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1. INTRODUCTION

Salmon calcitonin (sCT) has been approved for the treatment
of bone diseases. Because peptides such as sCT have a poor
bioavailability when taken orally, they are typically administered
via parenteral injection, and sCT is currently marketed as an
injectable solution (Miacalcin). However parenteral administra-
tion is painful and often leads to low patient compliance. Hence,
new noninvasive delivery strategies for sCT have been explored,
such as pulmonary administration1 or nasal sprays; the latter are
currently marketed (Fortical, Miacalcin). Nonetheless, the nasal
formulations show a very wide bioavailability, ranging from 0.3%
to 30.6%, compared to the same dose by intramuscular injec-
tion.2,3 Here, we investigated the new possibility of pulmonary
delivery of sCT as a powder.

The vast epithelium of the lungs is a promising route for sCT
delivery. In contrast to the gastrointestinal tract, lungs providemuch
higher absorption of peptides, with much less metabolism.4 Hence,
for sCT, the lung is an attractive, noninvasive route into the blood-
stream. Nevertheless, to achieve optimal bioavailability (protec-
tion from peptidases and clearance mechanisms) and prolong its

therapeutic action, sCT could be coadministrated with stabilizing
excipients such as polyethylene glycol (PEG) and hydroxypropyl-
beta-cyclodextrin (HPβCD). In fact, the covalent binding of PEG to
peptides to increase their half-life in vivo5 and reduce their immuno-
genicity6 is a common approach. Currently, a number of pegylated
peptides are marketed. Some studies have evaluated the biological
potentials of pegylated sCT derivatives after pulmonary administra-
tion.7 However, no reported studies have investigated whether it is
of importance to covalently bind PEG to the peptide in the case of
pulmonary administration. Most formulation production processes
are stressful for peptides, leading to a potential loss of their activity.
PEG can protect the peptides from activity loss during the formu-
lation process.8 Also, PEG polymer helps to engineer the particle
surface to reduce particle�particle and in vivo particle�protein
interactions and reduce particle clearance by phagocytosis.9
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However, because of their low melting temperature (Tm ∼
60 �C), it is difficult to spray dry PEGs with the most frequently
used safe solvents, as the outlet temperature in the spray dryer
is too close to the PEGs' Tm, leading to fused, aggregated
material.8,10 To overcome this problem, another excipient with
a high Tm or high glass transition temperature (Tg) can be added
to the formulation, changing the thermal properties of the sys-
tem. HPβCD is an amorphous material with a high Tg of around
200 �C, and thus could protect the surface of PEG-based particles
from aggregation. More importantly, in solution, HPβCD acts as
“chemical chaperone” and inhibits sCT aggregation, thereby
increasing its physical stability.6,11 Furthermore, some cyclodex-
trins are known to act as permeability enhancers either by in-
creasing the drug apparent solubility, as for the cyclopeptide
FK224,12 protecting against peptidase action11 or temporarily
altering the membrane.13 For instance, dimethyl-β-cyclodextrin
was able to enhance sCT pulmonary absorption in rats after
dry powder administration.13 The use of HPβCD or methyl-β-
cyclodextrin in pharmaceutical formulations is well established.
However, among the cyclodextrins, HPβCD showed the lowest
cell toxicity on pulmonary epithelial cell lines.14,15 Furthermore,
randomly methylated β-cyclodextrin produced an irreversible
loss of cell layer barrier function, while perturbations of epithelial
integrity were moderate and reversible in the case of HPβCD.14

As HPβCD is the only modified βCD cited in the FDA’s list of
Inactive Pharmaceutical Ingredients,16 its use to develop DPI
formulations is preferable to that of methylated β-cyclodextrin.

In the present paper, we describe a process of formulating
sCT-loaded microparticles made of PEG and HPβCD and
designed for pulmonary delivery. sCT was co-spray dried with
linear or branched PEG along with HPβCD to formulate micro-
particles. Micromeritic, thermodynamic and aerodynamic prop-
erties of the prepared microparticles are presented. sCT-loaded
particles were also evaluated in terms of loading, sCT physical
stability and biological activity. sCT apparent permeability was
tested in vitro through the Calu-3 epithelial monolayer model.
Pharmacokinetic studies in rat were performed for the most pro-
mising formulations.

2. MATERIALS AND METHODS

2.1. Materials.Hydroxypropyl-β-cyclodextrin with an average
degree of substitution of 0.65 (Encapsin HPB) was purchased
from JanssenBiotech,Olen, Belgium. Linear PEG10 kDa (L-PEG)
and alkanes with 99.8% purity (hexane, heptane, octane, nonane,
decane and undecane) were purchased from Sigma-Aldrich,
Ireland. Four armed branched PEG 10 kDa (B-PEG) were pur-
chased from JenChem Technology Inc., USA. PEGs of 10 kDa
were used to ensure their diffusion from the lung into the blood
circulation and subsequent renal clearance. Salmon calcitonin
acetate salt was obtained from Polypeptide Laboratories, Sweden.
2.2. Methods. 2.2.1. Spray Drying. sCT, (L-PEG or B-PEG)

and HPβCD were spray dried as a solution having a total
concentration of 1% w/w using a B€uchi B-290 mini spray dryer
(B€uchi, Flawil, Switzerland) set in the closed cycle mode with a
2-fluid nozzle. Solutionswere composed of butyl acetate/methanol/
water mixture with a volume ratio 5:5:1. PEG:HPβCD weight
ratios were 1:1, 1:3 and 0:1. The spray dryer was operated as
follows: Inlet temperature was 65 �C; feeding pump was set at
30%; spraying N2 nozzle flow rate was 15 L/min; N2 flowing at
630 L/min was used as the drying gas. These conditions resulted
in an outlet temperature ranging from 36 to 39 �C.

2.2.2. Characterization of Physicochemical Properties of the
Particles. Scanning Electron Microscopy (SEM). SEM micro-
graphs of samples were taken using a TescanMira XMU (Tescan
s.r.o., Czech Republic) electron microscope. The samples were
fixed on an aluminum stub and coated with a 10 nm thick gold
film. Primary electrons were accelerated under a voltage of 5 kV.
Images were formed from the collection of secondary electrons.
Butyl Acetate Assay by Gas Chromatography (GC). A GC

