
RESEARCH PAPER

In Vitro and In Vivo Characterisation of PEG-Lipid-Based Micellar
Complexes of Salmon Calcitonin for Pulmonary Delivery

Leonie Baginski & Oliviero L. Gobbo & Frederic Tewes & Johanna J. Salomon & Anne Marie Healy & Udo Bakowsky & Carsten Ehrhardt

Received: 19 August 2011 /Accepted: 17 January 2012 /Published online: 10 February 2012
# Springer Science+Business Media, LLC 2012

ABSTRACT
Purpose To investigate DSPE-PEG2000-based micellar formula-
tions of salmon calcitonin (sCT) for their ability to improve pul-
monary delivery.
Methods Micelles were characterised by DLS and 31P-NMR
spectroscopy. Stability against sCT degrading peptidases, tryp-
sin, α-chymotrypsin and neutrophil elastase as well as their
influence on transepithelial absorption was investigated in vitro.
In vivo perfomance of sCT micelles was studied in an experi-
mental model of intratracheal aerosolisation into rats.
Results Micelles with a mean hydrodynamic diameter of 12 nm
spontaneously assembled, when a total concentration of
0.02mMof PEG-lipid and sCT (at 1:1molar ratio) was exceeded.
Nuclear magnetic resonance confirmed the presence of small
micellar structures. The micellar formulation showed increased
stability against enzymatic digestion. In vitro studies also showed
that sCTmicelles were able to enhance transepithelial absorption.
Data obtained from in vivo experiments provided evidence of
significantly (P<0.05) higher mean plasma concentrations of
sCT, after inhalation of micelles compared to sCTsolution, at 60
and 90 min, a significantly higher AUCinf and a relative bioavailabil-
ity of 160±55% when compared to plain sCTsolution.
Conclusions The herein described PEG-lipid micelles are
promising carriers for enhanced pulmonary delivery of sCT.
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ABBREVIATIONS
CMC critical micelle concentration
DLS diffusion light scattering
DSPE-PEG 1,2-Distearoyl-sn-glycero-3-

phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]
ammonium salt

LDV laser Doppler velocimetry
PdI polydispersity Index
sCT salmon calcitonin

INTRODUCTION

Salmon calcitonin (sCT), a 32-amino-acid peptide hormone
that has been approved for the treatment of hypercalcaemia
associated with malignent diseases and for the treatment of
bone disorders such as osteoporosis and Paget’s disease. It is
currently marketed as injectable solutions (Calcimar®, Mia-
calcin®) as well as nasal sprays (Fortical®, Miacalcin®).
Parenteral administration, however, is not very patient-
friendly and the available nasal formulations show a wide
window of bioavailability, ranging from 0.3 to 30% relative
to injection (1). Such limitations as well as the drug’s poor
performance when given orally can potentially be avoided
by pulmonary administration (2,3), as inhalation remains
one of the most promising non-invasive route for systemic
administration of macromolecules (4).

The withdrawal of Exubera® (the Pfizer/Nektar inhal-
able insulin) from the market, resulted in increased scepti-
cism towards pulmonary macromolecule delivery. Afrezza®
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(MannKind’s insulin product), however, has started a new
wave of interest in inhalable peptide drugs for systemic
action, and it seems to have overcome some of the draw-
backs that led to the failure of Exubera® (5). Compared to
larger peptides like insulin, smaller compounds often suffer
from unusually high enzymatic degradation in the lung
(6–8). Nadkarni et al. (9), for example, demonstrated that
peptide YY (PYY), an endogenous 36-amino acid peptide
and food intake suppressant, showed a remarkable effect on
the appetite of rats when administered via the pulmonary
route. Nevertheless, the absolute bioavailability remained
low, at 12–14%, suggesting a loss of the peptide within the
lung by ways other than absorption (9). Considering the fact,
that many catabolising peptidases are synthesised by lung
epithelial cells and macrophages (10–12), it seems likely that
PYY is degraded by proteolytic enzymes to a large extent,
before it can reach the systemic circulation.

