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The effect of excipients on the stability and aerosol performance 
of salmon calcitonin dry powder inhalers prepared via the spray 

freeze drying process 

Spray freeze drying was developed to produce dry pow-
ders suitable for applications such as inhalation delivery. In 
the current study, the spray freeze drying technique was 
employed to produce inhalable salmon calcitonin mic-
roparticles. Effects of the carrier type, concentration of hy-
droxyl propyl-β-cyclodextrin and the presence of Tween 80 
on the chemical and structural stability, as well as on the 
aerosol performance of the particles were investigated. The 
results indicated that hydroxyl propyl-β-cyclodextrin had 
the most important effect on the chemical stability of the 
powder and strongly increased its stability by increasing its 
concentration in the formulation. Chemically stable formu-
lations (over 90 % recovery) were selected for further ex-
aminations. Fluorescence spectroscopy and circular di-
chroism suggested that the formulations were structurally 
stable. Aerosol performance showed that the Tween-free 
powders produced higher fine particle fraction values than 
the formulations containing Tween (53.7 vs. 41.92 % for tre-
halose content and 52.85 vs. 43.06 % for maltose content). 

Keywords: salmon calcitonin, inhalation, spray freeze dry-
ing, hydroxypropyl-β-cyclodextrin, fine particle fraction, 
stability

Salmon calcitonin (sCT) is a 32-amino acid linear polypeptide hormone with a 1–7 
disulfide bridge (1). It has been approved for the treatment of osteoporosis and Paget’s 
disease; its injectable solution (Calcimar, Miacalcin) and nasal spray (Fortical, Miacalcin) 
are commercially available for this purpose. Parenteral delivery is an inconvenient route, 
especially for drugs such as sCT that have short half-lives after administration (15–20 min) 
and require frequent injections to retain a pharmacological effect. The nasal form shows 3 
to 5 % efficacy over the parenteral dosage form (2).

Pulmonary delivery of peptides and proteins is a noninvasive alternative method (3) 
and a promising route because the lung has an enormous absorptive surface area, very 
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thin diffusion path to the bloodstream, high blood flow and low level of metabolic activity; 
it also avoids first-pass hepatic metabolism (4).

Several reports on the respiratory delivery of sCT were focused on the bioavailability 
of this peptide in the lungs. Malkhlof et al. (5) showed that nanoparticles of glycol chitosan 
and its thiolated derivatives increased the mucoadhesive properties of sCT. Yamamoto et 
al. (6) showed that elimination of chitosan-modified PLGA nanospheres of calcitonin was 
significantly longer than unmodified PLGA nanospheres because of their stronger muco-
adhesion properties and the opening of the intercellular tight junctions. Varshosaz et al. (7) 
attempted to increase the bioavailability of inhaled sCT using poly(methyl vinyl ether-alt-
maleic acid) as a mucoadhesive polymer, which increased its hypocalcemic effect.

Several particle engineering methods have produced powders suitable for inhalation, 
including micronization and blending, controlled solvent crystallization, supercritical 
fluid processing, spray drying and so on. Spray freeze drying (SFD) is a technique for 
producing respirable particles of peptides or proteins (8). The method combines atomiza-
tion and freezing followed by ice sublimation under vacuum. The process formulates rela-
tively spherical particles with a high specific surface area and low density with adjustable 
size distribution (9). These small spherules with a small aerodynamic size are more likely 
to reach deeper lung tissue for effective deposition (10).

SFD is a three-step technique involving atomization, rapid freezing and lyophiliza-
tion. Consequently, peptides and proteins encounter stresses such as adsorption at the air 
liquid interface and freezing, which could lead to chemical or physical degradation (11). A 
common route for enhancing the stability of peptides or proteins during SFD is the addi-
tion of excipients such as sugars and surfactants (12).

The aim of the present study was to prepare SFD particles of sCT and assess the effect 
of formulation factors on the stability, physical characteristics and aerosol performance of 
the powders. Peptide stability was assessed using chromatography, circular dichroism 
and fluorescence spectroscopy. Physical characterization of stable powders was carried out 
using laser light diffraction and scanning electron microscopy (SEM). The aerosol perfor-
mance of the formulations was evaluated using a twin stage impinger (TSI).

EXPERIMENTAL

Materials

Salmon calcitonin was purchased from Polypeptide Laboratories, USA. Acetonitrile, 
trehalose, maltose and hydroxyl propyl-β-cyclodextrin (HPβCD) were purchased from 
Sigma, Germany. Tetramethylammonium hydroxide and Tween 80 were provided by 
 Merck, Germany, and the hydroxypropyl methylcellulose (HPMC) capsules were a kind 
gift from Cipla, India.

