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                         A BSTRACT  
 For lung transplant patients, a respirable, inulin-based solid 
dispersion containing cyclosporine A (CsA) has been devel-
oped. The solid dispersions were prepared by spray freeze-
drying. The solid dispersion was characterized by water 
vapor uptake, specifi c surface area analysis, and particle size 
analysis. Furthermore, the mode of inclusion of CsA in the dis-
persion was investigated with Fourier transform infrared spec-
troscopy. Finally, the dissolution behavior was determined and 
the aerosol that was formed by the powder was characterized. 
The powder had large specifi c surface areas (~ 160 m 2 ). The 
water vapor uptake was dependant linearly on the drug load. 
The type of solid dispersion was a combination of a solid solu-
tion and solid suspension. At a 10% drug load, 55% of the CsA 
in the powder was in the form of a solid solution and 45% as 
solid suspension. At 50% drug load, the powder contained 90% 
of CsA as solid suspension. The powder showed excellent dis-
persion characteristics as shown by the high emitted fraction 
(95%), respirable fraction (75%), and fi ne-particle fraction 
(50%). The solid dispersions consisted of relatively large (x 50  
 ≈  7  m m), but low-density particles ( r   ≈  0.2 g/cm 3 ). The solid 
dispersions dissolved faster than the physical mixture, and inu-
lin dissolved faster than CsA. The spray freeze-drying with 
inulin increased the specifi c surface area and wettability of 
CsA. In conclusion, the developed powder seems suitable for 
inhalation in the local treatment of lung transplant patients.  

   K EYWORDS:     DPI  ,   Cyclosporine A  ,   solid dispersion  ,   FTIR  , 
  aerosol  ,   large porous particles    

   INTRODUCTION 
 To improve immunosuppressive therapy in lung trans-
plant patients, studies with inhalation of cyclosporine A 
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(CsA,      Figure 1 ) have been conducted. 1  ,  2  The overall sur-
vival of lung transplant patients increased dramatically 
when aerosolized CsA was administered on top of base 
therapy. 3  The formulation for inhalation used in the pub-
lished study was a solution of CsA in propylene glycol. 
A disadvantage of this approach was that nebulization of 
 propylene glycol caused extreme irritation in the airways, 
which was reduced by the use of aerosolized local anes-
thetics. Despite the use of local anesthesia, a substantial 
number of patients ( ±  10%) could not complete the study 
because of extreme irritation. 4  Apparently there is a need 
for a less-irritating formulation for inhalation. A second 
disadvantage of nebulization of CsA dissolved in propylene 
glycol is the low deposition effi ciency, which has been 
reported to be 5.4% to 11.2% of the metered dose, 4  which 
is consistent with other studies on nebulization. 5-7  To obtain 
a signifi cant improvement in pulmonary function in lung 
transplant patients with chronic rejection requires a deposi-
tion of at least 5 mg CsA in the lower airways (peripheral 
part of the lung), 1  which can only be achieved by high 
metered doses. This further underlines the need for more 
effective formulations for inhalation. A third problem is the 
lipophilicity of CsA (aqueous solubility of 3.69 mg/L at 
37ºC, log  P  = 3.0), 8  ,  9  which limits the choice of solvents 
for nebulization.   

 We proposed that a dry powder formulation consisting of 
a solid dispersion could overcome these problems. Firstly, 
with dry powder inhalation the use of local anesthesia 
and irritating solvents can be avoided. Secondly, the higher 
deposition effi ciency of dry powder inhalation compared 
with nebulization reduces the need for high metered 
doses. 10  Finally, solid dispersions are known for their dis-
solution rate – enhancing properties of poorly soluble drugs, 
such as CsA. 11-13  The dissolution rate of poorly soluble 
drugs from inulin-based solid dispersions has been shown 
to increase when compared with the pure hydrophobic 
drug. 14  

 A powder for local administration in lung transplant patients 
should meet two requirements. First, the drug substance 
should dissolve within a reasonable time span, since removal 
of particles by mucociliary clearance occurs within a couple 
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of hours. 15  ,  16  Second, the powder should have an aerody-
namic size range that is suitable for inhalation (1 to 5 
μm). 17  ,  18  Regarding the fi rst requirement, benefi t may be 
gained with a rapidly dissolving dry powder formulation. 
The second requirement can be met by using spray freeze-
drying as production method. 19-21  
 The purpose of this study was to develop a powder for inha-
lation as an alternative for nebulized CsA. We investigated 
the feasibility of an inulin-based solid dispersion with CsA. 
CsA in the solid dispersion can be distributed as separate 
molecules, defi ned as a solid solution, or as multimolecular 
clusters of CsA, defi ned as a solid suspension or as a com-
bination of both. 22  The type of solid dispersion of CsA in 
inulin, eg, solid solution, solid suspension or a combination 
of both, was investigated with Fourier transform infrared 
(FTIR) spectroscopy. Furthermore, other physical charac-
teristics relevant for the performance as powder for inhala-
tion were investigated.  