PerkinElmer Clarus 500 with auto sampler and a Supelco SPB-
GC column (60 m � 0.25 mm � 0.5 μm, 35% phenyl 65% di-
methyl polysiloxane filling) was used to detect the residual con-
tent of butyl acetate in the particles, following the method
outlined in the European Pharmacopeia (2010). Linear calibra-
tion curves (r2 > 0.999) were obtained using standard solutions
in water with concentrations of butyl acetate ranging from 0.1 to
2.5 mg/mL and 2mg/mL of ethyl acetate as an internal standard.
Samples were prepared by dissolving 200 mg of powder in 1 mL
of water. Then, 1 μL of aqueous solution was injected and elution
of the organic molecules was monitored over 20 min using a
flame ionization detector (n = 3). Helium flowing at 1.58 cm3/
min was used as a carrier gas. The oven temperature was 50 �C,
and the detector temperature was set to 325 �C.
Thermogravimetric Analysis (TGA).TGAwas performed using

a Mettler TG 50 (Mettler Toledo Ltd., Greifensee, Switzerland).
Accurately weighed samples (∼10 mg) were analyzed using open
aluminum pans under N2 purge. Samples were run at a heating rate
of 10 �C/min from 25 to 200 �C.8
Differential Scanning Calorimetric Analysis (DSC). DSC

was performed using crimped aluminum pans loaded with 3�
5 mg of samples. Samples were heated at a rate of 300 �C/min
under helium purge from 10 to 200 �C using a Diamond DSC
controlled by the Pyris software (PerkinElmer, Ireland). The %
of crystallinity of PEG polymers in the HPβCD�PEG mixtures
was calculated as previously described.8

Powder X- ray Diffraction (XRD). XRD measurements were
conducted on samples placed in a low background silicon holder,
using a Rigaku Miniflex II desktop X-ray diffractometer (Rigaku,
Tokyo, Japan). The samples were scanned over a range of 5�40�
2θ at a step size of 0.05�/s as previously described.8
Particle Size Distribution Analysis. The geometric particle

size distributions (PSD) were determined by laser diffraction
using a Malvern Mastersizer 2000 (Malvern Instruments Ltd.
Worcestershire, U.K.) with the Scirocco 2000 dry powder feeder
to disperse the particles as described previously.8 The dispersive
air pressure used was 3 bar, and vibration feed rate was set to 50%.
Data were analyzed based on the equivalent volume median
diameter,D50, and the span of the PSD. The PSD of each sample
was determined in triplicate.
Dynamic Vapor Sorption (DVS). DVS experiments were

performed on a DVS-1 (SMS Ltd., London, U.K.). The DVS-1
measures the vapor mass change with a resolution of (0.1 μg.
The temperature was 25.0 ( 0.1 �C. The samples were exposed
to the following % of relative humidity (RH) profile: 0, 3, 5, 10%,
then to 90% in 10% steps and the reverse for desorption. At each
stage, the sample mass was allowed to reach equilibrium defined
as dm/dt e 0.002 mg/min over 10 min, before the RH was
changed. The amount of water uptake for each RH stage was
expressed as a % of the dry sample mass (m0).
Surface Area Measurement. The specific surface area of the

samples (n = 3) was determined by the N2 adsorption BET
multipoint method, with 6 points in the relative pressure range
of 0.1�0.3, using a Micromeritics Gemini 2835c (Micromeritics,
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Norcross, USA). Samples were prepared by purging under N2

overnight at 30 �C.
Surface Free Energy Measurement. Measurements were

performed at 0% RH or 40% RH and 30 �C (n = 3), using
an inverse gas chromatography (iGC) instrument (SMS Ltd.,
London, U.K.). Powders were packed into a silanized glass col-
umns (300mm� 3mm) and then pretreated for 1 h at 30 �C and
0% RH. Then, 250 μL of the probe vapor�helium mixture was
injected into the helium flow. All injections of probe vapors were
performed at 0.03% v/v of the saturated probe vapor. A flame
ionization detector was used to monitor the probe's elution. In
acid�base theory, the total surface free energy of a solid (γS

T)
has 2 main components: a dispersive contribution (γs

d) and
specific or acid�base contribution (γs

AB), which are indepen-
dent and additive. In order to calculate γs

d of the particles, alkane
probes with a known dispersive contribution (γp

d) and a nil
specific contribution (γp

AB) were used. Methane was used as an
inert reference. At this low % of saturation (0.03% v/v), iGC was
used in infinite dilution conditions and γs

d was calculated using
the method developed by Schultz et al.17 γs

AB was obtained
indirectly via the measurement of the specific free energy of
adsorption of 2 monopolar probes (ethyl acetate and dichloro-
methane) and by using the acid�base theories developed by Van
Oss et al. (vOCG).18 In the vOCG theories, γs

AB is subdivided
into two nonadditive parameters γs

+ and γs
� representing the

electron acceptor (acid) and donor (base) properties, respec-
tively. By using ethyl acetate (γp

� = 475.67, γp
+ = 0 mJ/m2, at

30 �C) as base probe and dichloromethane (γp
� = 0, γp

+ =
124.58 mJ/m2, at 30 �C) as acid probe with the acid�base values
calculated based on the Della Volpe and Siboni scale,19 γs

+ and
γs

� of the particle were calculated.
Aerodynamic Particle Diameter Analysis. The aerodynamic

diameter (AD) distribution of the particles was measured using a
Next Generation Impactor (NGI) as previously described.8 The
flow rate was adjusted to get a pressure drop of 4 kPa in the
powder inhaler (Handihaler, Boeringher Ingelheim), and the
time of aspiration was adjusted to obtain 4 L. The inhaler was
filled with a gelatin No. 3 capsule loaded with 20 ( 2 mg of
powder (n = 3). After inhaler actuation, particle deposition on
the NGI was determined by HPβCD assay as described below.
The amount of particles with AD e 5.0 μm, expressed as a
percentage of the emitted recovered dose, was considered as the
fine particle fraction (FPF). The mass median aerodynamic dia-
meter (MMAD) and FPFwere calculated as previously described.8

HPβCD Assay. HPβCD assay was based on the method
described by Higuti et al.20 The concentration of HPβCD was
determined by measuring the decrease in absorbance at 550 nm
of a phenolphthalein solution due to HPβCD�phenolphthalein
complexation. HPβCD standard solutions with concentrations
ranging from 0.003 to 0.1 w/v%were prepared in 0.1MNa2CO3/
NaHCO3 buffer, pH 10.3, with a constant phenolphthalein con-
centration of 0.001 w/v %.
2.2.3. Fourier Transform Infrared Spectroscopy (FTIR) of sCT.

Attenuated total reflectance (ATR)-FTIR measurements were
performed on the powders. The powders were placed on a
wedged diamond crystal, pressed with a force of 80 N, and spec-
tra were then recorded using a Spectrum 400 FT spectrometer
(PerkinElmer, Ireland). For each spectrum, 32-scan interfero-
grams were collected with 4 cm�1 resolution. A freshly cleaned
crystal surface was used as a reference. The spectra of the
excipients and water vapor were subtracted from the sCT spectra

separately, and then sCT spectra were normalized from 1490 to
1780 cm�1.
2.2.4. sCT Loading. sCT HPLC assay was performed using an