Structural modifications (e.g., by PEGylation) are an
effective means to protect the peptide from proteolytic
degradation (reviewed in (13,14)). Chemical attachment
of PEG residues to polypeptides, however, can be ac-
companied by a decrease in the drug’s bioactivity due
to impeded receptor/ligand interactions as was observed
for Pegasys®, Roche’s PEGylated interferon α-2a (15).
Different approaches to the conjugation of PEG (16–20)
or PEG-lipids (21,22) to sCT have been reported in the
literature. However, only Youn and co-workers focused
their work on the pulmonary delivery of the peptide by
synthesising three different Lys18-PEGylated sCT derivatives,
which strongly differed in regards to their hypocalcaemic
efficacy and their ability to shield the peptide from proteolytic
enzymes (23).

The rationale of this work was to develop a sCT formu-
lation suitable for pulmonary application that takes advan-
tage of the favourable shielding characteristics of the PEG
residues, but at the same time, preserves the bioactivity of
the peptide. In micelles, sCT is associated with but not
chemically linked to amphiphilic molecules like PEG-
lipids. Ideally, the micellar system will provide protection
from enzyme degradation prior to absorption, while fully
unfolding its therapeutic activity once it has reached the blood
stream, resulting in enhanced bioavailability and maintained
bioactivity.

MATERIALS AND METHODS

Materials

Calcitonin (salmon) Ph.Eur. (sCT; 3,432 Da) was purchased
from Polypeptide Laboratories (Limhamn, Sweden), and

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] ammonium salt
(DSPE-PEG; 2,804 Da) was purchased from Avanti Polar
Lipids (INstruchemie BV, Delfzijl, Netherlands). Size
and count rate were determined in Plastibrand disposable
semi-micro-cuvettes (Brand, Wertheim, Germany) and ζ-
potential in folded capillary cells (Zetasizer Nano series
DTS 1060, Malvern Instruments, Herrenberg, Germany).
For size, count rate and ζ-potential measurements, Aqua
Ecotainer® (B. Braun, Melsungen, Germany) was used.
Deuterium oxide (D2O), phosphate buffered saline (PBS)
tablets and neutrophil elastase were purchased from
Sigma-Aldrich (Steinheim, Germany). Trypsin, treated with
1-chloro-3-tosylamido-4-phenyl-2-butanone and α-
chymotrypsin, treated with 1-chloro-3-tosylamido-7-ami-
no-2-heptanone were obtained from Worthington (Read-
ing, United Kingdom). Acetonitrile, HPLC grade far UV,
was purchased from Fisher Scientific (Dublin, Ireland),
trifluoracetic acid (TFA) from Riedel-de Haën (Seelze,
Germany). HPLC studies were performed on a LiChro-
CART®125-4 LiChrospher®100 RP-18 (5 μm) column
(Merck, Darmstadt, Germany). For in vivo studies, Vetalar®,
Domitor® and Antisedan® from Pfizer (Cork, Ireland) and
SoloCath™ catheters from Linton Instrumentation (Diss,
United Kingdom) were used. The salmon calcitonin ELISA
kit S-1166 was purchased from Bachem (Weil am Rhein,
Germany).

Preparation of Micelles and Physicochemical
Characterisation

Salmon calcitonin was diluted in ultrapure water and the
required amount of DSPE-PEG was added to the solution.
Gentle agitation of the mixture assured homogenous distribu-
tion and formation of micelles.

The hydrodynamic diameter and polydispersity index (PdI)
of the micelles was determined by dynamic light scattering
(DLS) using a Zetasizer Nano ZS (Malvern Instruments)
equipped with a 10 mW HeNe laser at a wavelength of
633 nm at 25°C. Scattered light was detected at an angle of
173°, the attenuator was manually adjusted to 11 and position
to 4.65 mm for all measurements. For data analysis, the
viscosity and refractive index of water were used. Values given
are the mean ± standard deviation of at least 5 independent
samples of which each was measured 3 times with 10 runs. The
ζ-potential was measured with the same instrument at 25°C
and a scattering angle of 17° by measuring the electrophoretic
mobility by laser Doppler velocimetry (LDV). Samples
contained 10−3 M sodium chloride and the pH was 7.4. Each
sample was measured 3 times with 100 runs. Values given are
the mean ± standard deviation.
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Determination of the Aggregation Number
of Polymer Molecules within One Micelle

According to Vorobyova and colleagues (24), the aggregation
number p—expressed as the number of polymer molecules
within a micelle—can be calculated using Eq. (1)

p ¼ 10pR3
HNA

3M η½ � ð1Þ

where RH is the hydrodynamic radius, NA is Avogadro’s num-
ber, M is the molecular weight of the polymer, and η is the
intrinsic viscosity.