  MATERIALS AND METHODS 
  Materials 
 CsA was obtained from LC Labs (Woburn, MA). Inulin, 
with an average degree of polymerization of 23 was a gen-
erous gift from Sensus (Roosendaal, The Netherlands). 
 Tert -butyl alcohol (TBA), methanol, acetonitrile, sodium 
dodecyl sulfate (SDS), KBr, and anthrone reagent were of 
the highest available grade of purity (KBr was spectroscopy 
grade) and purchased from commercial suppliers. The water 
used in the experiments was demineralized.  

  Methods 
  Sample preparation 

 The CsA solid dispersions were produced as described pre-
viously. 20  Briefl y, CsA was dissolved in TBA and inulin in 
water. Next, the solutions were mixed at a TBA/water ratio 
of 40/60 vol/vol. The concentrations of CsA in TBA and 
inulin in water were chosen such that the combined mass 
of CsA and inulin in the solution was constant (5% wt/vol) 
while the drug load varied. Immediately after mixing, the 

resulting TBA/water solution was sprayed onto liquid 
nitrogen with a heated 2-fl uid nozzle (orifi ce 0.5 mm, 
atomizing airfl ow 500 L/h, liquid fl ow 6 mL/min). The 
solutions did not show any phase separation as indicated 
by clearness of the solution during processing. On comple-
tion of spraying, the liquid nitrogen was evaporated and 
the frozen droplets were freeze-dried in a Christ model 
Alpha 2 – 4 lyophilizer (Salm and Kipp, Breukelen, The 
Netherlands). The shelf temperature of the lyophilizer was 
maintained at  – 35ºC with a pressure of 0.220 mbar for 24 
hours. The temperature was then gradually increased to 
20ºC, while the pressure was decreased to 0.050 mbar. 
These conditions were maintained for another 24 hours. 
During the whole freeze-drying process the condenser 
temperature remained at  – 55ºC. After freeze-drying, the 
samples were stored over silica gel in a vacuum desiccator 
until analysis.  

  Chemical analysis 

 The drug content and concentration during dissolution was 
determined by a high-performance liquid chromatography 
(HPLC) method, 23  which was slightly modifi ed for our pur-
pose. In short, undiluted samples (100 μL) were injected 
using a Gilson 234 auto injector (Gilson, Middleton, WI) on 
a reversed phase C8 column (5-μm Hypersil BDS 250 × 4.6 
mm, Thermo Hypersil Ltd, Runcorn, UK) equipped with a 
thermostat (Jones Chromatography model 7990, Hogoed, 
UK) at 70ºC. A fl ow rate of 0.9 mL/min of the mobile phase 
(85/15 acetonitrile/water) was maintained with a Waters 
model 510 pump (Waters, Milford, MA). Detection of CsA 
was performed with a Waters 490 programmable wave-
length detector 212 nm. These settings resulted in an elution 
time for CsA of ~6 minutes. The obtained data were  analyzed 
with KromaSystem 2000 software version 1.83 (Winooski, 
VT). All measurements were performed in triplicate. Drug 
content was within  ± 2.5% of the theoretical drug content 
and dissolution of CsA was 100%  ±  2.5% of the metered 
dose for dissolution. 

 The concentration of inulin during dissolution was deter-
mined by the anthrone assay. 24  Samples of 0.25 mL were 
diluted with water to 1.00 mL. Subsequently, 2.00 mL of a 
freshly prepared 0.1% wt/vol anthrone reagent in concen-
trated sulfuric acid was added and immediately vortexed. 
The mixture heated up because of the exothermic charac-
ter of the reaction enthalpy of mixing. After cooling to 
room temperature, samples (200 μL) were pipetted into a 
96-well plate and analyzed spectrophotometrically at 630 
nm in a plate reader (Benchmark plate reader, BioRad, 
Hercules, CA). A freshly prepared calibration curve of 
inulin (0 to 0.100 mg/mL, 11 points) was measured for 
each determination. All measurements were performed in 
triplicate.  

 Figure 1.    Molecular structure of Cyclosporine A.  
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  Physical characterization of samples 

 Specifi c surface areas of the formulations were measured 
using the Brunauer, Emmett, and Teller (BET) method 
with a Tristar 3000 model (Micromeritics, Norcross, GA). 
The measured samples were placed into test tubes and 
purged for at least 3 hours with helium at 30ºC to evapo-
rate residual moisture. Subsequently, a 9-point isotherm 
was recorded at a sample temperature of  – 196ºC (liquid 
nitrogen). 