LC Module I PLUS (Waters, U.K.) chromatographic system
with a C18, 15�20 μm, 3.9 � 300 mm column (μBondapak,
Waters, Ireland) as described previously.8 Measurements were
conducted by injecting 50 μL of sample, standard (concentration
ranged from 0.1 to 0.003 g/L) or control solutions in the mobile
phase running at 1.5 mL/min and composed of 64 vol % of
aqueous phase (1.8 g/L NaCl, 0.05% v/v TFA in H2O) and 36
vol % of acetonitrile. sCT was detected by measuring the
absorbance at 214 nm. The sCT loading was defined as the mass
of sCT divided by the total mass of particles. The loading effi-
ciency was defined as the ratio between the theoretical and prac-
tical loading.
2.2.5. sCT Transepithelial Transport across Calu-3 Cell Mono-

layers. Calu-3 cells were cultured in modified EMEM medium
and used between passages 38 and 55. Cell monolayers were
obtained by seeding cells (5 � 105 cells/cm2) onto Transwell
polyester membrane (Corning, Netherlands), maintained at
37 �C in 5% of CO2. Medium was replaced every 2 days. Cells
were used when the transepithelial electrical resistance was
higher than 1000 Ω 3 cm

2. Transport experiments were carried
out in HEPES buffered Krebs�Ringer (KRB) solution. Mono-
layers were first equilibrated with buffer for 1 h. The apical
solution was then replaced with 0.5 mL of the test solutions
containing fluorescein (10 μg/mL). After 60 min at 37 �C,
samples were collected from the compartments for sCT and
fluorescein assay. sCT was assayed using an ELISA kit (S1155,
Bachem, U.K.). Fluorescein was assayed by measuring the fluo-
rescence intensity at 520 nm after excitation at 492 nm using
a plate reader (FLUOstar OPTIMA, BMG Labtech, Aylesbury,
U.K.). Standard solutions were made in KRB (concentrations
ranged from 0.015 to 1 μg/mL). The apparent permeabilities
(Papp, cm/s) for sCT and fluorescein in the apical-to-basal direc-
tion (AfB) were calculated using eq 1:

Papp ¼ ðCbVbÞ
ðStCaÞ ð1Þ

where Cb (mg/mL) was the concentration of sCT or fluorescein
and Vb the volume (1.5 mL) of buffer in the basal side, t the
incubation time (3600 s) and S the insert surface area (1.12 cm2).
Ca (mg/mL) was the initial compound concentration in the
apical side (n = 3).
2.2.6. Dynamic Viscosity Measurements. Dynamic viscosity

(μ, mPa 3 s) of polymer solutions and polymer:HPβCD (1:1
weight ratio) mix solutions (concentration range was from 1.25
to 20wt%)wasmeasured at 37 �Cusing a SV-10Vibro-viscometer
(Malvern Ltd., Worcestershire, U.K.).
2.2.7. Pharmacokinetics. Male Wistar rats (BioResources,

TCD, Ireland) weighing 350( 50 g were used. The compliance
of this study with EC Directive 86/609 was reviewed and ap-
proved by the Trinity College Dublin ethical committee. Rats
were anesthetized by an intraperitoneal (ip) injection of a mix-
ture of ketamine (Vetalar; Pfizer, Ireland) and medetomidine
hydrochloride (Domitor, Pfizer, Ireland) at the doses of 60mg/kg
and 0.5 mg/kg body weight, respectively. Then, in the case of
intravenous (iv) administration of sCT, two heparinized perma-
nent polyurethane intravascular tubings were implanted on the
day of the experiment. The left femoral vein was cannulated for
sCT solution administration, while the left femoral artery was
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cannulated for blood sampling. For pulmonary sCT administra-
tion, only one catheter was implanted in the left femoral artery for
blood sampling.
The iv bolus administration of sCT (100 μg/kg) was per-

formed by injecting sCT solutions at 70 μg/mL in 0.9% w/v
NaCl. Then, the anesthetic reversal agent, atipamezole hydro-
chloride solution (Antisedan, Pfizer, Ireland), was injected ip
at 5 mg/kg. The sCT dose for pulmonary administration was
100 μg/kg, which corresponded approximately to the insufflation
of 1 mg of dry powder or to the nebulization of 100 μL of sCT
solutions at 350 μg/mL in 0.9% w/v NaCl. Powder administra-
tion was performed using a Dry Powder Insufflator Model DP-4.
(Penn-Century, Philadelphia, PA, USA). sCT solution nebuliza-
tion was performed using an AeroProbe intracorporeal nebuliz-
ing catheter controlled by a LabNeb unit (Trudell Medical
International, London, U.K.). Anesthetized rats were maintained
by the upper incisors on a rodent work stand inclined at 45�.
Vocal cords were visualized with the help of an otoscope, and
then a plastic guide was inserted between them. The rat was put
back to the horizontal position, then the sprayer was intro-
duced into the plastic tube and the formulation was nebulized
when the rat was breathing in. The tip was withdrawn and anes-
thetic reversal agent was injected ip.
Blood samples (200 μL) were collected in heparinized tubes at

the following times: 0; 3; 10; 20; 30; 60; 90; 120; 180 min after
sCT administration. In each case, blood was replaced by an equal
volume of isotonic solution. Blood samples were centrifuged at
10000 rcf for 5 min. Plasma was withdrawn and kept frozen
at�20 �C until sCT assay by ELISA kit (S1155, Bachem, U.K.).
Pharmacokinetic parameters were determined for each indi-

vidual rat using a two-compartment model. sCT plasma concen-
tration (Cp) versus time profiles were fitted with eq 2 using the
least-squares method (Excel, Microsoft, USA).

Cp ¼ A e�αt þ B e�βt þ C e�Kat ð2Þ
withα >β, andC = 0 for profile fitting after iv administration, and
C = �(A + B) for profile fitting after pulmonary administration.
The distribution and elimination phases of Cp versus time pro-
files were characterized by the half-life times t1/2_α = ln 2/α and
t1/2_β = ln 2/β, respectively. Area under Cp versus time profiles
(AUC) were calculated using the linear trapezoidal rule. The area
remaining after the last measured concentration (Ctf180) was

extrapolated using eq 3.

AUCt f ∞ ¼ Ct f 180

β
ð3Þ

Bioavailability (F) was calculated by comparison of the sCT
AUC extrapolated to infinity obtained after pulmonary admin-
istration to that obtained after iv administration at the same dose.

F ¼ AUCpulm
t f ∞

AUCiv
t f ∞

ð4Þ

The total body clearance of sCT (CL) was calculated as the ratio
between the dose of sCT (dose� F) and the corresponding AUC.
2.2.8. Statistical Data Analysis. Data were statistically evalu-

ated by a Student t-test, or a one-way analysis of variance
(ANOVA) test with Tukey’s multiple comparison test as post
hoc test. Significance level was α < 0.05.

