation
To demonstrate that the spray-dried formulation could
be inhaled into the lungs then release CPT, an inhalation
study was conducted to measure CPT levels in the lungs
of  rats as a function of  delivered dose and time. A
rotating-brush generator was used to aerosolize the dry
powder for delivery to the rodents in a nose-only inhala-
tion exposure system. The aerosol concentration (total
and CPT) and particle size were measured at the breath-
ing zone of  the exposure system. Results showed that
the particle size at the breathing zone was about 2.5
microns with a GSD of  about 1.5 microns. These
results indicate that the rotating-brush generator
aerosolized the material in a similar manner to the in
v itro  characterization methods described above and that
the aerosol was respirable by rats.

Two inhaled CPT doses were delivered to the rats: 0.1
mg/kg and 0.05 mg/kg. In addition, a 1 mg/kg intra-
venous (IV) dose was administered to a third group of
rats to understand both drug exposure to the lungs
using a different delivery route and drug clearance when
CPT was delivered by IV. In all three groups, drug con-
centration was measured as a function of  time to 24
hours in bronchial alveolar lavage fluid (BALF), lung tis-
sue and plasma. Figure 2 shows the BALF profile and
Figure 3 shows the plasma profile. 

Preliminary PK analysis showed similar plasma clear-

ance rates for the three groups. Importantly, the con-

centration of  CPT in BALF was higher for the inhala-

tion group than the IV group, despite a 10-fold lower

dose. As expected, lower systemic exposure to CPT was

observed for the inhaled formulations than for the IV

Figure 1

SEM image of spray-dried CPT/dextran particles

Figure 2

Mean CPT concentration in BALF versus time in the in vivo rat study
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formulation. Yet the ratio of  the average CPT concen-

trations in BALF compared to plasma over the first

hour was 5- to 10-fold higher when CPT was dosed to

the lung through inhalation than when dosed through

IV. The in v iv o  CPT data demonstrate the feasibility of

delivering chemotherapeutic formulations to the lungs.

Though efficacy studies have not been performed on

this formulation, it is possible that these results are

transferrable: a like amount of  drug could reach a lung

tumor through inhalation compared to a 10-fold higher

dose delivered through IV. As a result, systemic toxici-

ties would likely be reduced.

Viability of  inhalation as a successful mode
of  delivery for CPT
These data demonstrate that the spray-dried CPT/ dextran
formulation produced high-quality CPT containing parti-
cles that released drug into the lungs after inhalation.
Stability studies of  the dry-powder formulation when
exposed to different temperatures in bulk powder and
encapsulated forms is progressing. This work will evalu-
ate the impact on fine particle dose delivery from a cap-
sule-based, dry-powder monodose inhaler to demon-
strate proof  of  concept for delivery of  the formulation.
Overall, the approach of  spray drying a suspension of
CPT nanocrystals with dextran into respirable particles
proved feasible for formulating compounds with low
aqueous solubility for delivery to the lungs. In addition to
being useful for inhaled formulations for CPT, the
approach shows promise for repurposing a wide range of
existing anticancer compounds that suffer from low solu-
bility, limited efficacy or undesirable systemic toxicity.
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