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bstract

Salmon calcitonin (sCT) powders suitable for inhalation, containing chitosan and mannitol as absorption enhancer and protection agent, respec-
ively, were prepared using a spray-drying process. The effect of chitosan on physicochemical stability of sCT in the dry powder was investigated
y different analytical techniques. High-performance liquid chromatography (HPLC) analysis indicated that sCT was chemically stable upon
pray-drying. With the proportion of chitosan in spray-drying formulation being increased, dissolution of sCT from the dry powders was decreased
oth in phosphate buffer and acetate buffer. The thioflavine T fluorescence assay showed that no fibrils were present in the spray-dried powder.
owever, sCT partly fibrillated in the phosphate buffer, but not in acetate buffer. Fourier transform infrared (FTIR) spectra showed that the sec-
ndary structure of sCT was slightly changed in the dry powder, yet no aggregate signal was observed. Circular dichroism analysis indicated that

he structure of sCT in an aqueous formulation was slightly altered by addition of chitosan. Nevertheless, recovery of sCT was not influenced by
hitosan in the aqueous formulation as indicated by HPLC analysis. This study suggested that sCT, in absence of any additives, was stable during
he spray-drying process under certain conditions. Addition of chitosan affects recovery of sCT from spray-dried powders, which may be due to
ormation of a partially irreversible complex between the protein and chitosan during the spray-drying process.

2006 Published by Elsevier B.V.
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. Introduction

Proteins and peptides drugs have been the most rapidly grow-
ng class of drugs in the last two decades (van de Weert et al.,
005; Walsh, 2005). Due to their inherent physicochemical insta-
ility and limited transport through biomembranes, proteins and
eptides are mainly delivered parenterally, which causes very
oor patient compliance. Therefore, safe and effective nonin-

asive administration routes are required as an alternative to
njection. It is generally realized that pulmonary administration
s superior to other noninvasive routes such as nasal, dermal,
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cular or oral, owing to its relatively high bioavailability, lim-
ted side effects, rapid and sustained benefits, good long-term
ompliance, and ease of use (Byron and Patton, 1994; Service,
997; Patton, 1998).

As protein and peptide drugs are more stable in the solid
tate than in the liquid state, a dry powder formulation may
e more feasible than a liquid or suspension one for delivering
roteins and peptides to the lung. Spray-drying is one of the most
opular techniques to produce a dry protein powder suitable
or inhalation in one single step (Maa and Prestrelski, 2000).
ince thermal and shearing stresses are present in the spray-
rying process, chemical and physical degradation of proteins
nd peptides may take place and thereby result in safety and

fficacy problems. Thus, it is important to characterize proteins
nd peptides both in the spray-dried product and after release as
ell as understanding the basic principle for degradation during

he manufacturing and application.

mailto:yangmingshi@hotmail.com
dx.doi.org/10.1016/j.ijpharm.2006.10.030
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Salmon calcitonin is a polypeptide of 32 amino acids with
1–7 disulphide bond. It is currently formulated as a ster-

le solution for intramuscular or subcutaneous injection in the
anagement of several bone-related diseases including Paget’s

isease, hypercalcemia and osteoporosis (Patton, 2000). A
eedle-free formulation with good patient compliance would
e desirable to extend its application. In this study, sCT was
pray-dried into powder suitable for inhalation, with mannitol
nd chitosan as excipients. Mannitol was used as a stabilizer,
nd chitosan, a biodegradable mucoadhesive polysaccharide
as employed as absorption enhancer. Since chitosan exhibits

nteresting properties in the controlled-release and absorption
romotion for active proteins and peptides, it has been formu-
ated with many biomacromolecular drugs including vaccines
nd genes, and applied to different administration routes, such
s the gastrointestinal tract, nasal cavity and lungs (Alpar et
l., 2005; Yamamoto et al., 2005; Grenha et al., 2005). Yet,
ew studies have reported on the interaction between the chi-
osan and the biomacromolecular drugs in the solid formulation,
hich might affects release and physicochemical stability of

hese active pharmaceutical ingredients. This paper will focus
n understanding the effect of chitosan on the physicochemical
roperties of sCT during spray-drying.

. Material and experiments

.1. Materials

Salmon calcitonin was kindly supplied by Polypeptide Labo-
atories A/S (Hillerod, Denmark). Mannitol was purchased from
igma (Seelzee, Germany). Chitosan with a MW of 150 kDa
nd greater than 85% deacetylated was purchased from SeeLab
Wesselburenerkoog, Germany). Other reagents and chemicals
ere of analytical grade or chromatography grade.