3. RESULTS

SEM micrographs of spray dried PEG:HPβCD particles are
shown in Figure 1. Particles made of L-PEG:HPβCD or B-PEG:
HPβCD at a 1:1 weight ratio had different morphologies. Those
containing L-PEG were spherical with rough surfaces. Micro-
particles made of B-PEG were spherical with nanoparticles
attached on their surfaces. However, the two types of particles
seemed to be hollow, as observed from the “broken” particles.
Loading of sCT into the 1:1 B-PEG:HPβCD particles did not
change their morphology in comparison to the blank ones
(Figure 1B), whereas the 1:1 L-PEG:HPβCD sCT-loaded par-
ticles acquired nanoparticles on their surfaces, similar to the 1:1
B-PEG:HPβCD sCT-loaded particles. A decrease in the PEG:
HPβCD ratio to (1:3) led to the formation of microparticles
surrounded by nanoparticles for both types of PEG. In compar-
ison to the 1:1 B-PEG:HPβCD particles, the number and
the diameter of nanoparticles increased. For these particles, the
addition of 5 wt % sCT reduced the number and size of nano-
particles. Particles made of 100% HPβCD were spherical and
polydisperse in size, with microparticles and separated nano-
particles. The incorporation of 5 wt % sCT in this formulation
seemed to prevent the formation of nanoparticles. sCT loading
in the different types of particles ranged from 4.4( 0.1 to 5.2(
0.2 wt % (Table 1). These values allowed the insufflation of the

Figure 1. SEMmicrographs of particles formulated by spray drying solutions made of various ratios of HPβCD and PEG (linear or branched). Loaded
particles were composed of 5 wt % sCT: (A) (1:1) L-PEG:HPβCD, (B) (1:1) B-PEG:HPβCD, (C) (1:3) L-PEG:HPβCD, (D) (1:3) B-PEG:HPβCD,
(E) HPβCD.
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sCT dose (100 μg/kg) into the rat lungs in one administration.
Loading efficiency was high for all the formulations and ranged from
93 ( 2% to 111 ( 4%. It was significantly lower for the L-PEG-
based particles than for the other formulations (ANOVA, p < 0.05).

The geometric PSDs are shown in Figure 2, for both blank and
sCT-loaded particles. For all the different HPβCD:PEG systems,
the PSDs were unimodal. For the blank particles (Figure 2A), a
decrease in PEG:HPβCD ratio in the formulation led to a de-
crease in D50 and an increase in the span of the PSD. These
changes were concomitant with an increase in the particle specific
surface area (Table 1). For most of the formulations, sCT loading
did not affect the PSD characteristics (Figure 2B). Figure 2B
shows the AD distributions of the 1:1 PEG:HPβCD sCT-loaded
particles. With the two types of PEGs, AD distributions were
shifted to higher diameter and were broader than the geometric
PSD. MMAD and FPF for the L-PEG-based and B-PEG-based
particles were 7.3 ( 0.1 μm, 24.4 ( 1.3% and 10.4 ( 0.4 μm,
19.4 ( 4.4%, respectively.

The formulation process and the change in PEG:HPβCD
ratio did not affect the crystallinity of the HPβCD, which was
amorphous when analyzed by XRD and DSC. However, the
crystallinity of the PEGs in the particles changed depending
on the formulation. In the 1:1 PEG:HPβCD formulations, the
PEG crystallinity was evident from the presence of the two major
Bragg peaks at 19.2 and 23.3 2θ degrees in the diffractograms
(data not shown). For this PEG:HPβCD ratio, the addition of
sCT did not affect the powder diffractograms. However, a de-
crease in this ratio to 1:3 led to the XRD amorphization of the
PEG in the blank and sCT-loaded particles.

TheDSC scanswere consistent with theXRD results. Thermo-
grams obtained with the 1:1 PEG:HPβCD systems showed one
melting endothermic peak around 60 �C, illustrating the remain-
ing crystallinity of the PEG in these particles. For the 1:3 PEG:
HPβCD systems, this endotherm almost disappeared. The ave-
rage enthalpy of fusion (ΔHf) recorded for the two types of PEG
in the different formulations are reported in Table 1. Using these

Figure 2. Geometric particle size distribution (PSD) by volume of blank (A) and sCT-loaded particles (B). Aerodynamic size distribution of sCT-
loaded (1:1) L-PEG:HPβCD and (1:1) B-PEG:HPβCD particles are shown in (B).

Table 1. Physicochemical Characteristics of (A) Blank and (B) sCT-Loaded Particles

(A) Blank Particles
PEG:HPβCD ratio type of PEG D50 (μm) span PEG ΔHmelting (J/g) PEG deg of crystallinity (%) PXRDa BET surface area (m2/g)

(1:1) L-PEG 2.48( 0.01 1.32 63.3( 4.4 55.4( 3.9 C 4.66( 0.04

B-PEG 2.95( 0.01 1.39 57.8( 4.2 65.3( 4.7 C 2.69 ( 0.24

(1:3) L-PEG 2.27( 0.02 1.58 1.1( 0.2 1.9( 0.4 A 8.28( 0.03

B-PEG 2.49( 0.01 1.62 6.7( 1.5 15.1( 3.4 A 6.65( 0.03

(0:1) no 2.09( 0.01 1.68 NAb NA A 10.34( 0.01

(B) sCT Loaded

PEG:HPβCD

Ratio

type of

PEG

D50

(μm) span

PEG ΔHmelting

(J/g)

PEG deg of

crystallinity (%) PXRD

ΔHendotherm

with Tonset =

122 �C (J/g)

% wt

loss (TGA)

butyl acetate

(ppm)

mean loading

wt %

loading

efficiency %

(1:1) L-PEG 2.84( 0.01 1.50 75.7( 3.1 66.3( 2.7 C 4.3( 1.7 2.39 1286 ( 761 4.4( 0.1 93.3( 2.1

B-PEG 2.62 ( 0.01 1.63 43.0( 1.6 48.6( 1.8 C 6.2( 3.1 3.08 <490 5.2( 0.2 111( 3.9

(1:3) L-PEG 2.27( 0.01 1.62 1.8( 0.4 3.2( 0.7 A 19.4( 3.1 8.18 28727 ( 1575 4.6( 0.1 96.3( 3.0

B-PEG 2.26( 0.02 1.60 1.4( 1.6 3.2( 3.6 A 33( 2.1 7.44 22831 ( 995 5.2( 0.2 107.0( 4.3

(0:1) no 2.15( 0.01 1.62 NA NA A 72.2( 4.0 11.40 37978 ( 1301 5.2( 0.1 102.6( 2.2
aA: amorphous. C: crystalline. bNA: Not applicable.
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values and the ΔHf of the PEG raw materials (228.5 ( 10.5 J/g
and 177.1 ( 2.0 J/g for the L-PEG and B-PEG, respectively),
% of crystallinity of the PEG in the particles can be calculated.8

55.4 ( 3.9% and 65.3 ( 4.2% of the L-PEG and B-PEG,
respectively, was crystalline in the 1:1 PEG:HPβCD blank
particles. For the 1:3 PEG:HPβCD blank particles, the crystal-
linity of the L-PEG was 1.1 ( 0.2%, whereas that of the B-PEG
was 6.7 ( 1.5%. The loading of sCT in the 1:1 PEG:HPβCD
particles increased the crystallinity of the L-PEG to 66.3( 2.7%,
whereas it reduced that of the B-PEG to 48.6 ( 1.8%. A similar
observation was made for the 1:3 PEG:HPβCD sCT-loaded
particles: the % of crystallinity of the L-PEG increased, while it
decreased for the B-PEG in comparison to the blank particle.

