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Abstract

In the search for non-invasive delivery options for the increasing number of therapeutic proteins, pulmonary administration is an
attractive route. Supercritical fluid (SCF) drying processes offer the possibility to produce dry protein formulations suitable for inhala-
tion. In this study, insulin-loaded microparticles suitable for pulmonary administration were prepared and characterized. N-Trimethyl
chitosan (TMC), a polymeric mucoadhesive absorption enhancer and dextran, a non-permeation enhancer, were used as carriers for
insulin. The particles were prepared by spraying an acidic water/DMSO solution of insulin and polymer into supercritical carbon diox-
ide. The mean size of the particles was 6–10 lm (laser diffraction analysis) and their volume median aerodynamic diameter ca. 4 lm
(time-of-flight analysis). The particles had a water content of ca. 4% (w/w) (Karl–Fischer), and neither collapsed nor aggregated after
preparation and storage. In the freshly prepared dried insulin powders, no insulin degradation products were detected by HPLC and
GPC. Moreover, the secondary and tertiary structures of insulin as determined by circular dichroism and fluorescence spectroscopy were
preserved in all formulations. After one-year storage at 4 �C, the particle characteristics were maintained and the insulin structure was
largely preserved in the TMC powders. In conclusion, SCF drying is a promising, protein-friendly technique for the preparation of inha-
lable insulin-loaded particles.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The advances in biotechnology have resulted in the
availability of a large number of protein-based drugs. Up
until now, most therapeutic proteins are administered by
injection because of their low stability and bioavailability
0939-6411/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.ejpb.2007.05.007

* Corresponding author. Division of Drug Delivery Technology,
Leiden/Amsterdam Center for Drug Research (LACDR), Leiden Univer-
sity, P.O. Box 9502, 2300 RA Leiden, The Netherlands. Tel.: +31 71 527
4314; fax: +31 71 527 4565.

E-mail address: W.Jiskoot@lacdr.leidenuniv.nl (W. Jiskoot).
1 Present address: Nextstep Pharma, Utrecht, The Netherlands.
after oral administration and poor absorption at other
mucosal sites. Recently, pulmonary delivery has attracted
much attention as a non-invasive administration route
for macromolecules such as proteins and peptides, because
the respiratory tree has a large surface area (�75 m2),
extensive vasculature, a thin membrane and low enzymatic
activity [1–3]. The transport of macromolecules across the
absorptive area, the alveolar wall, occurs by transcytosis
for proteins >22 kDa and through tight-junctional paracel-
lular processes for smaller molecules [1–3]. However, the
clearance rate of transcytosis is so slow that it is of little
importance for pulmonary delivery of protein drugs.
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Protein-containing particles in the aerodynamic size
range 1.5–3 lm (in combination with a short breathhold
period) may yield a more effective alveolar deposition
[1,3,4]. The major factors limiting pulmonary absorption
of the proteins are the poor deposition of the protein for-
mulations at the alveolar region, low absorption from the
respiratory epithelial barriers and the mucociliary escala-
tor, which rapidly removes protein solution or particles
from the central respiratory tract and prevents the access
of the protein to the alveoli. Therefore, a suitable delivery
system is required for efficient administration of protein
deeply into the lungs. Moreover, the biological activity
and structural stability of proteins are of crucial impor-
tance during pharmaceutical manufacturing of protein for-
mulations. Proteins can undergo different chemical and
physical degradation reactions particularly when formu-
lated as a solution. It has been shown that the long-term
stability of proteins can be greatly enhanced when they
are stored in a dried state [5,6]. Importantly, proteins from
dried formulations are more efficiently absorbed in the lung
compared to proteins in solutions [7].

Supercritical fluid (SCF) drying is an attractive tech-
nique to prepare dried protein formulations [8–11]. SCF
drying is a fast and mild process, is cost effective and offers
the possibility to produce small microparticles suitable for
inhalation [8,10–12]. A fluid is defined as supercritical when
its pressure and temperature exceed their critical values.
Above the critical points, the SCF has a liquid-like viscos-
ity and density and gas-like diffusivity properties and can
therefore penetrate into substances like a gas and dissolve
materials like a liquid [13]. Supercritical carbon dioxide
(SC-CO2) has been commonly used as a SCF for drying
pharmaceutical proteins, because proteins have a very
low solubility in SC-CO2. Consequently, it can act as an
anti-solvent which results in the precipitation of the protein
from its solution [14]. Moreover, CO2 is inexpensive, non-
toxic and has a moderate critical temperature (31 �C)
[9,10,15].