 The vapor sorption behavior of the solid dispersions at 25°C 
was determined by dynamic vapor sorption (DVS 1000, 
Surface Measurement Systems Ltd, London, UK). About 10 
mg of material was weighed in the sample cup and exposed 
to 0% relative humidity (RH) until equilibrium (dm/dt < 
0.0005%/min) was reached. The RH was subsequently in-
creased to 30%. An RH of 30% was chosen because inulin 
remains in the glassy state upon exposure to 30% RH at 
25°C. 9  ,  25  

 Changes in the secondary structure of CsA caused by spray 
freeze-drying and incorporation in inulin were studied with 
FTIR spectroscopy. Powder samples were prepared by 
mixing approximately 2 to 3 mg of the different CsA 
 formulations with approximately 300 mg KBr. These mix-
tures were compacted into a 13-mm disc at 37 MPa pres-
sure with a hydraulic press. The liquid sample was prepared 
by dissolving CsA in a mixture of methanol and acetoni-
trile. Water was gently added to obtain a concentration of 
100 mg/mL and volume percentages of 32% methanol 
(MeOH), 32% acetonitrile (ACN), and 36% H 2 O. Spectra 
of dry powders were recorded on a Bio-Rad FTS6000 
FTIR spectrometer with Win-IR Pro software (Cambridge, 
MA). 256 Scans were co-added at a resolution of 2 cm  – 1  
and scan speed of 0.16 cm/s (5-kHz laser modulation). 
Spectra of CsA in the cosolvent solution were collected by 
averaging 1024 scans. All absorbance spectra were cor-
rected for water vapor and if necessary for the cosolvent 
solution. 26  The measured spectra were smoothed with a 
13-point Savitzky-Golay function 27  and second derivative 
spectra were calculated. The derivative spectra were also 
smoothed with a 13-point Savitzky-Golay function and 
inverted. 

 To establish similarity of the unresolved amide I bands, 
the specifi c area overlap was determined. 28  ,  29  The spectra 
were truncated to contain only the amide I band. Next, the 
amide I band was baseline-corrected, area-normalized to 
unity, and exported to a spreadsheet program. The area 
overlap of 2 spectra, with the amide I band of CsA in the 
cosolvent solution as reference, was calculated by creation 
of a new spectrum consisting of the lowest absorption 
value of the 2 spectra at each data point. The area under 
this new spectrum corresponds to the percentage area 
overlap.  

  Aerosol characterization 

 Particle size distributions of the spray freeze-dried samples 
were measured with a Helos Compact model KA laser 
diffraction apparatus (100-mm lens, Fraunhofer theory, 
 Clausthal-Zellerfeld, Germany) equipped with an RODOS 
dry powder dispersing system (Sympatec GmbH, Clausthal-
Zellerfeld, Germany) at a pressure difference of 0.5 bar. All 
measurements were performed in triplicate. 
 Because the particle size distributions were found to be log-
normal, the geometric standard deviation (GSD) was calcu-
lated from laser diffraction data as follows 30 :     

    GSD = x

x
84

16

    (1)

 where x 84  and x 16  represent the 84% and 16% cumulative 
undersize diameter, respectively. The aerodynamic diameter, 
as measured with cascade impactor analysis, depends on the 
equivalent particle diameter, shape factor, and density 30 :     

    d dae e
p=

0

    (2)

 where d ae  is the aerodynamic diameter, d e  the equivalent 
laser diffraction diameter,  r  p  the density of the particles 
(g/cm 3 ),  r  0  the unit density (1 g/cm 3 ), and  c  the dynamic 
shape factor (1 for spherical particles). 
 For cascade impactor analysis a multistage liquid impinger 
(MSLI, Erweka, Heusenstamm, Germany) was used with a 
test inhaler 31  attached to the induction port. A solenoid valve 
was used in combination with a timer to control the fl ow (60 
L/min) through the inhaler and the cascade impactor for a 
duration of 3 seconds. The stages of the cascade impactor 
were fi lled with 20 mL of 85/15 vol/vol acetonitrile/water 
for extraction of CsA from the deposited powder. A total 
amount of 50 mg was delivered in 10 separate doses. The 
deposition of the drug on the different stages was measured 
by HPLC as described above. The deposition was subse-
quently calculated as the percentage of the metered dose. 
The emitted fraction was defi ned as the metered dose minus 
inhaler retention, the respirable fraction was calculated by 
the sum of deposition on the second, third, fourth, and fi lter 
stage and the fi ne particle fraction (FPF) was calculated by 
the sum of deposition on the third, fourth, and fi lter stage. 
The emitted fraction, respirable fraction, and FPF are 
expressed as a percentage of the metered dose. Cascade 
impactor analysis was performed on only the solid disper-
sions with 30% and 50% wt/wt drug loads. All experiments 
were performed in triplicate.  