The mass loss observed by TGA for the sCT-loaded particles
upon heating from 25 to 200 �C decreased as the proportion of
HPβCD in the formulation decreased (Table 1). The mass loss
was around 11, 8, and 2.5 wt %, for the 100% HPβCD, (1:3)
PEG:HPβCD, and (1:1) PEG:HPβCD particles, respectively.
Similarly, the amount of residual butyl acetate in the particles
decreased as the amount of HPβCD decreased.

The γS
T, γs

d and γs
AB of the raw materials, blank and sCT-

loaded particles measured at 0 and 40%RH are shown in Table 2.
The two PEG raw polymers have close γS

T values (45.4 ( 5.1
and 44.1 ( 0.1 mJ/m2 for L-PEG and B-PEG, respectively),
which were lower than for HPβCD (γS

T = 121.6( 19.1 mJ/m2).
The higher γS

T measured for HPβCD was due to a higher γs
d

than for the PEGs. However, γS
T for the L-PEG-based blank

particles was significantly higher than for the B-PEG-based
particles, for all PEG:HPβCD ratios investigated. For B-PEG
and L-PEG-based blank particles, an increase in HPβCD con-
centration increased the particles' γS

T, due to an increase in both
γs

d and γs
AB. For all systems, the major component to γs

AB was
γ�, which was 2 times higher for the PEG:HPβCD blank parti-
cles than for the raw materials. Interestingly, γS

T of the blank

HPβCD particles was halved due to a decrease of γs
d and γs

AB

in comparison to the unprocessed HPβCD. The loading in sCT
in the 1:1 PEG:HPβCD particles reduced γS

T with γs
d, γs

� and
γs

+ close to that of the PEG raw materials. For these particles,
an increase in the RH from 0% to 40% decreased γS

T signifi-
cantly, due to a decrease in γs

d. At 40% of RH, γS
T observed for

the L-PEG-based particles was lower than that observed for the
B-PEG-based systems, which was the opposite of what was ob-
served for the blank particles.

Water sorption isotherms and kinetics obtained for the sCT-
loaded particles are shown in Figure 3. Kinetics profiles obtained
for 1:1 PEG:HPβCD particles presented an increase in mass and
then plateaued. The isotherms displayed an adsorption mechan-
ism dominated by type V behavior of the IUPAC classification.
From 0 to 70% of RH, the water uptake was similar for the parti-
cles made of the two types of PEG. However, after 70% RH, the
water uptake for B-PEG-based particles was 3 wt % higher than
for L-PEG-based particles. Both 1:1 PEG:HPβCD formulations
displayed a closed hysteresis loop in the isotherm. The hysteresis
loop obtained with the L-PEG-based particles was small and ob-
served only for high % RH, whereas that obtained with the B-
PEG-based particles was observed for the whole isotherm.

A similar hysteresis behavior was detected on the isotherms
obtained for the 1:3 PEG:HPβCD formulation. In contrast to the
water sorption kinetics observed with the 1:1 PEG:HPβCD
particles, kinetics profiles recorded with particles made of 1:3
PEG:HPβCD or just HPβCD were unusual. For most % RH
steps, these kinetics displayed a fast increase in mass followed by
a slow decrease until the equilibrium condition was reached. This
mass loss was reflected in the isotherms as a crossing of the
sorption and desorption branches and a loss of mass at the end of
the RH cycle. This mass loss increased as the HPβCD concen-
tration was increased in the formulations. After one % RH cycle,
1:3 PEG:HPβCD and HPβCD particles lost 4 and 10 wt %,

Table 2. Particle Surface Free Energy Characteristicsa

sCT Loaded

γd (mJ/m2) γ� (mJ/m2) γ+ (mJ/m2) γAB (mJ/m2) γS
T (mJ/m2)

PEG/HPβCD ratio type of PEG 0% RH 40% RH 0% RH 40% RH 0% RH 40% RH 0% RH 40% RH 0% RH 40% RH

(1/1) L-PEG 41.5( 0.8 37.5( 1.1 7.2( 0.3 7.1( 0.2 0.9 ( 0.0 0.8( 0.0 4.9( 0.1 4.7( 0.1 46.4( 0.9 42.3( 1.2.

B-PEG 39.4 ( 1.4 36.8( 1.1 13.7( 0.9 14.6( 2.0 1.1( 0.1 1.2( 0.1 7.8( 0.4 8.3 ( 1.0 47.5( 1.8 45.0( 1.3

Blank Particles
PEG/HPβCD ratio type of PEG 0% RH 0% RH 0% RH 0% RH 0% RH

(1/1) L-PEG 53.4( 2.0 28.8( 0.4 2.2( 0.1 16( 0.4 69.4( 1.9

B-PEG 40.3( 0.9 32.6( 0.4 1.8( 0.1 15.4( 0.5 55.7( 1.2

(1/3) L-PEG 89.4( 1.9 36.1( 0.4 3.1( 0.1 21.3( 0.3 110.7( 0.7

B-PEG 60.1( 1.8 33.6( 0.7 4( 0.4 23( 0.8 83.1( 1.0

100 HPβCD no 55.7( 0.2 7.8( 0.5 1.6( 0.1 7.1( 0.4 62.8 ( 0.6

Raw Materials
0% RH 0% RH 0% RH 0% RH 0% RH

raw L-PEG 37.7( 4.0 13.6( 1.8 1.1( 0.2 7.7( 1.0 45.4( 5.1

raw B-PEG 33.4( 0.2 17.6( 0.2 1.6( 0.1 10.6( 0.1 44.1( 0.1

raw HPβCD 108.1( 17.3 16.9( 1.7 2.7( 0.4 13.4( 1.7 121.6 ( 19.1
aMeasurements were made at 0% RH for the rawmaterials and for the blank and sCT-loaded particles. Measurements were also made at 40% RH for the
sCT-loaded particles.
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respectively. These values were close to those obtained by TGA.
For all the formulations, the second % RH cycle displayed an
adsorption mechanism dominated by type III behavior of the
IUPAC classification.

The secondary structure of sCT in the formulations was
studied by ATR-FTIR (Figure 4). FTIR has been widely used
to study structural changes of protein in solid formulations by
monitoring the amide I band in the 1600�1700 cm�1 region.21,22

The amide I band of the raw sCT was large and peaked at
1646 cm�1 (Figure 4). The large bandwidth could be due to the
amorphous state of the raw sCT. The amide I band acquired from
the sCT-loaded particles was narrower and with a maximum
shifted to 1658 cm�1 in comparison to the raw sCT. Also, for the

1:3 PEG:HPβCD and HPβCD formulation, new bands located
between 1717 and 1735 cm�1 appeared on the sCT spectra. The
intensity of these new bands increased with an increase in
HPβCD concentration.

Activity of the sCT incorporated in the particles was measured
1, 5, and 6 months after their formulation, by assessing cAMP
produced by T47D cells induced by sCT, as previously des-
cribed.8 Activity of sCTwas not significantly affected in the PEG-
based particles in comparison to a fresh sCT solution. However,
in the absence of PEG (i.e., with only HPβCD), the sCT activity
was lowered to 63 ( 2%.

sCTAfB Papp throughCalu-3 cell monolayers, measured using
sCT raw material or formulated sCT, are shown in Figure 5A.