Dried proteins and peptides are often formulated with
sugars as carriers for pulmonary administration and as sta-
bilizers to protect proteins from degradation during pro-
cessing and storage [10,15]. However, the pulmonary
bioavailability of proteins is still low as compared to the
intravenous and subcutaneous bioavailability [3]. There-
fore, polymeric particles with absorption-enhancing prop-
erties may be suitable alternative carriers for pulmonary
protein delivery. Particles consisting of peptides and pro-
teins associated with polymeric chitosan and chitosan
derivatives have been shown to enhance the absorption
of these macromolecules across mucosal epithelia [16–21].
Chitosan-based polymers are mucoadhesive and are capa-
ble of opening the tight junctions. Both properties may
help to stimulate the uptake of the encapsulated protein
[16–21]. In contrast to chitosan, which is soluble at low
pH and insoluble at neutral pH, N-trimethyl chitosan chlo-
ride (TMC), a partially quaternized chitosan derivative,
shows good water solubility over a wide pH range. Hence,
TMC has mucoadhesive properties and excellent absorp-
tion-enhancing effects even at neutral pH [22,23]. Because
of these properties, TMC could be an attractive alternative
to chitosan for the design of protein-loaded particles.

The aim of the present work was to prepare insulin-
loaded microparticles for pulmonary delivery using a
SCF drying process. TMC with a degree of quaternization
(DQ) of 20% (TMC20, as a mucoadhesive) and 60%
(TMC60, as a mucoadhesive and an absorption enhancer)
[22,24] and dextran (as a non-mucoadhesive and non-per-
meation enhancer) were selected as polymeric carriers.
After preparation of TMC- and dextran–insulin micropar-
ticles, their physical characteristics such as shape, geomet-
ric and aerodynamic size distributions, water content, and
insulin content were studied. Moreover, the structural
integrity of insulin as well as the long-term stability of
the dry powders was evaluated.

2. Materials and methods

2.1. Materials

Chitosan (Mn = 40 kDa, Mw = 177 kDa, determined by
gel permeation chromatography (GPC) using poly [ethyl-
ene glycol] (PEG) standards [25], degree of deacetylation
93%) was a generous gift from Primex (Avaldsnes, Nor-
way). N-Trimethyl chitosan with two DQ, 20% (TMC20)
and 60% (TMC60), was synthesized by methylation of
chitosan by using CH3I in the presence of a strong base
(NaOH) and analyzed by 1H-nuclear magnetic resonance
(NMR) spectroscopy as previously described [26]. Dextran
(Mw: 64–76 kDa), recombinant human insulin
(Mw = 5.807 kDa, 29 IU/mg) and FITC-labeled human
insulin were purchased from Sigma–Aldrich (Schnelldorf,
Germany). DMSO was purchased from Across Organics.
All other chemicals used were obtained from commercial
suppliers and were of analytical grade.

2.2. Preparation of insulin-loaded microparticles

Insulin-loaded dextran and TMC microparticles were
prepared by spraying a HCl/DMSO solution of insulin/
polymer into SC-CO2. First, 30 mg insulin was dissolved
in 2.7 ml of HCl 0.01 M. Then dextran or TMC (270 mg)
was dissolved in this solution. The percentage of insulin/
TMC or insulin/dextran was 10% (w/w). After TMC or
dextran was fully dissolved, 2.7 ml polymer-insulin solu-
tion was mixed with 93.7 g of DMSO.

A scheme of the experimental setup is presented in Fig. 1
and details about the apparatus and the method were
reported before [27]. At the selected operating temperature
(40 �C), pressure (110 bar) and mixing ratios CO2, water
and DMSO are fully miscible resulting in a single phase
in the supercritical region. The following experimental con-
ditions gave spherical microparticles. First, at 40 �C SC-
CO2 was introduced with a constant flow rate of 333 g/min
using a diaphragm pump (Lewa) into a 1-L precipitation



Fig. 1. Scheme of experimental setup of the SCF drying system.