  Dissolution rate 

 Dissolution experiments were performed using an USP dis-
solution apparatus I (Rowa Techniek B.V., Leiderdorp, The 
Netherlands) at 37ºC in 1000 mL water containing 0.25% 
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wt/vol SDS with constant stirring of 100 rpm. Before the 
dissolution study, a series of solubility tests were conducted 
with SDS concentrations up to 1% wt/vol to investigate at 
which SDS concentration sink conditions (maximal con-
centration = 0.20 × C saturated ) were met. At the maximal CsA 
concentration (30 mg/L) it was found that sink conditions 
were met at 0.25% SDS (data not shown). The formulations 
were weighed into the baskets of the dissolution apparatus. 
For the formulations containing 10%, 20%, 30%, and 50% 
wt/wt CsA, amounts of, respectively, 300, 150, 100, and 60 
mg of powder were weighed to keep the total amount of 
CsA in the dissolution vessel constant at 30 mg. A physical 
mixture of 30 mg of spray freeze-dried CsA and 70 mg of 
spray freeze-dried inulin was used as a reference. Samples 
were analyzed with HPLC and anthrone assay for determi-
nation of the CsA and inulin concentration, respectively. All 
experiments were performed in triplicate.    

  RESULTS AND DISCUSSION 
  Physical characterization 
 The specifi c surface areas and moisture uptake of the pro-
duced solid dispersions are shown in  Table 1 . Spray freeze-
drying generally results in powders with large specific 
surface areas and the powders in this study are no excep-
tion. 20  ,  32  ,  33  The large specifi c surface area is related to 
the spray freeze-drying process because with spray freeze-
drying the aerosol is rapidly frozen, which causes the for-
mation of a large number of small solvent crystals. Around 
these small solvent crystals the freeze concentrated fraction 
is distributed. Solvent removal by freeze-drying thus results 
in a large specifi c surface area. The produced batches did 
not differ substantially in specifi c surface area, with pure 
spray freeze-dried CsA as an exception ( Table 1 ). The lower 
specifi c surface area of pure spray freeze-dried CsA may be 
caused by the absence of sugar, which might infl uence the 
freezing behavior.   
 Possible degradation of CsA during spray freeze-drying has 
not been investigated. However, we have no reason to assume 

that degradation of CsA did occur during spray freeze-drying 
for various reasons. First of all, results from drug content 
analysis and dissolution were all within  ± 2.5% of the theo-
retical drug content and metered dose, respectively, which 
suggests a complete mass balance for CsA. Second, FTIR 
did not reveal possible degradation by fi ngerprint inspection. 
Furthermore, CsA appears to be a stable compound since it 
has been processed in several ways without noting degrada-
tion in various studies. 34-36  Finally, a chemically less stable 
compound than CsA, ∆ 9 -tetrahydrocannabinol, has success-
fully been spray freeze-dried from a TBA/water solution 
without noticeable degradation, 20  thus showing that spray 
freeze-drying is a reliable production technique that mini-
mally distorts the formulated compounds. 

 The produced powders were susceptible to water vapor 
uptake ( Table 1 ), which was linearly dependent on the drug 
ratio ([moisture content] =  – 0.057·[drug ratio] + 0.067; R 2 = 
0.995). Drug ratio was defi ned as (drug mass)/(drug mass + 
mass of excipient) without the addition of water vapor. This 
shows that the solid dispersion behaves like a physical mix-
ture, which indicates that the 2 components remain in the 
same physical state, irrespective of the drug load. Further-
more, it shows that CsA does not infl uence the hydrophilic-
ity of inulin and vice-versa, ie, CsA and inulin each absorb 
a fi xed amount of water vapor, irrespective of the drug 
load. 

 The linear dependency of moisture uptake versus drug load 
for inulin-based solid dispersions has been shown before. 22  
In that study, van Drooge et al 22  showed that the water vapor 
sorption of inulin-based solid dispersions was independent 
of the type of solid dispersion, defi ned as a fully amorphous 
solid solution, fully amorphous solid suspension, or a combi-
nation of both. 22  The type of solid dispersion is therefore not 
discernable with only water vapor sorption measurements. 

 In general, the physical state of solid dispersions can be 
determined by differential scanning calorimetry (DSC). 
However, DSC measurements of CsA and inulin result in 
substantial overlap of thermal events of both components, 
which makes it diffi cult to draw unambiguous conclusions 
about the physical state of the solid dispersion. Fortunately, 
the secondary structure of CsA, which can be measured 
with FTIR, has been reported to depend on the physical 
state. 37  ,  38  Furthermore, FTIR might give information about 
the type of solid dispersion, based on the secondary struc-
ture of CsA. 