Spray freeze drying

Initially, 4 % (m/V) aqueous solutions containing 0.5 % sCT, a sugar carrier (trehalose 
or maltose), HPβCD (0, 0.02 and 0.04 %) and Tween 80 (0 and 0.001 %) were prepared as 
shown in Table I. In each experiment, 0.4 L of liquid nitrogen was poured into a 2-L glass 
container to produce a cryogenic vapor. The feed solution was atomized using a 2-fluid 
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nozzle into the vapor above the liquid nitrogen at a flow rate of 6 mL min–1 using a lab scale 
spray dryer (Buchi 191, Switzerland). The slurry formed was left on a bench until the excess 
nitrogen evaporated and the frozen droplets were then lyophilized in a freeze dryer 
(Christ, Germany). The primary drying process was performed at –50 °C and 0.005 mbar 
for 24 h; secondary drying was performed by gradually increasing the temperature to 
–20 °C over 24 h. Powder yield was approximately 85 %.

Salmon calcitonin stability

Chemical stability. – The sCT content of the powders was evaluated using a RP-HPLC 
system (Waters; USA) and a C18 column (5 µm; 4.6 × 150 mm, Tosoh Bioscience, Japan) at 
220 nm. The mobile phase was composed of component A [2:5:93 (V/V/V) 1 mol L–1 tetra-
methylammonium hydroxide/acetonitrile/water, pH 2.5] and component B [8:500:492 
(V/V/V) 1 mol L–1 tetramethylammonium hydroxide/acetonitrile/water, pH 2.5] applied as 
a linear gradient of A/B from 70:30 to 47:53 for 20 min. The injectable volume was 80 µL 
and the flow rate was 1 mL min–1.

Conformational stability. – Conformational stability of chemically stable formulations 
(sCT recovery > 90 %) was studied using circular dichroism (CD) and intrinsic fluorescence 
spectroscopy.

Circular dichroism: An Aviv CD spectrometer 410 (Biomedical; US) was used to pro-
duce CD spectroscopy measurements at room temperature. A 0.02 cm quartz cuvette was 
used for far-UV CD measurements at 180–250 nm and a 0.1 cm quartz cuvette was em-
ployed for near-UV CD measurements at 250–310 nm. The sCT concentration was 0.2 g L–1 
for the near-UV region and 0.5 g L–1 for the far-UV region. Each measurement was the 

Table I. Formulations of spray freeze dried salmon calcitonin

Formulation Sugar type HPBCD (%, m/m) Tween 80 (%, m/V)

F1 Trehalose 0 0

F2 Trehalose 0.02 0

F3 Trehalose 0.04 0

F4 Trehalose 0 0.001

F5 Trehalose 0.02 0.001

F6 Trehalose 0.04 0.001

F7 Maltose 0 0

F8 Maltose 0.02 0

F9 Maltose 0.04 0

F10 Maltose 0 0.001

F11 Maltose 0.02 0.001

F12 Maltose 0.04 0.001
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average of five replicated scans (step resolution 2 nm, 65 each step) and the corresponding 
solvent spectrum was subtracted from the sample spectrum.

Intrinsic fluorescence spectroscopy: Intrinsic fluorescence spectra were obtained us-
ing a luminescence spectrometer (Perkin Elmer; USA). Intrinsic fluorescence was moni-
tored at 300 to 400 nm with an excitation wavelength of 280 nm. The excitation and emis-
sion sites were set at 10 nm. Each sample used 1 µg of salmon calcitonin to generate 
accumulation of five scans.

Particle characterization

Scanning electron microscopy (SEM). – Selected SFD powders were sprinkled onto a 
stub, dried at 25 °C and then sputtered with gold using a sputter coater (BAL-TEC, Swit-
zerland). The morphology of the microparticles was assessed using SEM (Mira Tescan, 
Czech Republic) at an accelerating voltage of 25 KV.

Particle size analysis. – Particle size of the SFD powder was assessed using a Malvern 
mastersizer (Malvern, UK). For this purpose, about 5 mg of each powder was suspended 
in 5 mL of acetonitrile and sonicated in a water bath sonicator (Starsonic, Italy) for 3 min. 
Measurements were carried out at obscurations of 0.15 to 0.2 in triplicate.