.2. Preparation of spray-dried powder

For this study, six aqueous formulations containing
:0:0, 1:0:18, 1:1:18, 1:2:17, 1:3:16 and 1:4:15 (w/w) of
CT:chitosan:mannitol were spray-dried into powder using a
-290 Büchi Mini Spray-Drier (Flawil, Switzerland). The pro-

essing conditions are listed in Table 1. The formulation
f 1:1:18 of sCT:chitosan:mannitol was used as a reference
hroughout this paper unless otherwise indicated.

able 1
pray-drying process condition of B-290 Büchi Mini Spray Drier

ondition Parameter

tomizing air volumetric flow rate 357 L/h
eeding rate 5 mL/min
spirator rate 80%

nlet (outlet) temperature 140 (74) ◦C
olid concentration 1%
H of feeding solution 4.4–4.8
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.3. High-performance liquid chromatography (HPLC)
nalysis of protein chemical stability

About 4.0 mg of spray-dried powders was weighed into
.5 mL Eppendorf Protein LoBind Tubes (Hamburg, Germany)
nd mixed with 1 mL of phosphate buffer (pH 7.4, 50 mM) or
cetate buffer (pH 4.4, 50 mM). The resultant suspension or solu-
ion was rotated at a speed of 19 rpm for 120 min. Centrifugation
as then performed at a speed of 15,000 rpm for 10 min. The

upernatant was analyzed by the HPLC system under conditions
escribed below.

The HPLC system consisted of two pumps (Programmable
olvent Module 126, Beckman, Fullerton, California, USA), a
radient controller (Programmable Solvent Module 126, Beck-
an, Fullerton, California, USA), an autosampler injector (717

lus, Waters, Milford, Massachusetts USA), an ODS C-18
olumn (5 �m, 250 mm × 4.6 mm, LiChrospher®, Darmstadt,
ermany), a UV detector set to 220 nm (Programmable Detec-

or Module 166, Beckman, Fullerton, California, USA), and a
omputer system with Gold Nouveat 1.72 (Beckman Instrument,
nc., Fullerton, California, USA). A linear gradient was used
rom 30 to 55% A in 25 min. Mobile phase A was 0.1% triflu-
roacetic acid (TFA) in Milli-Q water and mobile phase B was
.1% TFA in acetonitrile. The injection volume was 40 �L and
he flow rate was 1.5 mL/min.

.4. Fourier transform infrared (FTIR)

FTIR-spectra were collected on a Bomem IR-spectrometer
Bomem, Quebec, Canada). KBr pellets were prepared by
dmixing ca. 4 mg spray-dried powders containing approxi-
ately 0.2 mg of sCT with ca. 300 mg of spectroscopy-grade
Br. The mixture was then pressed into a 13 mm disk at 4-

ons pressure with a die press. For each spectrum, a 256-scan
nterferogram was collected in single-beam with 4 cm−1 reso-
ution at room temperature. The spectra of the excipients and
ater vapor were subtracted from the protein spectra separately.
he second derivative spectra were obtained with a nine-point
avitsky-Golay derivative function and the baseline was cor-
ected using a two-point adjustment. In addition, spectra were
rea-normalized in the amide I region from 1600 to1700 cm−1

sing the Bomem-Grams software (Galactic Industries, Salem,
H). The spectra obtained for the different formulations were

ompared using the area overlap method described by Kendrick
t al. (1996), where identical spectra give a value of 1.0.

.5. Thioflavin T (ThT) fluorescence assays for fibrillation

A stock solution of ThT was prepared at a concentration of
mM in milli-Q water and stored at 4 ◦C protected from light
ntil use to prevent photobleaching.

The fibrillation of sCT in liquid or solid samples was stud-
ed in 1.5 mL Eppendorf Protein LoBind Tubes by dispersing

pray-dried powders or neat sCT in 0.5 mL of either phosphate
uffer or acetate buffer. After 2-h incubation, the samples were
entrifuged to separate supernatant and pellet. Fifty microlitres
f the supernatant was directly added to the fluorescence cuvette
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Fig. 1. Recovery of sCT from spray-dried powder (SDP) in different buffers
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1 cm path length semi-micro quartz cuvette) containing 1 mL
f a ThT mixture (20 �M ThT). The pellet was re-dispersed in
mL ThT solution for fluorescence determination.