Nuclear Magnetic Resonance (31P-NMR)

31P-NMR measurements were carried out as described by Leal
et al. (25). Samples of DSPE-PEG sCT micelles (equimolar
amounts) were prepared and measured in D2O with 50 ppm
spectral width at a resonance frequency of 202.47 MHz
(11.7 T) on a JEOL ECA-500 spectrometer (JEOL, Eching,
Germany) using a JEOL broadband observe probe (NM-
03520TH5). One thousand scans were accumulated using
4.5 μs pulses. Prior to Fourier transformation, a line broaden-
ing of 30 Hz was applied. All measurements were performed at
room temperature (25°C) and at 37°C.

Determination of the Critical Micelle Concentration
(CMC)

The CMC of an equimolar mixture of sCT / DSPE-PEG in
water was determined by DLS measuring the intensity of scat-
tered light (in kilo counts per second). For DLS measurements
the same instrument with identical setting was used as described
above. Samples of the sCT / PEG-lipid mixtures in water with
total concentrations of 0.006, 0.009, 0.012, 0.018, 0.024, 0.036,
0.048, 0.072 and 0.14 mM were analysed in disposable semi-
micro-cuvettes. Values given are themean ± standard deviation
of 5 independent experiments with each experiment comprising
3 measurements of the same sample with 10 runs.

Stability against Trypsin, Chymotrypsin
and Neutrophil Elastase Digestion

The digestion of plain sCT and DSPE-PEG sCT micelles by
three sCT degrading enzymes, trypsin, chymotrypsin and neu-
trophil elastase was investigated according to a method modi-
fied fromMarschütz and Bernkop-Schnürch (26). Micelles were
prepared in water as described above with PEG-lipid and sCT
at equal molarities. A trypsin solution containing 2 BAEE units
trypsin per ml PBS (pH 7.4) and a chymotrypsin solution

containing 0.2 TAME units chymotrypsin per ml PBS (pH
7.4) were prepared. Five-hundred microlitres of trypsin or chy-
motrypsin solution were added to the same volume of either
plain sCT solution or the micellar complexes. In the case of
neutrophil elastase, 500 μl PBS (pH 7.4) and 500 μl of either
sCT solution or sCT-containing micelles were directly added to
the 1-unit-vials of elastase. All samples containing 1 mg sCT
(unmodified or in micelles) and 1 unit trypsin, 0.1 unit chymo-
trypsin or 1 unit neutrophil elastase, respectively, perml solution
were incubated at 37°C for 2 h. After 0, 10, 30, 60 and 120min,
samples of 180 μl were withdrawn, immediately diluted with an
equal volume of 1% TFA and analysed by HPLC according to
the method described below. Data are shown as mean ±
standard deviation of 3 independent experiments.

High-Performance Liquid Chromatography (HPLC)

The instrument for reverse phase HPLC analyses consisted of
a Shimadzu LC-1OAT VP pump, FCV-10AL VP low pres-
sure gradient valve, DGU-14A degasser, SIL-10 AD VP
autosampler, SPD-10A VP UV–VIS-detector and CLASS-
VP software (Kyoto, Japan). Samples were analysed for their
sCT content according to a method described by Shah and
Khan (27) with modifications. In brief, the mobile phases
consisted of 0.1% v/v TFA-water (A) and 0.1% v/v TFA-
acetonitrile (B). A linear gradient was run at a flow-rate of
1 ml/min: 20–35% B for 10 min, 35–37% B from 10 to
20 min and 37–20% from 20 to 25 min. Twenty microlitres
of sample were injected and analysed at a wavelength of
215 nm. Each sCT concentration was quantified from the
corresponding integrated peak area.