 CsA has 4 amide groups, which, according to Stevenson 
et al, 37  in a  hydrophilic  environment result in  inter molecularly 
oriented hydrogen bonds. In contrast, a  lipophilic  environ-
ment results in  intra molecularly oriented hydrogen bonds. 
In the case of a solid solution, the amide groups are hypoth-
esized to be intermolecularly oriented because of hydrogen 
bond interaction with inulin. Conversely, in a solid suspension, 

 Table 1.    Specifi c Surface Areas and Water Vapor Uptake (at 30% 
RH and 25°C) of the Spray Freeze-Dried Powders  

  

Batch

Specifi c Surface Area, 

m 2 /g

Moisture Uptake,  

% wt/wt  

  10% wt/wt CsA 152 6.08 
 20% wt/wt CsA 185 5.44 
 30% wt/wt CsA 185 4.84 
 50% wt/wt CsA 145 3.97 
 Pure spray freeze-dried 
 CsA

40 1.03  

  CsA indicates cyclosporine A.   
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the amide groups are predominantly intramolecularly ori-
ented because of the lipophilic CsA clusters. A combination 
of a solid solution and suspension should thus result in both 
inter- and intramolecularly orientated amide groups, in a 
ratio that would be dependent on the drug load.  

  Secondary structure of CsA 
 First, 2 control samples, CsA in the crystalline state and dis-
solved in a cosolution of methanol/acetonitrile/water, were 
measured to show the effect of full intra- and intermolecular 
orientation of the amide groups, respectively. Bands were 
assigned according to previously published data. 37  
 In the crystalline state (     Figure 2A ), the 4 amide groups in 
the CsA molecule (     Figure 1 ) are assumed to be intramolecu-
larly oriented to allow intramolecular hydrogen bonds. 37  In 
contrast, when CsA was dissolved in the cosolvent solution 
(     Figure 2B ), the amide groups are assumed to be directed 
outward to allow hydrogen bonding with the solvent. 37  Spe-
cifi cally, dissolution of CsA in the cosolvent solution com-
pared with CsA in the crystalline state results in a  b -sheet 

band at higher wave numbers, which is indicative of a looser 
 b -sheet structure ( Table 2 ). Furthermore, the  g -loop changed 
into a  g -turn upon dissolution in the cosolvent solution, 
which is associated with a change in orientation of the bond 
between MeLeu 9  and MeLeu 10  from cis to trans. 37  This 
change in orientation is caused by the hydrogen bond 
between D-Ala 8 NH and MeLeu 6 C=O, which bifurcates to 
include the D-Ala 8 C=O and solvent. The sharing of the 
amide proton between 2 carbonyls and solvent twists the 
backbone conformation at D-Ala, 8  by which the orientation 
of the MeLeu 10  side chain changes. Finally, if the MeBMT 1  
side chain (see      Figure 1 ) is in proximity to the backbone, as 
is the case in the crystalline state, then the  b -OH is able to 
bond with MeBMT 1 C=O, resulting in an MeBMT-turn. 37  
Clearly, the MeBMT-turn is not present upon dissolution of 
CsA in the cosolvent solution, which indicates that the 
MeBMT 1  side chain is directed outward to interact with the 
solvent.   

   If the type of solid dispersion of CsA and inulin would be a 
solid solution, then the amide groups of CsA would be inter-
molecularly oriented. Therefore, in a solid solution, the 
FTIR spectrum of CsA should have the  b -sheet band at high 
wavenumbers (~1630 cm  – 1 ), contain a  g -turn band (~1663 
cm  – 1 ), and the MeBMT-turn band (~1685 cm  – 1 ) should be 
absent. In contrast, if the type of solid dispersion would be 
a solid suspension, then the amide groups would be intra-
molecularly oriented, resulting in an FTIR spectrum with a 
 b -sheet band at low wavenumbers (~1624 cm  – 1 ), a  g -loop 
band (~1653 cm  – 1 ) and the MeBMT-turn band at ~1685 
cm  – 1 . A combination of a solid solution and a solid suspen-
sion should contain variable amounts of each structural fea-
ture, depending on the drug load. 

 CsA in the inulin solid dispersions (     Figures 3A to 3D ) appar-
ently has few outward-oriented amide groups as all solid 
dispersions, as well as pure spray freeze-dried CsA (     Figure 
3E ), contain a  b -sheet,  g -loop, and MeBMT-turn. The peak 
position of the  b -sheet band of the solid dispersions and 
pure spray freeze-dried CsA is in between of the peak posi-
tions seen in the crystalline state and in the cosolvent solu-
tion ( Table 2 ). Furthermore, the presence of the  g -loop and 
the absence of the  g -turn in the secondary structure indicate 
that CsA adopts a cis orientation between MeLeu 9  and 
MeLeu. 10  Finally, the presence of the MeBMT-turn indi-
cates that the MeBMT 1  side chain is in the proximity of the 
backbone. At higher drug loads, the relative intensity of the 
MeBMT-turn seems to increase.   