The fluorescence measurements were performed using a Spex
luorolog 3-22 (Jobin Yvon Horiba, Longjumeau, France) with
450-W Xenon lamp. Emission spectra were recorded immedi-
tely after addition of the aliquots to the ThT solution from 470
o 560 nm (excitation at 450 nm, 1 nm step size, 1 s integration
ime, and slits of 5 nm for both excitation and emission). For each
ample, the signal was obtained as the ThT intensity at 482 nm
rom which was subtracted a blank measurement recorded prior
o addition of sample to the ThT solution. Data were processed
sing DataMax/GRAMS software.

.6. Circular dichroism

To study the effect of chitosan on sCT in liquid state, the
eat sCT solution was freshly prepared and mixed with differ-
nt concentration of chitosan in acetate buffer (50 mM). The
ircular dichroism (CD) spectra of sCT were collected at ambi-
nt temperature in square quartz cells (path length 0.1 cm) with a
ual-beam DSM 10 circular dichroism spectrophotometer (On-
ine Instrument systems, Bogart, GA, USA). The subtractive
ouble-grating monochromator was equipped with a fixed disk
ith holographic gratings (2400 lines/mm, blaze wavelength
30 nm), and 1.24 mm slits. Far-UV spectra were taken from 260
o 195 nm. Each measurement was the average of five repeated
cans (step resolution 2 nm, 6 s each step) from which the corre-
ponding solvent spectrum was subtracted. The measured CD
ignals were converted to molar extinction coefficient (�ε)
ased on a mean residual weight of sCT of 107.2 g/residue. The
CT concentration in the liquid samples was 0.20 mg/mL. All
D measurements were carried out on freshly prepared protein

olutions.

. Results and discussion

.1. Chemical integrity of sCT in spray-dried powder

The chemical integrity of sCT in spray-dried powder was
tudied by RP-HPLC. To maximize the extraction of sCT from
pray-dried powders, the powders were incubated in both phos-
hate buffer and acetate buffer for 2 h.

The results (Fig. 1) show that in the absence of excipients
CT could be recovered completely from spray-dried powder in
cetate buffer. In contrast, in phosphate buffer, the recovery of
CT was less than 90%.

In the presence of excipient, the recovery of sCT from the
ried powder was decreased with an increase in proportion of
hitosan in the formulation both in acetate buffer and in phos-
hate buffer. Even though no significant difference could be
ound between any adjacent two formulations, statistical differ-

nces could be found when sCT:chitosan:mannitol was equal to
:4:15, and 1:3:16 formulation were compared to 1:1:18 formu-
ation (p < 0.05). Further, an apparent reduced recovery of sCT
as observed when the proportion of chitosan was increased.

a
t
p
c

fter 2 h: black columns are data from acetate buffer (pH 4.4), and gray
olumn are data from phosphate buffer (pH 7.4). *p < 0.05, compared to
CT:chitosan:mannitol = 1:1:18 formulation.

The reduced recovery in phosphate buffer can possible be
xplained by the fact that chitosan does not dissolve at pH 7.4,
hich impeded release of sCT by forming gel-like pellets. How-

ver, sCT is expected to be recovered completely in the acetate
uffer (pH 4.4) as long as it is stable enough during the spray-
rying process, as chitosan completely dissolves at this acidic
ondition. In another control formulation, when mannitol was
he only additive in the solution, a relative high recovery of pro-
ein was achieved. Therefore, the result from HPLC analysis
uggested that chitosan negatively affects the recovery of sCT
rom spray-dried powder to some extent.

Several degradation pathways might be involved to compro-
ise sCT integrity during the spray-drying in the presence of

hitosan:

. chitosan might influence chemical stability of protein causing
degradation of sCT;

. chitosan might be detrimental to physical stability of sCT,
leading to irreversible aggregation or fibrillation of sCT;

. or some irreversible complex might be formed by the inter-
action between sCT and chitosan, which negatively affects
reconstitution of sCT in aqueous solution.

As no obvious degradation peaks were found in the HPLC
hromatograms (data not shown), this suggests that some phys-
cal degradation takes place.