M. Amidi et al. / European Journal of Pharmaceutics and Biopharmaceutics 68 (2008) 191–200 193
vessel until the pressure reached 110 bar. Next, the poly-
mer-insulin solution (total volume around 100 ml; flow rate
4.5 ml/min) and SC-CO2 (333 g/min) were directly fed into
an atomization device (a nozzle, diameter 0.08 mm) using
two ISCO 260 syringe pumps. The ongoing co-current flow
of supercritical CO2 (333 g/min) dispersed the sprayed
polymer-insulin solution. The mixture was passed through
a residence-time tube (internal diameter 2 cm; length
70 cm) into the precipitation vessel. The use of a resi-
dence-time tube was crucial, because the supersaturation
level was very high and phase split took place at the same
time as mixing of the solution and SC-CO2 [28]. A water
jacket was used to maintain the pumps and vessel at a tem-
perature of 40 �C. Electrical heating was used to keep the
temperature of the nozzle and residence tube at 40 �C.
The pressure in the vessel (110 bar) and CO2flow (333 g/min)
were controlled by exit valves and maintained at 40 �C
and 110 bar during the whole experiment. Once the solu-
tion of polymer-insulin in HCl/DMSO was entirely
sprayed into the precipitation vessel, the solution line was
closed. Subsequently, SC-CO2 at a flow rate of 200 g/min
and ethanol at a flow rate of 4 ml/min were mixed and
sprayed into the precipitation vessel for 12 min in order
to remove the residual solvents (H2O and DMSO). Finally,
the vessel was flushed for 30 min with SC-CO2 (200 g/min)
to further extract residual solvents including ethanol. The
dry powder was collected from the filter at the bottom of
the vessel, once the pressure was released and stored in
closed containers at 4 �C. To test the real-time stability, a
part of each batch was stored in air-tight containers, which
were closed under nitrogen to prevent water absorption
during storage. The bottles were placed in a tightly closed
box containing silica and stored for one year at 4 �C in
refrigerator.
2.3. Characterization of the insulin-loaded microparticles

2.3.1. Particle morphology

The morphology of the TMC microparticles was deter-
mined using a JEOL JSM-5400 scanning electron micro-
scope (SEM) (Peabody, USA). Samples of the particles
were fixed onto aluminum SEM stubs using self-adhesive
carbon disks, and were subsequently sputter-coated with
a conducting gold layer.

2.3.2. Particle size analysis

The volume median diameter (VMD) of particles and
size distribution were determined with a laser diffraction
apparatus (HELOS BF MAGIC, Clausthal-Zellerfeld,
Germany) equipped with a dry powder dispersion system
RODOS (Sympatec GmbH, Germany). Approximately
2 mg of bulk powder was placed into the RODOS ring
and dispersed through a laser beam (628 nm) with 3 bar
of air pressure. Measurements were performed with a
100 mm lens and calculations were based on the Fraunho-
fer theory. In another measurement the particles were
introduced via a DP-4 insufflator (PENN CENTURY
Inc., Philadelphia, USA) designed for in vivo studies in rats,
into the LD particle analyzer.

2.3.3. Aerodynamic particle size analysis

The volume median aerodynamic diameter (VMAD) of
the microparticles was assessed by aerolization of the pow-
ders in an Aerosizer� (TIS Inc., Minneapolis, USA) based
on direct time-of-flight measurements. Half a milligram of
each powder was introduced into the Aerosizer using a DP-
4 insufflator (see above). The volume median aerodynamic
diameters (VMADs) and the volume fraction smaller than
5 lm of the particles were calculated from the particle num-
ber distributions presented by the Aerosizer. The mass
mean aerodynamic diameter (MMAD) of particles is equal
to the VMAD when particles of different sizes all have the
same density.

2.3.4. Confocal laser scanning microscopy (CLSM)

FITC-insulin-loaded TMC microparticles were prepared
by drying in SC-CO2, as described in Section 2.2. The par-
ticles were suspended in dichloromethane (DCM) and
mounted on a slide. After evaporation of the DCM, the
particles were visualized with a confocal laser scanning
microscope (Bio-Rad, Alphen a/d Rijn, The Netherlands).
The distribution of the FITC-insulin within the particles
was investigated by scanning the particles in the x, y plane
with a z-step of 0.2 lm.

2.3.5. Water content analysis

The water content of the different TMC- and dextran–
insulin particles was determined by Karl–Fischer titration.
In brief, 2–3 mg powder, accurately weighed, was dissolved
(TMC particles) or suspended (dextran particles) in 500 ll
methanol. Fifty microliters of sample was injected into the
titration cell and the amount of water of the powders was
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calculated after subtraction of the background (methanol
only) signal.

2.4. Quantification and characterization of insulin

2.4.1. Reversed-phase HPLC

The insulin content of the TMC microparticles was
determined by reversed-phase HPLC. This technique also
allows the detection of insulin degradation products. A
Prosphere C18 (300 Å; 5 lm, 250 · 4.6 mm) column (All-
tech Breda, The Netherlands) in combination with an
All-guard C18 pre-column (Alltech, Breda, The Nether-
lands) was used. The column was equilibrated with a sol-
vent mixture consisting of 25% acetonitrile/75% H2O/
0.1% trifluoroacetic acid (TFA) for one hour at a flow rate
of 1 ml/min. The microparticles were dissolved in 0.01 M
HCl (1 mg/ml containing 0.1 mg insulin) and 50 ll of the
solutions was injected onto the column. A calibration curve
was made by injecting volumes of 0.5–50 ll of a freshly pre-
pared insulin (1 mg/ml) solution in 0.01 M HCl onto the
column.