 Based on the data obtained by measurement of the second-
ary structure of CsA in the solid dispersion, the type of solid 
dispersion can best be described as a combination of a solid 
solution and suspension. First, the peak position of the 
 b -sheet band of the solid dispersions and pure spray freeze-
dried CsA indicates that the type of solid dispersion is a 

 Figure 2.    Second derivative FTIR spectra of the CsA crystalline 
control (A) and a solution of 10% (wt/vol) of CsA in 32% 
MeOH/32% ACN/36% (wt/vol) H 2 O (B). Peak wavenumbers in 
the crystalline control (A): 1624 (antiparallel  b -sheet), 1636 
(loose  b -sheet), 1653 ( g -loop), 1674 (type-II  b -turn), 1688 
(MeBMT-turn), and 1695 cm  – 1  (aggregate  b -sheet); peak 
wavenumbers in the cosolvent solution (B): 1630 ( b -sheet), 1663 
( g -turn), and 1678 cm  – 1  (type-II  b -turn). See also  Table 2 .  
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combination of a solid solution and suspension, ie, CsA is 
present in a molecular distribution and as clusters. Second, 
the presence of the  g -loop and corresponding cis orientation 
between MeLeu 9  and MeLeu 10  suggests an intramolecular 
orientation of D-Ala 8 NH, which suggests a lipophilic envi-
ronment. Third, proximity of the MeBMT 1  side chain to the 
backbone suggests the presence of CsA clusters. Finally, the 
increasing intensity of the MeBMT-turn suggests that pow-
ders with higher drug loads contain more CsA clusters. 
Therefore, the amount of CsA in the form of solid suspen-
sion increases at higher drug loads. 
 The percentage of solid solution and solid suspension can 
be quantifi ed by examination of the unresolved amide I 
bands. The amide I band depends on the orientation of 
the amide groups as shown in the secondary structure. The 
amide I band in the crystalline state clearly differs from the 
amide I in the cosolvent solution (     Figure 4A ). Furthermore, 
the amide I band of CsA in the inulin solid dispersion 
depends on the drug load (     Figure 4B ). As can be seen, the 
amide I band becomes more similar to the amide I band of 
the crystalline state with increasing drug loads.   
 By calculating the percentage of area-overlap of the differ-
ent amide I bands relative to the amide I band of CsA in the 
cosolvent solution, it is possible to quantify the differences 
caused by an inter- to intramolecular change in rotation of 
the amide groups (     Figure 5 ). CsA dissolved in the cosolvent 
solution mainly has an intermolecular orientation of the 

amide groups as shown by analysis of the secondary deriva-
tive. In contrast, CsA in the crystalline state mainly has 
intramolecular orientation of the amide groups. Similar to 
the secondary structure, the percentage area overlap of the 
amide I band of both CsA in the solid dispersion and pure 
spray freeze-dried is in-between those of CsA in the cosol-
vent solution and crystalline CsA.   
 The 10% wt/wt solid dispersion already has 3.8% difference 
in percentage area overlap in comparison with CsA in the 
cosolvent solution, indicating that at a drug load of 10%, 
relatively much of the amide groups are oriented intramo-
lecularly. The difference in percentage area overlap increases 
up to the 50% wt/wt solid dispersion. The 50% wt/wt solid 
dispersion has a difference in percentage area overlap, 
which is nearly the same as for pure spray freeze-dried CsA, 
indicating that the majority of the amide groups are intra-
molecularly orientated. Pure spray freeze-dried CsA has a 
difference in percentage area overlap of 8% with CsA in the 
cosolvent solution. 
 If on the one hand pure spray freeze-dried CsA is assumed 
to represent a complete solid suspension, and on the other 
hand CsA dissolved in the cosolvent solution to represent a 
complete solid solution, then it is possible to calculate the 
percentage of each type of solid dispersion. However, the 
polarity of the cosolvent solution and amorphous inulin pre-
sumably differs. As a result, the ability to establish orienta-
tion of the amide groups of CsA by the cosolvent solution in 

 Table 2.    Peak Positions of Structural Elements in the Secondary Structure of Cyclosporine A  