.2. Thioflavin T fluorescence assays for fibrillation

The histological dye ThT has been widely used to detect
myloid fibrils of proteins (LeVine, 1993, 1995). A 450 nm flu-
rescence excitation maximum will appear when ThT binds to
myloid fibrils, and an enhanced emission can be determined
t 482 nm, whereas unbound ThT is essentially nonfluorescent

t these wavelengths. This assay has been employed to detect
he presence of amyloid fibrils of human and salmon calcitonin
reviously (Khurana et al., 2005). In this study, as no signifi-
ant enhanced emission fluorescence was observed in terms of
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Fig. 2. ThT fluorescence assay of SDP (sCT:chitosan:mannitol = 1:1:18 formu-
lation) in different buffers: black column are data from phosphate buffer, and
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Fig. 4. ThT fluorescence assay on sCT fibrils incubated in different buffers:
black column are data from phosphate buffer, and gray column are data from
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ray column are data from acetate buffer. F: fluorescence intensity of ThT solu-
ion after adding fibril suspension; F0: fluorescence intensity of ThT solution
efore adding fibril suspension.

upernatant samples, the results reported here were derived from
edispersion of pellet in ThT solution.

As indicated in Fig. 2, compared with blank spray-dried
owder, no enhanced ThT emission fluorescence intensity was
bserved when spray-dried powders containing sCT were incu-
ated in acetate buffer for up to 2 h. In contrast, a pronounced
nhancement of ThT fluorescence intensity was observed in
hosphate buffer already after 30 min. However, ThT fluores-
ence intensity did not show any increase when the spray-dried
owder was reconstituted in phosphate buffer and directly mea-
ured, as compared with the blank spray-dried powder. This
ndicated that no detectable fibrils were found in spray-dried

roducts.

As shown in Fig. 3, sCT readily fibrillates when incubated in
hosphate buffer, both in the presence and absence of a blank

ig. 3. ThT fluorescence assay of different samples incubated in phosphate
uffers for 2 h: black column are data before incubation, and gray column are
ata after 2 h incubation. F: fluorescence intensity of ThT solution after adding
bril suspension; F0: fluorescence intensity of ThT solution before adding fibril
uspension.

fl
a
fl
i
t
a
t
T
m
e

d
d
fi
i
s
t
t
c

3

s

cetate buffer. **p < 0.01, compared to black column. F: fluorescence intensity
f ThT solution after adding fibril suspension; F0: fluorescence intensity of ThT
olution before adding fibril suspension.

pray-dried powder containing mannitol and chitosan. The final
ntensity is lower in the presence of the blank spray-dried pow-
er, which may suggest that the addition of excipients such as
annitol and/or chitosan might reduce the fibrillation rate of sCT

n phosphate buffer. The effect of these excipients on fibrillation
f sCT remains to be investigated further.

A ThT fluorescence assay was further carried out to investi-
ate sCT fibrils in different buffers. sCT fibril suspension was
repared by incubation of 10 mg/mL sCT aqueous solution in
.5 mL Eppendorf Protein LoBind Tube overnight. After a same
mount of fibril suspension was withdrawn and transferred to
ither phosphate buffer or acetate buffer for incubation, the ThT
uorescence assay was performed to detect fibrils by sampling
t different time points. As shown in Fig. 4, after 2 h, the ThT
uorescence intensity had decreased in acetate buffer, while the

ntensity gradually increased in phosphate buffer. This suggests
hat sCT fibrils formation is reversible in acetate buffer. This
lso explains why sCT amyloid fibrils were only found during
he dissolution test in phosphate buffer, and not in acetate buffer.
hese findings are consistent with previous reports that sCT is
ore stable at acidic condition than at neutral conditions (Lee

t al., 1992; Stevenson and Tan, 2000).
To summarize, the results in the ThT fluorescence assays

emonstrate that the reduced dissolution of sCT from spray-
ried powder in phosphate buffer may be due to partial
brillation of sCT during incubation. However, the decrease

n recovery of sCT from spray-dried powder in acetate buffer
till remains unclear, since the protein fibrils are reversible in
his buffer. Hence, FTIR and CD were subsequently employed
o investigate the structural integrity of the protein in different
hitosan formulations.
.3. FTIR analysis