Figure 3. Water sorption�desorption isotherms and water sorption versus time profiles of sCT-loaded particles made of different proportions of PEG
and HPβCD.
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Papp of sCT alone was 4.97 ( 0.28 � 10�8 cm/s. No significant
variation of Papp was observed between the sCT rawmaterial and
the PEG-based particles. Similarly, no variation of the Papp of
fluorescein, used as a marker of the tight junction integrity, was
observed in the presence of sCT raw material or with the
formulations. However, sCT Papp measured after its formulation
with only HPβCD was significantly higher than for the sCT
alone. In this latter experiment, the apical HPβCD concentration
was 0.4 wt %. Thus, we measured the sCT Papp in the presence of
different HPβCD concentrations (from 0.4 to 6.4 wt %) to
evaluate the effect of HPβCD on sCT Papp (Figure 5B). In these
experiments, no significant change in sCT Papp was observed.
However, in the presence of 1.6 wt % of PEGs added to 1.6 wt %
of HPβCD a significant 2-fold reduction in sCT Papp was
measured.

Various mechanisms could explain the reduction in sCT Papp
observed. One of these could be the increase in buffer viscosity
caused by the excipients. Hence, μ (mPa 3 s) of buffers containing
different concentrations of PEG alone or PEG and HPβCD was
evaluated (Figure 6). The viscosity of the buffers increased with

PEG concentration and was 10-times higher than water for
20 wt % PEG. For the PEG concentration range studied, buffer
solutions containing L-PEG had a higher μ than for B-PEG. The
addition of HPβCD to the PEG, at the same concentration,
increased the μ of the buffer. The viscosity of a buffer made of
20 wt % of L-PEG and 20 wt % of HPβCD was 2 times higher
than a solution made of L-PEG only.

Based on the biopharmaceutical properties obtained for the
sCT formulations, in vivo evaluation was done using the 1:1 PEG:
HPβCD particles. Each sCT plasma concentration versus time
profile obtained after sCT administration was fitted using a two-
compartment model. Averaged curves are displayed in Figure 7,
and the values of the relevant pharmacokinetic parameters are
listed in the Table 3.

After sCT iv bolus administration, the log plot of the plasma
concentration versus time profiles showed two phases: a first
short phase, characterized by a t1/2_α of 2.6 ( 0.1 min that
corresponds to the distribution of the sCT in the peripheral
compartment, and a second phase, controlled by the sCT elimi-
nation process, observed after 10 min and characterized by a
t1/2_β of 34.7 ( 4.4 min.

The sCT plasma concentration versus time profiles after
pulmonary administration of sCT solution at 100 μg/kg
(Figure 7B) showed a very short absorption phase (Ka = 0.456(
0.158 min�1). F measured for this dose was 11.3 ( 1.7%.
Interestingly, the pulmonary administration of sCT-loaded

Figure 4. ATR-FTIR spectra of L-PEG and B-PEG sCT-loaded dry
particles. As the 1:1 PEG:HPβCD spectra were overlapping, only
L-PEG:HPβCD was shown.

Figure 5. Apical-to-basolateral apparent permeability of sCT across Calu-3 cell monolayers. (A) Measurements were made in the presence of
unprocessed or formulated sCT. (B)Measurements were made in the presence of unprocessed sCT and different concentrations of HPβCD and PEGs.
Apical sCT concentration was 200 μg/mL in all cases. Results are mean values after 60 min ( SEM (n = 3; *P < 0.05).

Figure 6. Viscosity of L-PEG and B-PEG solutions. Viscosity was
measured for pure PEG solution and for PEG:HPβCD solution contain-
ing the same concentration of both materials. T = 37 �C.
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particles significantly prolonged the absorption phase. The ab-
sorption rate constants calculated for the L-PEG-based and
B-PEG-based formulations were 0.167 ( 0.005 min�1 and
0.168( 0.012 min�1, respectively. Moreover, F after lung insuf-
flation of the 1:1 L-PEG:HPβCD particles was significantly
higher (26.3 ( 5.5%) than after nebulization of sCT solution.

4. DISCUSSION

Existing aerosol systems are still poorly designed for the
systemic administration of peptides via the lung. Peptides in
solution are often unstable, and powders formulated with sugars are
often sensitive to the RH % and are too cohesive.4 Thus, the use
of PEG, an excipient with low γS

T, may result in stabilization of
the peptide and the formulation of a powder with low cohesive-
ness. We have previously reported on the use of a butyl acetate/
methanol solvent mixture to produce sugar-based nanoporous
microparticles by spray drying.23 These microparticles have
advantageous properties for pulmonary peptide delivery. Also,
we used the same solvent combination in this study with the aim
of producing porous microparticles of PEG and HPβCD. How-
ever, as shown by experimental results, a high concentration in
HPβCD in the formulation led to an increase in the amount of
residual butyl acetate in the particles. For example, the appear-
ance of bands between 1717 and 1735 cm�1 on the sCT spectra
acquired from the 1:3 PEG:HPβCD and HPβCD particles

(Figure 4) can be attributed to CdO vibration of the butyl
acetate. Also, particles made of 1:3 PEG:HPβCD or HPβCD
displayed a mass loss at the end of the water sorption isotherm,
also observed on each water sorption stage (Figure 3). These
mass losses were close to those observed by TGA upon heating
and could be attributed to the evaporation of the butyl acetate,
initially bonded to the HPβCD. This capacity to retain the butyl
acetate is most likely related to the ability of βCD to complex the
butyl acetate, and decrease its volatility.24,25 Nevertheless, butyl
acetate belongs to the less toxic class (3) in the organic solvent
classification.26 The absorption of such solvent is limited to not
more than 50mg per day (corresponding to 5000 ppm of solvent,
assuming a formulation mass of 10 g administered daily). For
the 1:1 PEG:HPβCD formulations the amount of butyl ace-
tate was much lower than this authorized limit value. Thus this
residual butyl acetate should not limit the use of these formulations.

The morphology of the PEG:HPβCD blank particles was
influenced by the type of PEG used and by the PEG:HPβCD
ratio (Figure 1). At a 1:1 PEG:HPβCD ratio, the B-PEG faci-
litated the formation of nanoparticles attached to microparticles
in comparison to the L-PEG. A decrease in the PEG:HPβCD
ratio suppressed the difference between the PEGs in terms of
particle morphology and enhanced the formation of attached
nanoparticles. Spray drying of HPβCD alone strongly reduced
the adhesion of the nanoparticles onto the microparticles. Thus,
these PEGs having a low Tg and Tm,

27 allow the nanoparticles to

Figure 7. sCT plasma concentration versus time profiles after (A) intravenous administration of sCT solution at a dose of 100 μg/kg and
(B) pulmonary aerosolization of sCT solution, (1:1) L-PEG:HPβCD-based particles, and (1:1) B-PEG:HPβCD-based particles at a dose of 100 μg/kg.
Curves represent mean ( SEM (n = 6�7).