Transepithelial Transport Experiments

In order to assess, if sCT and/or micellar complexes compro-
mise the epithelial barrier, or if they indeed enhance absorp-
tion, transport experiments were carried out across confluent
monolayers of Calu-3 cells. Transwell filter-grown cell mono-
layers were washed with warm Krebs-Ringer buffer (150 mM
NaCl, 5.2 mM KCl, 2.2 mM CaCl2, 0.2 mM MgCl2·6H2O,
6 mM NaHCO3, 5 mM HEPES, 2.8 mM glucose, pH 7.4)
and equilibrated in the buffer for approximately 1 h. The
buffer in the apical donor side was then replaced with a
solution containing fluorescein sodium (FluNa; 50 μmol) alone
or FluNa together with either sCT (10 μg/ml) or sCT and
PEG-lipid (10 μg/ml each). The apical fluid volume was
520 μl and the initial concentration in the donor fluid was
assayed by drawing a 20-μl sample, immediately after the
initiation of transport studies. Two hundred microlitre sam-
ples were drawn serially from the receiver compartment at 15,
30, 45, 60 and 90 min. After each sampling, fresh transport
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buffer of an equal volume was returned to the receiver side to
maintain a constant volume. At the end of the transport
experiment, a 20-μl sample was drawn from the donor fluid
and assayed for its activity. Each experiment was performed
employing a total of 4 cell layers. In order to assess the
integrity of monolayers during the transport studies, trans-
epithelial electricl resistance (TEER) was measured before
and after the experiment.

Flux ( J ) was determined from steady-state appearance
rates of FluNa in the receiver fluid. The apparent permeability
coefficient, Papp, was calculated according to Eq. (2)

Papp ¼ J =ðA � CiÞ ð2Þ
where Ci was the initial concentration of the drug under
investigation in the donor fluid and A the nominal surface
area of cell layers (1.13 cm2) utilised in this study. Fluorescence
of samples was analysed in 96-well plates using a fluorescence
plate reader (FLUOstar Optima, BMG Labtech, Offenburg,
Germany) at excitation and emission wavelengths of 485 and
520 nm, respectively. The samples were diluted with KRB,
where appropriate.

In Vivo Experiments

Animals

The experimental protocols employed in this study were ap-
proved by the Animal Research Ethics Committee, Trinity
College Dublin (TCD) and the Department of Health and
Children (Ireland), in accordance with the European Commu-
nity Directive (86/609). The animals used for experiments
were male Wistar rats supplied by the TCD BioResources
Unit, with a body weight of 350±50 g. The animals were
housed in a thermo-regulated environment with a 12-h light/
dark cycle. Food and water were available ad libitum.

Surgery

Rats were anaesthetised by an intraperitoneal injection with a
mixture of ketamine hydrochloride (Vetalar®) and medeto-
midine hydrochloride (Domitor®), before a heparinised cath-
eter (SoloCath™) was installed into the left femoral artery for
blood sampling. The left femoral vein was cannulated for the
administration of sCT solution.

Drug Administration

The sCT dose for intratracheal administration of plain solu-
tion and PEG-lipid micelles was 100 μg/kg in 100 μl KRB.
The aerosolisation was performed using an AeroProbe™
intracorporeal nebulising catheter controlled by a LabNeb™
unit (Trudell Medical International, London, ON, Canada)

according to the manufacturer’s protocol. The intravenous
bolus administration of sCT (also at 100 μg/kg) was per-
formed by injecting 500 μl of sCT solution in KRB.

Blood Sampling

After drug administration, the sedation was reversed by injec-
tion of atipamezole hydrochloride (Antisedan®) and blood
sampling was carried out from freely moving animals. Arterial
blood samples (200 μl) were serially collected in heparinised
tubes 0, 3, 10, 20, 30, 60, 90, 120 and 180 min post sCT
administration. Blood samples were centrifuged at 10,000 rcf
for 5 min, before plasma was collected and stored at −20°C
until further use.