   Data from Stevenson et al.  37  

  
Sample

 
β -sheets *1 

 
g -loop

 
g -turn Type-II  b -turn MeBMT turn

Aggregate  
 b -sheet  

  Cosolvent solution  —  —  — 1661 1679  —  —  
 Spray-dried from 
 ethanol

1624 1638 1653  — 1673 1686  —  

 Crystalline 1624  — 1645  — 1672 1683  —  

   Data from this study   

  Sample   b -sheets *    g -loop   g -turn  Type-II  b -turn  MeBMT turn 
 Aggregate     
b  — sheet  

 Cosolvent solution 1630  —  — 1663 1678  —  —  
 10% wt/wt 1628  — 1653  — 1672 1684  —  
 20% wt/wt 1628  — 1653  — 1674 1684  —  
 30% wt/wt 1628  — 1653  — 1674 1684  —  
 50% wt/wt 1628  — 1653  — 1676 1686  —  
 Pure spray freeze-dried 
 CsA

1626 1636 1653  — 1674 1688  —  

 Crystalline 1624 1636 1653  — 1674 1688 1695  

   * In cyclosporine A, 2  b -sheets occur: an antiparallel  b -sheet (1624 cm  – 1 ) and a looser  b -sheet (1636 cm  – 1 ). 37  In some samples both  b -sheets overlap, 
resulting in a single  b -sheet band at a wavenumber between 1624 and 1636 cm  – 1 . 
 ( — ) indicates the particular structural element was not present in the sample as observed by FTIR measurements.   
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comparison with inulin may therefore be different. The cal-
culation thus only gives an indication about the percentage 
of type of solid dispersion. The 10% wt/wt solid dispersion 
has a 3.7% difference in percentage area overlap. When 
compared with the 8.1% difference in area overlap of pure 

 Figure 3.    Second-derivative FTIR spectra of the 10% (A), 20% 
(B), 30% (C), and 50% (D) wt/wt solid dispersions and pure 
spray freeze-dried CsA (E). Peak wavenumbers: 1626 to 1628 
( b -sheet), 1653 ( g -loop), 1672 to 1676 (type-II  b -turn), and 1684 
to 1688 cm  – 1  (MeBMT-turn). See also  Table 2 .  

 Figure 4.    Baseline corrected and normalized amide I peak from 
FTIR spectra of CsA. (A) controls of crystalline CsA ( ─  ─  ─ ) and 
in MeOH/ACN/H 2 O ( ─   ─ ). (B) Solid dispersions containing 10% 
wt/wt ( ─  ─  ─ ), 20% wt/wt (········), 30% wt/wt ( ─   ─ ), and 50% wt/
wt (  ─   ··   ─   ··   ─  ) CsA, and pure spray freeze-dried CsA (  ─  ─   ─  ─  ).  

 Figure 5.    Difference in percentage area overlap of the amide I bands 
compared with the amide I band of CsA in the cosolvent solution.  
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spray freeze-dried CsA, which was assumed to represent a 
complete solid suspension, it follows that the 10% wt/wt 
solid dispersion contains 55% of CsA as a solid solution and 
45% of a solid suspension. The 20%, 30%, and 50% wt/wt 
solid dispersion would then contain 54%, 63%, and 90% of 
the CsA as a solid suspension, respectively.  

  Aerosol characteristics 
 Spray freeze-drying results in log-normal geometrical parti-
cle size distributions with relatively large volume median 
diameters (x 50 ) ( Table 3 ). The GSD of the spray freeze-dried 
solid dispersions, as calculated with Equation 1, are between 
1.87 and 2.97 ( Table 3 ).   
 To evaluate the aerodynamic behavior and measure the 
mass median aerodynamic diameter (MMAD), the powder 
was analyzed with cascade impactor analysis. As the pow-
der showed rather cohesive behavior, a test inhaler, which is 
able to generate relatively high deagglomeration forces, was 
used. 31  Both the 30% and 50% solid dispersions exhibit 
excellent inhalation characteristics (     Figure 6 ). The spray 
freeze-dried CsA solid dispersions show a low inhaler reten-
tion of approximately 4%, which leads to a high emitted 
fraction of approximately 96% for both solid dispersions 
(     Figure 6 ). The solid dispersion powders furthermore show 
good dispersion characteristics as indicated by the respira-
ble fraction of higher than 75%, as calculated by the sum of 
deposition on stages 2, 3, and 4 plus the fi lter. Furthermore, 
the FPF is higher than 50% of the metered dose, indicating 
that the solid dispersions are suitable for inhalation.   
 Since a volume median diameter (x 50 ) is measured with 
laser diffraction and the particles were found to be spherical 