Table 3. Pharmacokinetic Parameters after Two-Compartment Analysis of the sCT Plasma Concentration versus Time Profilesa

iv nebulized solution L-PEG B-PEG

AUC∞ (min 3 ng/mL/μg 3 kg) 124.8( 13.1 14.1( 2.1 31.1( 6.7* 21.2( 2.2

Tmax (min) 4.2( 1.1 20( 0.0 18.3 ( 2.9

Cmax (ng/mL) 467( 35 24.1( 4 5 68.2( 15.1 48.1( 7.5

Kel (min�1) 0.053( 0.007 0.037( 0.003 0.041( 0.002 0.045( 0.003

CL (mL/min/kg) 9.1( 1.0 8.8( 0.2 8.6( 0.1 8.7( 0.2

Ka (min�1) 0.456( 0.060 0.167( 0.006* 0.168( 0.012*

F (%) 100( 10.7 11.3( 1.7 26.3( 5.5* 17.0( 1.7
aMean ( SEM (n = 6-7); *P < 0.05, indicating a significant difference between the mean values of the PK parameters obtained after sCT pulmonary
administration.



1896 dx.doi.org/10.1021/mp200231c |Mol. Pharmaceutics 2011, 8, 1887–1898

Molecular Pharmaceutics ARTICLE

agglomerate on the microparticles, producing narrower PSD.
However, a minimal amount of HPβCD is needed, as PEG alone
spray dried from standard solvents produces large aggregates.8,10

The increase in the number of nanoparticles shifted the
geometric PSD (Figure 2A), and led to an increase in the specific
surface area (Table 1). A linear relationship between the specific
surface areas versus 1/D50 can be plotted with a good r2 (0.91),
indicating a low porosity of the particles. The increase in the
particle surface roughness provided by the nanoparticle layer
created by a decrease in the PEG:HPβCD ratio should improve
the particle aerosolization.28 However, a decrease in this ratio
also led to a strong increase in γS

T (Table 2), which should
increase the particles' agglomeration ability, and adversely impact
on the particle aerodynamic behavior. This increase in γS

T could
be attributed to the increase in the proportion of HPβCD
molecules at the particle surface, as HPβCD raw material has a
higher γS

T than PEGs. However, blank HPβCD particles had a
lower γS

T than the HPβCD raw material, suggesting a relaxation
of the amorphous HPβCD at the particle surface after proces-
sing. Also, the % of PEG crystallinity in the blank particles
decreased as the ratio of HPβCD was increased (Table 1).
Therefore, the increase in amorphous PEG present at the particle
surface could likewise result in an increase in γS

T. The γS
T for the

L-PEG-based blank particles was significantly higher than for the
B-PEG-based particles and the % of crystallinity of the L-PEG in
the blank particles was lower than for the B-PEG ones (Table 1).
Thus, different amount of amorphous PEG located at the particle
surface is likely to have resulted in high particle γS

T.
The amount of amorphous PEG seemed to be controllable by

the PEG:HPβCD ratio. L-PEG appeared to interact more with
HPβCD as its % of crystallinity was decreased to a larger extent
than B-PEG in the blank particles. In fact, two types of interaction
can occur between PEG and HPβCD. First, HPβCD can be
threaded onto the PEG chain via its cavity, resulting in a poly-
pseudorotaxane-like assembly.29 However, as the βCD cavity is
too large to “complex” the PEG, this assembly should be transi-
tory in solution. Second, HPβCD can develop hydrogen bond
with the ether group of the PEGs, through its hydroxyl functions.
The difference in interactions between HPβCD and either
L-PEG or B-PEG should be related to the different spatial con-
formation between the two types of PEG.

The addition of 5 wt % of sCT in particles changed their
morphologies, and decreased the amount and size of nano-
particles, making the PSD more homogeneous. Similarly, sCT
changed the % of PEG crystallinity and reduced particle γS

T. For
the L-PEG-based particles, sCT increased the % of PEG crystal-
linity, while the % crystallinity decreased for the B-PEG-based
particles. These different behaviors could be due to the compe-
titive interactions involved between the PEG, HPβCD and sCT.
The increase in L-PEG % of crystallinity could be the result of
strong interactions between HPβCD and sCT, as was observed
by Fridbj€org Sigurj�onsd�ottir et al.,11 decreasing the possibility of
interactions between the L-PEG and HPβCD. However, the
decrease in B-PEG % of crystallinity could be due to the deve-
lopment of more interactions with the sCT alone or with sCT-
HPβCD complex than those developed in the blank particles
alone. In fact, PEG is known to stabilize drug/cyclodextrin
complexes through the formation of ternary complexes.30

Also, the decrease in γS
T measured for the 1:1 L-PEG:

HPβCD sCT-loaded particles could be the result of more crys-
talline PEG polymer present at the particle surface, enhanced by
the presence of sCT. Actually, the surface free energy profile of

these particles was comparable to that of PEG raw material. The
better aerosolization properties of L-PEG-based particles com-
pared to B-PEG-based particles could be explained by the lower
γS

T measured for the L-PEG-based particles than for B-PEG-
based ones. However, for these particles, the AD distributions
were shifted to higher values in comparison to the geometric
PSD, suggesting some particle aggregation. Nevertheless, γS

T

of these particles (Table 2) were lower than values measured
for aerosols that are routinely inhaled, such as salbutamol
(65 mJ/m2) or budesonide (53.7 mJ/m2).31

Because the amount of free water in a powder influences its
physical stability and respirability, water�particle interaction was
evaluated by DVS for the sCT-loaded particles (Figure 3). For
1:1 PEG:HPβCD particles, the water uptake isotherm profiles
showed a low water uptake up to 70% of RH, suggesting good
physical stability. Additionally, for these particles, an increase in
the RH from 0 to 40% decreased γS

T significantly, which should
be beneficial for particle aerosolization. Studies have shown that
water molecules bound to PEG are structurally distinct from bulk
water and partly responsible for the low protein adsorption on
surfaces grafted with PEG.32 This particular organization of water
molecules could explain the decrease in γS

T observed after an
increase in RH%.Water sorption isotherms also showed that 1:1
B-PEG:HPβCD particles are able to retain more water than the
1:1 L-PEG:HPβCD particles, resulting in a hysteresis loop in the
isotherm for the B-PEG-based particles. This ability to retain
water could create capillary forces between the particles and
explain the lower aerosolization properties of the 1:1 B-PEG:
HPβCD particles compared to the 1:1 L-PEG:HPβCD particles.