Calcitonin Measurement

Samples were assayed using a high-sensitive sCT ELISA kit
according to the manufacturer’s protocol.

Pharmacokinetic Analysis

Pharmacokinetic parameters were determined for each indi-
vidual rat using a two-compartment model. Salmon calcitonin
plasma concentration (Cp) versus time profiles were best fitted
with Eq. (3) using the least-squares method and the solver
function of the Excel® software, 2007 (Microsoft, USA).

Cp ¼ A � e�a�t þ B � e�b�t þ C � e�ka�t ð3Þ
with α>β, and C00 for profiles fitting after i.v. adminis-
tration, and C0−(A + B) for profiles fitting after pulmonary
administration. In this equation, the A, B, α and β terms were
functions of the rate constant k12, k21, kel according to Eqs.
(4), (5) and (6).

kel ¼ a � b
k21

ð4Þ

k12 ¼ a þ b � k21� kel ð5Þ

k21 ¼ a � B þ A � b
Aþ B

ð6Þ

Area under plasma concentration-versus-time profiles (AUC)
was calculated by using the linear trapezoidal rule. To deter-
mine the AUC infinity (AUCinf), the area remaining after the last
measured concentration (Ct→∞) was extrapolated using Eq. (7).

AUCt!1 ¼ Ct!1

b
ð7Þ

The absolute bioavailability (Fabs) was calculated by
comparison of the sCT AUCinf obtained after intratracheal
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(i.t.) administration to the one obtained by i.v. at the same dose
as in Eq. (8).

Fabs ¼ AUCinf i:t:

AUCinf i:v:
ð8Þ

The relative bioavailability (Frel) was calculated by comparing
the AUCinf of i.t. administered micellar formulation with the
AUCinf of the same dose of i.t. administered sCT solution using
Eq. (9).

Frel ¼ AUCinf micelle

AUCinf sCT
ð9Þ

Statistical Data Analysis

Data were analysed by F-test and t-test. Values were consid-
ered statistically significant when P<0.05.

RESULTS

Physicochemical Characterisation of Micelles

Micelles with different molar ratios of PEG-lipid and sCT (i.e.,
4:1, 2:1, 1:1 and 1:2) were prepared and analysed by SEC and
DLS. At all investigated ratios, micelles with comparable
diameters of 12–13 nm were formed. In addition, this size
range was confirmed by cryo-TEM pictures (data not shown).
The lowest DSPE-PEG:sCT molar ratio at which sCT was
completely incorporated in the micelle was 1:1. At this ratio,
only a single peak was detected in SEC analyses, whereas
higher amounts of sCT resulted in a second peak with longer
retention time in the SEC spectrum due to unbound sCT
(data not shown). The 1:1 ratio can hence be considered the
saturation ratio of sCT to PEG-lipid, and was chosen for
further investigations. Whilst solutions of pure sCT (0.6 mM)
or DSPE-PEG (0.6 mM) in water both showed particle sizes≤
2 nm, spontaneous self-assembly of micelles with a mean
hydrodynamic diameter of 12 nm was observed, when the
two compounds were added at a 1:1 ratio (each 0.6 mM) in
water. A PdI of 0.15±0.04 was obtained for these systems and
a ζ-potential of 1.54±0.20 mV was measured.

Determination of the Aggregation Number
of Polymer Molecules within One Micelle

We used the method described by Vorobyova et al. (24) to
determine the number of polymer molecules in a micelle. In
this work, micelles are not formed of a single compound, but
of a 1:1 ratio of sCT and DSPE-PEG. Thus, a molecular
weight equal to sCT + DSPE-PEG (6,235 g/mol) and an
intrinsic viscosity of 0.1 dl/g (0.09 for PEG 2000) were used

for the estimation of the aggregation number. For a hydrody-
namic diameter of 12 nm—as it was determined by DLS
measurements—the aggregation number was approximately
22. One micelle was therefore composed of about 22 sCT
molecules and 22 DSPE-PEG molecules.