The secondary structure of sCT in spray-dried powders was
tudied by FTIR. FTIR has been extensively used to study struc-
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Fig. 5. FTIR spectra of sCT and its spray-dried products: (�) sCT as received;
(�) sCT:chitosan:mannitol = 1:0:18; (�) sCT:chitosan:mannitol = 1:1:18;
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Fig. 6. Effect of chitosan on the sCT circular dichroism spectra in acetate buffer
(pH 4.4): (�) sCT 200 ug/mL; (�) sCT 200 �g/mL and chitosan 500 �g/mL; (�)
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formulation, but it is not detrimental to chemical integrity of
�) sCT:chitosan:mannitol = 1:3:16; (�) sCT:chitosan:mannitol = 1:4:15; (+)
CT:chitosan:mannitol = 1:0:0.

ural changes of protein in solid formulations (Dong et al., 1995;
arpenter et al., 1998). The structural changes can be moni-

ored conveniently in the amide I, II or III region, where amide
(1600–1700 cm−1) is the most commonly exploited region.
s illustrated in Fig. 5, no obvious structural changes of sCT
ere found when it was spray-dried solely, as compared with

he FTIR spectra of sCT as received from the supplier. Only
slight increase in �-helical content (1656–1658 cm−1) was

bserved in the spectra of plain sCT spray-dried powder, which
s probably due to the fact that the solid-state structure of sCT
ecame more compact upon spray-drying. However, a relatively
ronounced decrease in �-helical content of sCT was observed
n other spray-dried powders with an increase in proportion of
hitosan. Compared with sCT as received, the overlap area of
he FTIR spectra of the spray-dried powders with that of the
CT as received was reduced with the proportion of chitosan
n spray-dried formulation being increased. This reduction cor-
elates with the reduced recovery of sCT from the dry powder
n acetate buffer (r2 = 0.92). In addition, no aggregate signal of
rotein was observed in any of the FTIR spectra, which would
e expected around 1625–1630 cm−1 (REF). These findings, in
arallel with the results from HPLC analysis and ThT fluores-
ence assays, suggested that spray-drying affected the structural
ntegrity of sCT in the presence of chitosan.

.4. Circular dichroism spectroscopy

Circular dichroism spectroscopy was used to study the effect
f chitosan on the secondary structure of sCT in aqueous for-
ulation. As shown in Fig. 6, sCT has little ordered secondary

tructure in aqueous solution, which is consistent with other
eports (Arvinte and Drake, 1993).

A clear decrease in molar ellipticity at ca. 198 nm was

bserved in the presence of chitosan. Also, a shift of the mini-
um was observed with the concentration of chitosan in acetic

uffer being increased. These results suggest that a change
n secondary structure of sCT occurred upon the addition of

s
a
p
i

CT 200 �g/mL and chitosan 1000 �g/mL; (�) sCT 200 �g/mL and chitosan
500 �g/mL; (�) sCT 200 �g/mL and chitosan 2000 �g/mL.

hitosan. Subsequently, HPLC was employed to study recov-
ry of sCT from chitosan solution. Interestingly, unlike the
pray-dried powder, sCT could be recovered completely from
hitosan solution. These findings suggested that chitosan appar-
ntly influences the structure of sCT in aqueous formulation, yet
he interaction between chitosan and sCT does not compromise
he protein solubility.

The pI value of sCT is around 10.4. Thus, it is expected to
e positively charged, just like chitosan, at acetic and neutral
onditions. Repulsive electronic interactions between sCT and
hitosan may possibly influence the secondary structure of sCT.
owever, chitosan may possess various conformations and dif-

erent charge distribution on its polymer chain under different
onditions. Therefore, the interaction between sCT and poly-
er may be more complicated and unpredictable. The negative

ffect of chitosan on recovery of sCT from spray-dried powder
ay thus be due to the interaction between chitosan and sCT

eing strengthened by dehydration during the spray-drying pro-
ess, and some irreversible complex may have been formed in
he spray-dried powder.

. Conclusion

Salmon calcitonin, in absence of any excipients, can be spray-
ried into powder with fine structural and chemical integrity
nder certain conditions. Addition of chitosan in the formulation
ecreased the recovery of sCT from the spray-dried powders,
hich is probably due to interaction between chitosan and sCT
eing strengthened by dehydration during the spray-drying, and
ome irreversible complex may form in the dry powder. Chitosan
as slight effect on secondary structure of sCT in an aqueous
CT under the conditions studied. The presence of mannitol
nd/or chitosan decreases the fibrillation rate of sCT in phos-
hate buffer. The effect of these excipients on fibrillation of sCT
s subject to further investigation.
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