In vitro powder deposition. – A glass Twin stage impinger (TSI) (Copley, UK) was used 
to evaluate the aerodynamic behavior and deposition of stable SFD formulations. About 
10 mg of each powder sample was loaded into size 2 HPMC capsules and placed into a 
Cyclohaler® dry powder inhaler. Six capsules were used per run and each run was per-
formed in triplicate. The powders were aerosolized using a pump for 5 s at a flow rate of 
60 L min–1.

After aerosolization, the powder deposited on the device, throat, stage 1 and stage 2 
were exhaustively washed with water and the sCT content in each solution was assayed 
by RP-HPLC. The recovered dose (RD) was the sum of the mass of the powder assayed on 
the device and all parts of the TSI while the fine particle dose (FPD) was the amount of sCT 
deposited at stage 2 of TSI. The emitted dose (ED) was the amount of powder that exited 
the capsule and device into the TSI. The fine particle fraction (FPF) was the percentage of 
FPD in ED.

Storage stability. – To evaluate the storage stability of the sCT SFD powders, selected 
samples were stored in vacuum sealed glass bottles covered with aluminium foil and 
dented rubber caps, under different storage conditions at temperatures of 4 ± 2 °C (refrig-
erator), 25 ± 2 °C (air-conditioned room) and 45 ± 2 °C (in a controlled oven). Samples from 
each of the conditions were analyzed using RP-HPLC after 3 months of storage. A triplicate 
set of samples was used in all cases for each of the storage conditions.

Statistical analysis

All results were expressed as mean and standard deviations of three independent 
samples. Multiple linear regression and one-way analysis of variance (ANOVA) tests were 
performed to demonstrate statistical differences (p < 0.05), using the SPSS software version 
13 (IBM Corporation, USA).
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RESULTS AND DISCUSSION

Stability of salmon calcitonin in SFD powders

Stresses acting on the peptide during SFD can cause physical and chemical degrada-
tion. Preserving the chemical and structural integrity of these biopharmaceuticals to 
maintain their biological activity is a challenge (13). Appropriate selection of excipient 
types and ratios is a crucial factor for successful peptide and protein formulation.

Chemical stability
The salmon calcitonin content of each sample was evaluated as a stability criterion. 

The area under each HPLC peak was compared with the standard sCT peak and the re-
sults were reported as the percentage of salmon calcitonin primary content. Recovery per-
centages of SFD powders are shown in Fig. 1.

The results revealed that the sugar carrier type did not significantly affect powder 
stability (p > 0.05) and that there was no difference between the stabilizing effect of maltose 
“as a reducing sugar” and trehalose immediately after SFD. The HPβCD concentration had 
a significant effect on the chemical stability of the sCT powders and the sCT content of the 
processed powders increased in proportion to the increase in HPβCD (p < 0.05).

Although there are no other reports on the effects of cyclodextrins on the stability of 
peptides or proteins during SFD, it appears that these excipients follow the same pattern 
as for lyophilization. Cyclodextrins have been investigated in concentrations of 0.001 to 
10 % (m/V) in peptide- and protein-lyophilized powders and can act as lyoprotectants or 
surface acting agents, depending on the concentration in the formulation (14). Surfactant-
like effects of cyclodextrins have been recognized in freeze drying of some proteins such 
as β-galactosidase and lactate dehydrogenase. In these cases, the stabilizing effect of 
HPβCD on the protein was shown to be stronger than that of other CDs (15, 16). It should 
be also mentioned that this type of CD has been proven to be safe in toxicological studies 
(15). Accordingly, the protective effect of HPβCD on sCT as a peptide was evaluated in the 
present study. In the study, HPβCD was used at 0.02 and 0.04 % (m/V) in a combination of 
sugar carriers as lyoprotectants. Fig. 1 shows that the best stabilizing effect within the 
tested conditions was that provided by the concentration of 0.04 %.

Fig. 1. Chemical stability of spray freeze dried sCT formulations.
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The other excipients used to improve the preservation of peptide structure during 
atomization and drying are surfactants. They compete with peptides for adsorption of 
interfaces such as water-air or ice and decrease peptide exposure to unfolding and aggre-
gation (17). A number of studies have examined the stabilizing effect of surfactants during 
spray drying and freeze drying but there is little data about their effects in combination 
with other excipients during SFD.  

Addition of Tween 80 to formulations containing 0 or 0.02 % HPβCD increased the 
percentage of sCT recovery (p < 0.05). No significant difference was found in the percent-
age of recovery of sCT in formulations containing 0.04 % HPβCD in the presence of Tween 
80. This could be a result of the higher stabilizing effect of cyclodextrins in this concentra-
tion, which can cover the surfactant role of Tween 80. Powders containing 0.04 % HPβCD 
(F3, F6, F9, F12), regardless of the type of sugar and the presence of Tween 80, showed more 
than 90 % recovery and were selected for further investigations.