31P-NMR Spectroscopy

Peak formation in 31P-NMR spectra can be used to distinguish
between micellar and liposomal formulations (25). The 31P-
NMR signal depends on the molecular order of phospholipids
in the particle into which the molecule is embedded. Small
micellar particles show symmetric narrow sharp peaklines com-
pared to wider peaks of liposomes with their bigger entity
(25,28). 31P-NMR spectra of the DSPE-PEG sCT mixture
(Fig. 1) showed symmetric sharp peaks and therefore, con-
firmed the presence of small micellar structures at room tem-
perature (i.e., 25°C), as well as at body temperature (i.e., 37°C).

Determination of the Critical Micelle Concentration
(CMC)

A plot comparing the intensity of scattered light and the mean
hydrodynamic diameter obtained for various concentrations
of sCT and DSPE-PEG (at a 1:1 ratio) is illustrated in Fig. 2.
The intersection of the two regression lines of the intensity data
(i.e., the CMC) was calculated to be 0.02 mM (i.e., 0.01 mM
sCT plus 0.01 mM DSPE-PEG in water). At lower concen-
trations, where surfactant molecules are non-associatedmono-
mers (29), no reliable size distribution information could be
obtained and the autocorrelation functions showed very low
intercepts. Once the CMC was reached, however, the scatter-
ing intensity showed a linear increase with concentration, and
particle sizes of 12–14 nm (depending on the concentration)
were measured and autocorrelation functions showed much
higher intercepts.

Stability against Trypsin, Chymotrypsin
and Neutrophil Elastase Digestion

A protective effect of the DSPE-PEG sCT micelles against
enzymatic degradation was observed, when compared to
plain sCT. The degradation profiles of the three different
enzymes are illustrated in Fig. 3. When incubated with tryp-
sin, degradation of sCT micelles and plain sCT showed a
small, albeit significant (P<0.05) advantage for the micellar
formulations after 120 min, with the sCT content of micelles
being reduced to 39.02±0.88% of the original concentration,
compared to 36.60±1.01% in the case of plain sCT. Chymo-
trypsin reduced sCT to 56.29±0.96% in the micelles after
120 min, which was significantly (P<0.05) higher than the
45.89±3.19% remaining for plain sCT. Neutrophil elastase
dramatically reduced micellar sCT to 27.18±8.06% of the
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original concentration, whereas 8.80±11.48% of plain sCT
was left after 120 min. This difference, however, was not
significant (P>0.05). Figure 4 summarises the stability data
of incubation with the three different enzymes after 120 min.

Effect of sCTand sCT Micelles on Transepithelial
Absorption

Transport studies with the paracellular marker compound,
fluorescein sodium, revealed no differences in absorptive flux,

when sCT was included in the donor compartment (Fig. 5).
Addition of PEG-lipid, and hence formation of micellar sCT
complexes, resulted in a significant (P>0.05) increase in
FluNa absorption. Interestingly, this increase in Papp was not
accompanied by a decrease in TEER (data not shown).

In Vivo Experiments

The individual plasma concentration vs. time profiles of intra-
tracheally administered sCT micelles are shown in Fig. 6.

Fig. 1 31P-NMR spectra of
DSPE-PEG sCT micelles at
25°C (a) and 37°C (b). Narrow
symmetric peaks indicate
the presence of small
micellar structures
at both temperatures.
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When compared to free sCT in solution, PEG-lipid micelles
resulted in higher mean plasma concentrations at all time
points, which were significantly different (P<0.05) at 60 and
90 min (Fig. 7). The maximum plasma concentration (cmax) and
the time at which it was reached (tmax) were both slightly
increased for the micellar formulation compared to i.t. admin-
istered sCT solution. Table I summarises the pharmacokinetic
parameters, AUCinf, Fabs, Frel, cmax and tmax. The AUCinf for sCT
micellar complexes was 23±8min·ng/ml/μg·kg, and therefore
significantly (P<0.05) higher that the AUCinf for free sCTwhich
was determined as 14±6 min·ng/ml/μg·kg. Relative and ab-
solute bioavailabilities were hence, both significantly (P<0.05)
increased by more than 60% (Table I).