Salmon calcitonin conformation study performed by FTIR
showed a narrowing and a shift to higher wavenumbers of the
sCT amide I band in FTIR spectra acquired from the particles
compared to the spectra recorded for the sCT raw material
(Figure 4). This shows a higher degree of organization of the sCT
in the particles and could be assigned to an increase in α-helix-
like structure of sCT.21,22 Additionally, no signal of sCT aggrega-
tion was observed in any of the spectra, which would be expected
around 1625�1630 cm�1.33 The bioactivity of sCT in the parti-
cles was calculated using the sCT loading, and thus it reflected
the activity of the intact sCT present in the particles. sCT bio-
activity was not significantly affected in the PEG-based particles.
Similar results were observed with PEG:PVP-based sCT-loaded
particles prepared by spray drying.8 In the absence of PEG, the
sCT activity was lowered to 63 ( 2%, suggesting that the PEG
polymers allowed the integrity of the sCT to be maintained.
However, it has been shown that various β-cyclodextrin (βCD)
derivatives can function as aggregation suppressors for a wide
range of proteins16 and with sCT.11 This effect is often ascribed
to their affinity for aromatic amino acids, whose surface expo-
sure would otherwise lead to protein association. Also, sCT
could form a complex with HPβCD through the aromatic His-
17. Therefore, the lower sCT activity observed in the particles
composed only of HPβCD as the excipient could be due to the
high degree of interaction between sCT and HPβCD, inhibiting
or hindering the interaction of sCT with its membrane receptor.
This decrease in affinity of sCT�HPβCD complex relative to the
free sCT could happen if amino acid residues involved in
receptor binding are “masked” by the cyclodextrin.

The apparent permeability of a molecule describes how fast it
passes through endothelial and epithelial cells. It is one of the
parameters which determine the extent and fraction of absorp-
tion. The AfB Papp of sCT alone across Calu-3 monolayer, a
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commonly used model representing the respiratory mucosa,34

was very low (4.97 ( 0.28 � 10�8 cm/s), which was consistent
with values measured on Caco-2 cell monolayer (1.71 ( 0.32 �
10�7 cm/s).35 This low Papp value suggests low sCT lung absor-
ption. The Papp of sCT (peptide of 3.4 kDa) was close to that
obtained for a FITC-labeled dextran of 4.4 kDa (1.71 ( 0.25 �
10�8 cm/s) across human alveolar cell monolayer, having a
similar TEER.36 Also, sCT is known to easily aggregate,11 but this
Papp value suggests that intact monomeric form of sCT was
transported across the Calu-3 monolayer by passive size-depen-
dent diffusion only. Due to the size and polarity of sCT, its
transport should be via the paracellular route.

The absence of a significant change in Papp of sCT and fluo-
rescein in the presence of PEG-based formulated sCT (Figure 5A)
shows the innocuity of the excipients towards the Calu-3 cells at
the concentration used. The sCT Papp measured after its formulation
with HPβCD as a single excipient was significantly higher than
the Papp measured for the sCT alone. However, no significant
increase in sCT Papp with an increase in HPβCD concentration
in the buffer was observed (Figure 5B). A higher degree of inter-
action between sCT and HPβCD after formulation than after
simple contact in buffer could explain the difference of Papp
observed between formulated and unprocessed sCT. In fact, as
shown by Fridbj€org Sigurj�onsd�ottir et al.11 HPβCD can protect
sCT against peptidase action, such as trypsin and α-chymotryp-
sin. These enzymes are present in Calu-3 cells as well as in human
respiratory epithelial barrier in situ and are a limiting factor for
pulmonary peptide absorption.4,37,38 Therefore, the higher sCT
Papp measured in the presence of the HPβCD formulation could
be the result of a better protection against these enzymes. In the
presence of 1.6 wt % of L-PEG added to 1.6 wt % of HPβCD, a
significant 2.4-fold reduction in sCT Papp was measured. The
decrease in sCT Papp with the increase in excipients concentra-
tion could be related to the increase in the viscosity between the
Calu-3 paracellular aqueous channels, caused by these excipients.
In fact, 1.6 wt % of L-PEG + HPβCD increased the buffer’s
viscosity 1.59-fold.

The PK study of sCT was well described with a two-compart-
mental model after iv bolus injection. Similar analyses were
previously done after iv infusion39 administrations, but at lower
doses. Most of the PK parameters, such as t1/2 or CL,

7,39,40 were
similar between the studies and our data. These values showed
that the sCT quickly disappears from plasma and that high freq-
uency blood sampling should be performed to fully understand
the PK. From the PK parameters obtained after iv injection, we
further modeled the pulmonary absorption of sCT from the
insufflated formulations or solution, assuming a first order
absorption mechanism with immediate release of the sCT from
the particles. The estimation of the Ka after releasing sCT from
the lung allowed comparison between the sCT formulations and
solution. The sCT plasma concentration versus time profiles
after pulmonary administration of sCT solution at 100 μg/kg
(Figure 7B) showed a very short absorption phase, characterized
by a high absorption rate constant (0.456( 0.158 min�1) and a
Tmax lower than 3 min. These results showed a faster absorption
than previously published, mainly because the blood sampling
performed in the other studies started only at 10 or 15 min after
administration.

sCT bioavailability measured for this dose was 11.4%, which
was similar to F values reported by studies which ranged from
11.5 to 18%,1,41,42 and the AUC value obtained by Youn et al.7

(10.7 min 3 ng/mL/μg 3 kg) was close to that calculated in our

study (Table 3). These low F values are in agreement with the
low sCT Papp values measured across the Calu-3 monolayer. The
decrease in Ka in the presence of particles in comparison to the
solution was statistically significant and indicates that formula-
tions can extend the Tmax. The increase in Tmax was comparable
to those achieved by chemically binding PEG 2 kDa to sCT.7

Moreover, the sCT F value observed after lung insufflation of the
1:1 L-PEG:HPβCD particles was significantly higher (2.3-fold)
than after nebulization of sCT solution. In comparison, chemical
binding of PEG to sCT led to a higher AUC (2.4- to 7.3-fold,
depending on the PEG Mw).

7

The relative bioavailability of sCTmeasured after nasal admin-
istration of a spray of Fortical ranged from 0.3 to 30%, with a
mean of 3% of the F value obtained after sCT intramuscular
injection.2 The pulmonary delivery of peptides as a route for
systemic drug delivery is intended to improve systemic bioavail-
ability and reduce the pharmacokinetic variability. Compared to
the relative F value obtained using Fortical, the absolute sCT F
obtained after nebulization of the 1:1 L-PEG:HPβCD particles
was higher and less variable (26.3 ( 5.5%).

When particles land on the fine layer of the lung epithelial
fluid, sCT and excipient concentration can be high immediately
after the particle dissolution. High PEG and HPβCD concentra-
tion could led to a high local viscosity, as suggested by μmeasure-
ments, and may be responsible for the increase in Tmax and AUC.
This high viscosity could decrease sCT Papp but also slow down
clearance and/or degradation mechanisms involved in sCT
elimination. Furthermore, the possible interaction/complexation
of sCT with HPβCD should reduce the lung peptidase action as
observed by Kobayashi et al.,13 and also contribute to the increase
in sCT bioavailability.

5. CONCLUSIONS

This study offered a new approach to the formulation of active
peptide loaded microparticles suitable for pulmonary adminis-
tration. It shows that PEG-based microparticles with different
physicochemical properties resulted in modified sCT pharma-
cokinetic profiles and allowed the bioavailability of sCT follow-
ing pulmonary administration to be significantly (p < 0.05)
enhanced.
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