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GENERATION AND CHARACTERIZATION OF CYCLOSPORINE AEROSOLS FOR ADMINISTRATION BY INHALATION

Abstract - A method was developed for generating

aerosols of the mmunosuppressive agent cyclosporine PRINCIPAL INVESTIGATORS

and a gamma-emitting radiolabel (99mTc) for admin- M. D. Hoover

Istration by inhalation. Cyclosporine was dissolved B. A. Muggenburg

In ethyl alcohol (EtOH) and nebulized with a Love- B. P. Griffith*

lace nebulizer operated with 50 psi compressed air. M. B. Snipes

For a cyclosporine concentration of 25 g1mL, the R. K. Wolff

particle size of the aerosol was 07 im activity H. C. Yeh

median aerodynamic diameter (AMAD), with 1.8 geo- G. J. Burckart**

metric sandard deviation (GSD). The clear solution L. Mauderly

of EtOH and cyclosporine became a cloudy suspension

when a limited aunt of saline solution containing a 99m,11c radiolabel was added. This occurred

because cyclosporine is hydrophobic. If saline concentrations as high as 6 in EtOH by volume

were used, a gummy residue formed in the nebulizer and the particle aerodynamic diameter became

unacceptably large 47 pm). when the saline concentration was only 3 (the minimum radiolabel

volume needed for gamma camera studies of lung deposition), the suspensions of cyclosporine could

be nebulized to give a particle size of 22 pm AMAD with 21 GSD. The radlolabel was uniformly

distributed with the spherical cyclosporine particles. Concentrations and particle size

distributions remained constant over 1-h generation periods. These aerosols have been used In

Inhalation studies with Beagle dogs.

Studies are underway at ITRI to evaluate the influence of immunologic responses on the

toxicity of inhaled materials. The immunosuppressant drug cyclosporine provides a tool for use in

such studies. Cyclosporine (also known as cyclosporine A) is produced as a metabolite by the

fungus species Tolypocladium inflatum Gams;l it is a cyclic polypeptide consisting of 11 amino

acids. The introduction of cyclosporine as an immunosuppressive agent has greatly improved the

survival of patients receiving heart, kidney, liver, lung, or heart-lung transplants.2.3 However,

a lower long-term survival rate has been noted for lung transplants than for heart, kidney, and

liver transplants.4 The cause of these problems is still unknown, but may be related to pulmonary

infections and chronic rejection.5,6

Chronic rejection of transplanted organs can be treated by increasing the dose of oral or

intravenous (I.V.) cyclosporine, but this incurs the risk of kidney damage because cyclosporine is

nephrotoxic.1 We considered generating a cyclosporine aerosol by nebulizing the commercially

available oral or I.V. solutions, but we rejected that approach for the following reasons:

(1) inhalation exposure times would be unacceptably long, because the cyclosporine concentrations

of the commercial preparations are relatively low 2 mg/mL for the oral solution and 10 mg/mL for

the I.V. solution); 2 the particle size distribution would be larger than desirable for deep

lung deposition, because the solvents are nonvolatile oils; and 3 direct introduction of the

castor oil preparation into the respiratory tract did not seem prudent, because occasional
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anaphylactic reactions (about in 1000 patients) have been reportedl during normal administration

of the I.V. preparation.

Sandoz Pharmaceuticals Corporation (East Hanover, NJ) provided several grams of pure

cyclosporine in the form of a dry white powder. Dry dispersion of the powder was not used because

concentration and particle size distribution would have been difficult to control and because

uniform radiolabeling of the aerosol for inhalation deposition studies would have been

impractical. Incorporation of the cyclosporine into a compatible macromolecule (a protein, for

example) was considered, but was rejected as being unnecessarily complicated at this stage of the

research, and also because the presence of a carrier material would increase the particle size

distribution of the aerosol.

This paper describes the development of respirable aerosols of cyclosporine, with and without

a radiolabel, for use in evaluating the deposition of inhaled cyclosporine in dogs, quantifying

the appearance of cyclosporine in the blood following inhalation, and determining if inhaled

cyclosporine causes acute injury to the lung.

MATERIALS AND METHODS

Selection of an appropriate method for aerosolization was complicated by the fact that

cyclosporine is hydrophobic. It readily dissolves in alcohol, but forms a coarse precipitate with

negligible dissolution in water. For nebulization tests, we elected to dissolve cyclosporine in

ethyl alcohol (EtOH) at concentrations of 25 to 500 mg/mL. A radiolabeled, cyclosporine aerosol

was prepared for evaluation of whole-body and lung deposition by adding up to 3700 kBq/mL (I

mCi/mL) 99mTc as a sulfur colloid in a limited amount of physiological saline 9 mg/mL). The

colloidal preparation of 99mTc was selected over the soluble sodium pertechnetate form, because

the colloid is not readily dissolved in the lung and therefore it provides a representative

measure of the initial deposition of the aerosol in the exposed animal. An inert control aerosol

for the inhalation deposition studies was prepared from a suspension of 3700 kBq/mL 99mTc sulfur

colloid in saline (15 mg/mL). A control aerosol for the repeated inhalation exposures to

cyclosporine with no radiolabel was prepared from EtOH.

Aerosols were generated with a Lovelace nebulizer7 operated at a pressure of 50 psi, with an

air flow rate of 26 L/min. Filtered room air was added at a flow rate of 34 L/min to evaporate

the alcohol and provide dry particles in a total flow of 6 L/min. Tests were conducted to

determine the concentration and particle size distribution of the aerosols as a function of

cyclosporine and saline concentration. Generator solution volumes of 18 mL were prepared for each

1-h generation period. The density of the cyclosporine powder used in the generator solutions was

measured using an air comparison pycnometer (Model 930, Beckman Instruments, Fullerton, CA).