DISCUSSION

This work set out to determine if micellar complexes could
result in an improvement in the pulmonary delivery of
salmon calcitonin. Micelles prepared from sCT and
DSPE-PEG2000 were characterised by DLS, LDV and 31P-
NMR. In vitro, the micellar sCT formulation proved to be
more stable against degradation by trypsin, chymotrypsin
and neutrophil elastase than plain sCT. In vivo experiments
showed that plasma concentrations were significantly higher
post micellar administration than after aerosolisation of sCT
solution after 60 and 90 min and that the bioavailability

Fig. 2 The intensity of scattered light (filled circle) and the mean hydrody-
namic diameter (empty circle) obtained for different concentrations of sCTand
DSPE-PEG (at equimolar amounts). The intersection of the two regression
lines of the intensity data (i.e., the CMC) was calculated to be 0.02 mM.
Values are given as means ± SD; n05.

Fig. 3 Stability of plain sCT (filled square) compared to sCTassembled into
DSPE-PEG micelles (empty circle) in the presence of 1 unit trypsin (solid line),
0.1 unit α-chymotrypsin (dotted line) or 1 unit neutrophil elastase (dashed line),
respectively. Samples were withdrawn after 0, 10, 30, 60 and 120 min of
incubation at 37°C and analysed by HPLC. Peak areas were used to deter-
mine the sCT concentrations, here shown as the amount of sCT remaining
[%] over time. Data are represented as mean ± SD; n03.

Fig. 4 Protection of free sCT (black bars) and micellar complexes (shaded
bars) against enzymatic digestion. The peptide was incubated in the presence
of trypsin, α-chymotrypsin or neutrophil elastase for 120 min at 37°C, before
samples were analysed by HPLC. The amount of sCT remaining [%] of the
original concentration is represented as means ± SD; n03; * P<0.05.

Fig. 5 Effect of sCT and micellar complexes on transport of fluorescein
sodium in vitro. Permeability of FluNa was measured across Calu-3 respi-
ratory epithelial cell monolayers alone, and in the presence of either sCTor
sCT DSPE-PEG micelles. Whilst sCT had no influence on FluNa Papp,
micellar complexes significantly increased its absorption. Data are repre-
sented as mean ± SD; n04; * P<0.05.
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(absolute and relative) of the micellar formulation was signif-
icantly (P<0.05) increased compared to the sCT solution.
However, the effect observed in vivo was more pronounced
than the increase in stability in vitro would suggest. Results
from in vitro transport study further supported the notion that
the shielding from catabolising peptidases may be accompa-
nied by a permeability enhancing effect of the formulation.

After intratracheal instillation of sCT in vivo, an absolute
bioavailability of 17% was measured by Patton et al. in rat
lungs (30), andClark et al. (31) reported relative bioavailabilities
of 10-18% for nebulised sCT solution compared to s.c. injec-
tion in healthy volunteers. It is, however, desirable to further
increase the efficiency of peptide delivery, in order to reduce
local side effects, and also the costs associated with the therapy.
In previous studies we showed that peptidases and proteinases
play a significant role in the pulmonary breakdown of sCT (32)

and therefore formulations that protect from proteolytic deg-
radation are a key element of improving macromolecule de-
livery via the lungs. Several groups have demonstrated that
direct conjugation of sCT with PEG alone or PEG and lipids
can enhance the peptide’s stability against digestion by pro-
teases (16–23). Direct PEGylation, however, generally comes
at the cost of significantly reduced bioactivity (14,15,23). Our
aim was, therefore, to develop a more transient delivery ap-
proach based on PEG-lipid-peptide self assembly.

The amphiphilic properties of the α-helical salmon calcito-
nin have previously been reported and it was suggested that the
hydrophobic residues of the molecule face to one side of the
helix, while the hydrophilic amino acids orient to the other
(33–35). It therefore is likely, that DSPE-PEG associates with
sCT in such a way that the PEG-groups loosely interact with
the hydrophilic components of the sCTmolecules and together
form the outer part of the micelle, whereas the lipid-chain and
lipophilic residues of sCT are stowed in the interior of the
micelle. Moreover, it was reported several years ago that
proteins are able to bind equimolar amounts of amphiphilic
tensides, and that this binding was caused by hydrophobic
interactions (36). Reynolds and Tanford (36) also emphasised
that the protein was not incorporated in the interior of a
micelle nor interacted with the surface of tenside micelles,
but that the tenside monomers interacted with the macromol-
ecule and together formed micelle-like structures.