Structural stability
Circular dichroism. – CD spectroscopy can provide useful information about the sec-

ondary and tertiary structures of peptides and proteins (18, 19). Figs. 2 and 3 show the 
solvent-subtracted near and far UV-CD spectra of the chemically stable formulations com-
pared to unprocessed sCT. Fig. 2 shows that the overall shapes of the far-UV spectra were 
very similar to each other and to unprocessed sCT. The mean residue ellipticity was eval-
uated for quantitative comparison of the secondary structure. Data of all the formulations 
and unprocessed sCT showed a similar secondary structure of approximately 9 % α-helix, 
27 % β-sheet, 28 % turns and the remaining structure comprised of random coils.

CD spectroscopy was used in the near-UV region (250–350 nm) to prove the confor-
mational stability of SFD formulations. The reference-subtracted near-UV spectra of the 
chemically stable formulation vs. the unprocessed sCT are shown in Fig. 3. The predomi-
nant contribution of sCT is to be expected from the Tyr 22 (20). The solvent-subtracted 
near-UV spectra of the samples were comparable to each other and to the unprocessed 
sCT. The near UV-CD spectra indicated that the tertiary structure of sCT formulations did 
not alter considerably during SFD.

Fig. 2. Far-UV spectra of formulations F3, F6, F9 and F12 compare to neat sCT.
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Intrinsic fluorescence spectroscopy. – Intrinsic fluorescence is used in peptide studies to 
assess the folding, a property of the tertiary structure. Information on the tertiary struc-
ture of a protein, specifically the degree of unfolding, is characterized by this method. 
Peptides that contain hydrophilic amino acids such as tryptophan, tyrosine or phenylala-
nine are used in intrinsic fluorescence measurement assays. The fluorescence intensity 
gives useful information about the location of these fluorophores (21). Modifications in the 
formulation, like the addition of excipients, can cause conformational changes resulting in 
a right or left shift (red or blue shift) and a decrease or increase in fluorescence intensity 
(22).

Fig. 4 shows the fluorescence spectra of the chemically stable SFD formulation (chemical 
stability > 90 %) vs. the reference sCT. The spectra of these formulations produced a lambda 

Fig. 3. Near-UV spectra of formulations F3, F6, F9 and F12 compare to neat sCT.

Fig. 4. Fluorescence spectra of formulations F3, F6, F9 and F12 compared to neat sCT.
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max (approximately 257 nm) with similar shapes that showed no perturbation in the confor-
mational structure of the sCT. In addition to the chemical stability, the data confirmed that 
HPβCD, at a concentration of 0.04 % (m/V), in combination with disaccharide lyoprotectants 
can fully stabilize salmon calcitonin during SFD with or without surfactant.

Physical characteristics of SFD powder

Scanning electron microscopy (SEM). – Morphologies of the selected powders were stud-
ied using SEM (Fig. 5). All samples were observed to be highly porous and spherical in 
shape, with rough surfaces similar to the previously-reported microparticles prepared by 
SFD (23). The morphology did not alter with a change in carrier type and the trehalose and 
maltose formulations resembled each other. The highly porous structure of these mic-
roparticulates makes them candidates for inhalation because of their effective aerody-
namic properties. 

Fig. 5 shows that the morphology of particles containing Tween 80 was somewhat dif-
ferent from that of surfactant-free particles. Alteration of the surfactant-dependent morphol-
ogy has been described by Shoyele et al. (24). It may be that more agglomerates exhibited in 
surfactant containing powders makes them more cohesive than surfactant free particles. 

Size distribution. – Particle sizes of the powders are presented in Table II. The volumet-
ric mean particle size of all powders, as determined by laser diffraction analysis, was 15–16 

Fig. 5. Scanning electron micrographs of salmon calcitonin: a) unprocessed salmon calcitonin, b) F3, 
c) F6, d) F9 and e) F12.
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µm, which is far from the ideal particle size for inhalation. Nevertheless, as shown in Fig. 
5, the SFD particles were very porous, which made them suitable for inhalation. Further-
more, their relatively large size could help them escape from alveolar macrophages (8, 10).

In this manner, the carrier type or the presence of Tween 80 had no effect on the size 
of dry powders (p < 0.05). Moreover, the SFD powders showed relatively narrow size dis-
tributions (span 1.16), which was suitable for inhalation.