(scanning electron microscopy, data not shown), we can 
assume that d e  equals x 50  as obtained with laser diffraction. 
The MMAD can be measured by using the mean of the cut-
off diameters (ie, 4.95 and 2.4 μm for third and fourth stages, 
respectively, as calculated according to the European Phar-
macopeia 39 ) and cumulative mass percentage. 40  The intercept 
at the 50% mass percentile of the cumulative mass percent-
age with cut-off diameter corresponds to the MMAD. Thus, 
we can rewrite Equation 2 to:
    MMAD p= x50          (3)
  In other words, by comparing the data obtained from laser 
diffraction and cascade impactor analysis, we can calcu-
late the true particle density. The true particle density can 
be determined from the MMAD and volume median diam-
eter if a log-normal distribution, a dynamic shape factor of 
1, and a particle size independent density is assumed 
(Equation 3). The measured MMADs are 3.50 and 3.39 
μm for the 30% and 50% drug load solid dispersions, 
respectively ( Table 3 ). Given Equation 3, it is possible to 
combine laser diffraction (x 50  = d e ) with cascade impaction 
data (MMAD) to calculate the density ( r  p ) of the particles. 
The comparison results in a calculated density of 0.26 and 
0.16 g/cm 3  for the 30% and 50% drug load solid disper-
sions, respectively. Since the true densities of CsA and inu-
lin are around 1.5 g/cm 3 , the calculated density indicates 
the high porosity of the spray freeze-dried particles. 
 Spray freeze-drying of CsA and inulin resulted in relatively 
large (x 50  ~ 7.5 μm) but porous (low density) particles. In 
the literature, 40-43  several advantages are ascribed to the use 
of (large) porous particles for pulmonary administration 
such as high emitted dose (fraction that is released from the 
inhaler), good dispersion characteristics and high  –  deep  –  
lung deposition. This was confi rmed in this study.  

 Table 3.    Particle Size Analysis: x 16 , x 50 , and x 84  Undersize 
Values of the Cumulative Geometric Size Distributions, MMAD, 
and GSD of the spray freeze-dried powders  

  
Formulation

x 16 , 
µm

x 50 , 
µm

x 84 , 
µm

GSD,
(-)

MMAD, 
µm 

  10% wt/wt 
 CsA

3.08 7.10 17.10 2.36  —  

 20% wt/wt 
 CsA

3.53 7.29 15.29 2.08  —  

 30% wt/wt 
 CsA

3.52 6.84 12.32 1.87 3.50 

 50% wt/wt 
 CsA

2.46 8.44 21.74 2.97 3.39 

 Pure spray 
 freeze-dried 
 CsA

2.94 8.81 19.43 2.57  —   

  MMAD indicates mass medial aerodynamic diameter; GSD, geometric 
standard deviation; CsA, cyclosporine A.   

 Figure 6.    Cascade impactor analysis of the 30% (black bars) and 
50% (gray bars) wt/wt solid dispersion at a fl ow rate of 60 L/min 
through an air classifi er – based test inhaler. Error bars represent 
standard deviations (n = 3).  
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  Dissolution 
 The dissolution rate of CsA formulated as a solid disper-
sion was signifi cantly increased compared with the physi-
cal mixture, which consisted of pure spray freeze-dried 
CsA (     Figure 7 ) and spray freeze-dried inulin. In the 10% 
and 20% wt/wt CsA-containing solid dispersions, inulin 
dissolves slightly faster than CsA (     Figure 7A ). The faster 
dissolution of inulin indicates that inulin dissolves fi rst, 
followed by CsA. All solid dispersions dissolve faster 
than the physical mixture, albeit without a clear correla-
tion between drug load and dissolution rate (     Figure 7B ). 
After 30 minutes, all solid dispersions have dissolved for 
more than 80% compared with only 50% of the physical 
mixture.   
 The improved dissolution rate of the solid dispersion 
powder can be ascribed to the presence of inulin in the solid 
dispersions for 2 reasons. First, the higher specifi c surface 
area of the solid dispersions, compared with pure spray 
freeze-dried CsA, will have contributed to the higher disso-
lution rate. Second, inulin improves wetting of CsA, even at 
drug loads up to 50%.   

  CONCLUSION 
 In this study, a dry powder formulation containing CsA was 
developed for local administration in lung transplant patients. 
The presented dry powder formulations contain large porous 
particles that dissolve rapidly, even at high drug loads. The 
type of dry powder formulation was a solid dispersion. The 
solid dispersion, as investigated with FTIR, was found to be 
a mixture of a solid solution and a solid suspension, the ratio 
of which depended on the drug load. For inhalation, the 
high drug load formulations are especially favorable, since 
with these, a lower amount of powder has to be inhaled by 
the patient. Future studies will be performed to investigate 
whether this powder is a feasible alternative to nebulization 
and is able to improve therapeutic effi cacy of treatment of 
lung transplant patients without increasing local and systemic 
side effects.    
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