To our knowledge, this is the first report on micellar
systems comprising a peptide drug and a PEG-lipid being
tested for pulmonary application with the aim of achieving a
systemic action. Cheng and Lim observed the assembly of
PEG-lipid sCT conjugates in water into larger particles
(21,22). Conjugates with a fatty acid molecule and one or
two separate PEG5000-chains, associated to particles with radii
of 34±17 nm and 68±21 nm, respectively (21). Conjugates
of sCT and a PEG5000-lipid molecule resulted in complexes
with a radius of 30±9 nm (22). However, our data suggest that
not only conjugates, but also mixtures of the non-conjugated
compounds (i.e., PEG-lipid and sCT) result in association into
micelles, and that these systems are suitable carriers for pep-
tide drugs. Similar observations have recently been published
by Castelletto et al. (37), Kastantin et al. (38) and Lim et al. (39).

Fig. 6 Plasma concentrations of intratracheally aerosolised micellar com-
plexes of sCT (100 μg/kg). The graphs show the individual plasma con-
centrations (ng/ml) of five investigated rats.

Fig. 7 Plasma concentrations of intratracheally aerosolised sCT solution
(black square) (n07) and DSPE-PEG micelles (empty circle) en05), both given
at a concentration of 100 μg/kg. Data is represented as mean ± SD; * P<
0.05.

Table I Pharmacokinetic Parameters of Intratracheally Aerosolised and
Injected sCT (100 μg /kg) and PEG-Lipid sCT Micelles (n05–7)

sCT
solution (i.v.)

sCT
solution (i.t.)

DSPE-PEG
micelles (i.t.)

AUCinf

[min*ng/ml/μg*kg]
125±35 14±6 23±8

Fabs [%] 100±28 11±5 18±6

Frel [%] 100±39 160±55

cmax [ng/ml] 489±48 22±12 30±17

tmax [min] 5±4 7±4
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Castelletto et al. (37) and Kastantin et al. (38) thoroughly inves-
tigated the interaction of bovine serum albumin (BSA) with
DSPE-PEG2000 micelles and found that BSA possesses binding
sites for the adsorption of PEG-lipid monomers leading to the
formation PEG-lipid protein complexes. Lim et al. (39) observed
that DSPE-PEG2000 self-associated spontaneously with the 30-
amino acid peptide, glucagon-like peptide 1 (GLP-1). After
subcutaneous injection, the micellar GLP-1 showed promising
anti-inflammatory properties in the treatment of acute lung
injury. With a diameter of 14±3 nm the GLP-1 micelles were
of comparable size to the sCT micelles of this study. Lim et al.
preparedDSPE-PEG-micelles first and subsequently added the
peptide and found a lipid:peptide saturationmolar ratio of 13:1
(39), whereas our data indicates a lipid:peptide saturationmolar
ratio of 1:1. The differences in preparation might explain the
observation of Lim and co-workers that someGLP-1molecules
spontaneously associate to the DSPE-PEG micelles (39,40),
whereas our results support the hypothesis of Reynolds and
Tanford (36) that the peptide interacts with the tenside mono-
mers to form micellar structures, but that the sCT is not
incorporated into micelles formed solely of tenside.

CONCLUSIONS

Micelles of a 1:1 ratio of DSPE-PEG and sCT showed in-
creased stability against catabolic enzymes, enhanced transepi-
thelial absorption and thus, resulted in an enhanced
pharmacokinetic performance in vivo. Ongoing studies will fo-
cus on the short- and long-term toxicity of the system, as well as
on immunogenicity concerns and stability aspects during stor-
age and release. These are important considerations that might
turn into roadblocks if not identified early enough (41).
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