In vitro deposition of SFD powders
In general, particles with aerodynamic diameters of 1 to 5 µm and a density of ~1 g L–1 

are suitable for inhalation (25). Eq. 1 calculates the aerodynamic diameter (daero) using the 
geometric diameter (dgeo), density of the particle (ρp), and reference density (ρp = density 
of water at 1000 g L–1). Shape factor X depends on the sphericity of the particles and equals 
1 for spherical and > 1 for non-spherical particles.

 daero = dgeo p
x0

s
s

 (1)

SEM shows that the particles were extremely porous, which makes ρp very small and 
the aerodynamic diameter considerably smaller than the geometric diameter. If the particles 
are assumed to be spherical, the aerodynamic diameter will be approximately 20 to 40 % of 
the geometrical diameter, depending on the porosity and density of the particles (23). 

Table III shows that all powders have relatively acceptable fine particle fractions (FPF) 
(> 40 %). Since FPF is an indicator of in vivo alveolar deposition, all powders showed prop-
er inhalation behavior.

Table II. Particle size distribution of SFD formulations

Sample span d10 %(µm) d50 %(µm) d90 %(µm)

F3 1.18 ± 0.05 7.07 ± 0.05 16.06 ± 0.03 26.17 ± 0.06
F6 1.20 ± 0.08 6.63 ± 0.15 15.07 ± 0.09 24.83 ± 0.08
F9 1.10 ± 0.08 6.17 ± 0.08 15.31 ± 0.05 23.12 ± 0.09
F12 1.19 ± 0.07 6.54 ± 0.06 15.63 ± 0.04 25.23 ± 0.06

Mean ± SD, n = 3

Table III. Summary of aerodynamic particle size distribution for sCT

Sample RD (µm) ED (µm) FPD (µm) FPF (%)

F3 47.44 ± 2.78 45.98 ± 2.56 24.40 ± 4.45 53.70 ± 1.82
F6 50.93 ± 3.28 47.43 ± 2.08 19.88 ± 4.06 41.92 ± 3.04
F9 48.75 ± 2.93 46.77 ± 2.45 24.72 ± 0.87 52.85 ± 2.13
F12 46.36 ± 4.36 44.40 ± 3.47 19.12 ± 2.83 43.6 ± 2.91

Mean ± SD, n = 3.
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No significant difference in FPF was found between trehalose and maltose containing 
powders (p > 0.05). This can be attributed to the similar shape and size of the powders 
containing these sugar carriers. Tween-free powders produced higher FPF values than 
formulations containing Tween. This could be a result of increased agglomeration in the 
particles containing Tween, which limits dispersion (24).

Storage stability of SFD particles

Formulations were stored at 4, 25 and 45 °C for 12 weeks to determine their stability. 
Storage of all the formulations at 45 °C resulted in a large decrease in the chemical stabil-
ity of sCT (Fig. 6). The chemical stability of F3 (sCT/Tre/HPβCD) was not affected by the 12 
weeks of storage at 25 and 4 °C. In contrast, the sCT content of F6 (sCT/Malt/HPβCD) de-
creased dramatically after 12 weeks (Fig. 6). Maltose is a reducing sugar and the Millard 
reaction between its carbonyl group and the free amino acid groups of sCT probably cre-
ated instability during storage (26). The presence of Tween 80 in the formulations led to 
equal or superior chemical stability. However, surfactants with alkyl polyoxyethylene 
chains such as polysorbates may undergo autoxidation, chain-shortening degradation, 
and formation of residual peroxides. These peroxides have been demonstrated to cause 
oxidation of proteins in solution and in the solid state (27). Polysorbates increase the short-
term stability of most proteins when exposed to surface-induced damage, but compromise 
protein stability during long-term storage, as has been reported for interleukin 2 and 
growth hormone (27, 28).

CONCLUSIONS

The results of this study demonstrate that sCT formulations containing 0.04 % HPβCD 
can be spray freeze dried into powders having adequate chemical and structural integrity, 
with a highly porous shape that made them ideal for inhalation. Sugar carrier type did not 
alter their stability or aerosol performance. Although the addition of Tween 80 did not 
change the stability of sCT, both the aerosol performance and storage stability were nega-
tively affected by this component. The optimum formulation to produce superior aerosol 

Fig. 6. Chemical stability of sCT formulations after three month storage in different conditions (45, 25 
and –4°C).
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performance and stability after storage was F3 (Sct/Tre/HPβCD 0.04 %). This indicated that 
HPβCD and trehalose composition completely stabilized sCT formulations during SFD 
and produced large, porous microparticles with low aggregation, which are ideal for in-
halation.
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