Aerosol concentration in the exposure chamber was determined by filtration (Metricel filters, 0.8

pm pore size, Gelman Instrument Co., Ann Arbor, MI) and weighing. The activity median aerodynamic

diameter (AMAD) and geometric standard deviation (GSD) of the aerosols were determined by cascade

impaction using gravimetric techniques (Model 26 electrobalance, Cahn Instrument Corp., Cerritos,

CA). Radioactivity counting was also used for the 99mTc-labeled particles to confirm that the

radiolabel was uniformly distributed with the cyclosporine. Samples for transmission electron

microscopy (Model EM109, Carl Zeiss, Inc., Thornwood, NY) were prepared by transferring a small

amount of material collected on a filter to a carbon-coated, copper substrate. We did not use a

point-to-plane electrostatic precipitator. To avoid any ignition sources for the EtOH vapors, the

concentration of EtOH vapor in the aerosol generation system was kept below 25% by volume 75 of

the lower flammable limit for EtOH of 33% by volume).
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RESULTS

When cyclosporine was dissolved in EtOH, it formed a clear solution that could be nebulized

and dried to provide a respirable aerosol of spherical particles (see Fig. IA). When the

concentration of cyclosporine dissolved in EtOH was 25 mg/mL, the particle size of the aerosol, as

measured by cascade impaction, was 07 ± .1 pm AMAD (X ± SD), with 1.8 ± 02 GSD (X ± SO). No

change in particle aerodynamic diameter was detected from beginning to end of generation periods

lasting h. Taking into account the density of 139 ± 006 mg/cM3 X ± SD) that we measured by

air pycnometry for the cyclosporine powder, the mass median droplet diameter from the nebulizer

was calculated to be 22 Jim. At an operating condition of 50 psi and 26 L/min airflow, the rate

of solution output from the Lovelace nebulizer was 03 mUmin. The nebulizer jet was rinsed for

several minutes in clean EtOH after each use to prevent a buildup of cyclosporine residue around

the nebulizer orifice. If this cleaning was not done, nebulizer output dropped by 50% or more.

When the concentration of cyclosporine dissolved in EtOH was 25 mg/mL, the airborne

concentration in the exposure chamber was 042 ± 004 mg/L (X ± SD). Taking into account the

nebulization rate of 03 mL/min, with dilution into a total flow of 6 L/min, the system efficiency

was 38% from nebulization through dilution and drying, and into the exposure plenum.

When the concentration of cyclosporine in EtOH was increased from 25 mg/mL to 100 mg/mL, the

airborne concentration increased by a factor of four, to 17 mg/L, and the particle size

distribution increased to 0.8 pm AMAD, with a GSD of 19. However, when the solution

concentration was further increased to 500 mg/mL, the solution appeared more viscous, the airborne

concentration increased by only 25%, rather than by an additional factor of five, and the particle

size distribution remained at 0.8 pm AMAD, with a GSD of 19, indicating a significant decrease in

nebulizer efficiency.

/IM
Figure 1. Transmission electron photomicrographs of cyclosporine aerosols prepared by
(A) nebulization of a solution of cyclosporine at a concentration of 25 mg/mL in EtOH, and
(8) nebulization of a suspension of cyclosporine at a concentration of 25 mg/mL in EtOH, with the
addition of 3 by volume physiological saline containing a 99mTc radiolabel.

The addition of saline solution containing a 99mTc radiolabel caused the alcohol solution of

cyclosporine to become a cloudy suspension. The volume fraction of saline influenced the

efficiency of the generation system and the particle size distribution of the cyclosporine

aerosol. When a 25 mg/mL suspension of cyclosporine was made from 50% EtOH and 50% physiological

saline, the system efficiency was normal 38%) for the first 10 min, but then dropped to only %,

as a gummy, white residue began to accumulate in the nebulizer. The particle size distribution

decreased with time as the cyclosporine residue formed. Reducing the saline content of the
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suspension to 6 by volume resulted in a constant aerosol output and a constant particle size

distribution of 47 pm AMAD, with a .8 GSD. This size distribution was larger than desired for

good pulmonary deposition, so the saline content was further reduced to 3 by volume (the minimum

volume in which the required amount of 99mTc could be added). This resulted in a constant aerosol

output with an acceptable particle size distribution of 22 pm AMAD, with a 21 GSD. Although the

particles were larger than those formed from the solutions of cyclosporine in pure EtOH, they had

a similar spherical morphology (Fig. 1B). When cascade impaction was used to separate the

radiolabeled cyclosporine by size, the distribution of the radiolabel was found to be uniform with

particle size.

DISCUSSION

This work has demonstrated that respirable aerosols of cyclosporine can be made with and

without a radiolabel. These aerosols have been used in a pilot study in dogs (this report,

pp. 89-96). to demonstrate that cyclosporine can be delivered effectively to the lung as an

aerosol, and that single and repeated inhalations of cyclosporine result in absorption of the

inhaled material into the blood with no detected lung injury. The next phase of this work will be

to adapt these aerosols for use in standard medical nebulizers suitable for routine respiratory

therapy, and possibly to develop cyclosporine aerosols based on metered dose inhaler technology.

Experiments in which these aerosols are inhaled by dogs that have received an intrapulmonary

antigen, such as sheep red blood cells, will be done to evaluate the influence of intrapulmonary

immunosuppression on the development of primary and challenge immune responses. These new

cyclosporine aerosols should also be important tools for evaluating the role of immunologic

factors in the toxicity of inhaled materials.
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