A gradient was run from the starting composition, ace-
tonitrile/H2O (25/75%)/TFA 0.1%, to acetonitrile/H2O
(38/62%)/TFA 0.1% in 25 min. The mobile phase was
delivered to the column at a flow rate of 1 ml/min by a
Waters 600 gradient pump equipped with a Waters 717
plus autosampler (Waters Corporation, Milford, MA,
USA). Chromatograms were recorded with a Waters 600
absorbance detector set at 280 nm.

2.4.2. Gel permeation chromatography (GPC)
GPC analyses were performed with a method adapted

from [29] and [30] on a GPC max, VE 2001 instrument
(Viscotek, Oss, The Netherlands) equipped with a Super-
dex 75 10/300 GL column, exclusion limit 1 · 105 Da
(GE Healthcare Europe GmbH, Amsterdam, The Nether-
lands). The insulin-loaded particles were dissolved in acetic
acid 20% (w/w) in water at a concentration of 1 mg/ml of
insulin. Then the samples were centrifuged at high speed
for 1 min to remove insoluble particles, if any. The mobile
phase was 100 mM phosphate-buffered saline (pH 7.4).
Two hundred microliters of each sample was injected onto
the column; elution was done at a flow rate of 0.5 ml/min.
Chromatograms were recorded with a TDA 302 tetra
detector (Viscotek, Oss, The Netherlands). UV (at
280 nm) and right angle light scattering (RALS) signals
were used to analyze the data. A dn/dc value of 0.189
ml/g [31] was assumed for calculation of the molecular
weight of insulin from the light scattering data.

2.4.3. Circular dichroism (CD) spectroscopy

The secondary and tertiary structures of insulin were
monitored by far-UV and near-UV circular dichroism
(CD) spectroscopy, respectively. Insulin, a physical mixture
of insulin and dextran/TMC 1/10 w/w and insulin-loaded
TMC/dextran microparticles were dissolved in 0.01 M
HCl. The final concentration of insulin was ca. 0.5 mg/ml.
Prior to CD spectroscopy, all samples were centrifuged
for 1 min at 10,000g to remove particulate matter, if any.
Far-UV (200–260 nm) CD and near-UV (250–320 nm)
CD spectroscopy were performed at room temperature,
in a 0.02-cm quartz cuvette and a 0.5-cm quartz cuvette,
respectively, using a dual beam DSM 1000 CD spectro-
photometer (On-Line Instrument Systems, Bogart, GA,
USA). The subtractive double-grating monochromator
was equipped with a fixed disk, holographic grating
(2400 lines/nm, blaze wavelength 230 nm) and 1.24 mm
slits. Each spectrum is the average of 5 scans. Spectra of
0.01 M HCl, empty TMC20, TMC60 and dextran particles
dissolved in 0.01 M HCl were recorded and subtracted
from the corresponding sample spectrum. The measured
CD signals were corrected for concentration differences
and converted into delta molar extinction (De), based on
a mean residual weight of 113.86 (Mw/51 amino acids) [32].

2.4.4. Fluorescence spectroscopy

Insulin, a physical mixture of insulin and dextran or
TMC (1/10 w/w) and insulin-loaded microparticles were
dissolved in 0.01 M HCl. Fluorescence emission spectra
(290–450 nm, 1-nm step) of the different samples were mea-
sured in 1-cm quartz cuvettes in a Fluorolog III Fluorime-
ter (Jobin Yvon-Horriba, Edison, NJ, USA) at 25 �C while
stirring. Excitation was at 280 nm and the slits (excitation
and emission) were set at 3 nm. The integration time per
data point was 0.1 s and the average of the 5 scans was
taken. Spectra of 0.01 M HCl, empty TMC20, TMC60
and dextran particles dissolved in 0.01 M HCl and plain
polymer solutions were subtracted from the corresponding
sample spectrum. Before analysis, the solutions were
diluted with 0.01 M HCl to obtain an absorbance <0.1 at
280 nm and the spectra were normalized for concentration
differences.

3. Results and discussion

3.1. Preparation of insulin-loaded dextran and TMC
microparticles

In this study we have investigated the preparation and
characterization of polymeric particles suitable for the pul-
monary delivery of insulin. Particles based on TMC, a
mucoadhesive absorption enhancer, and dextran, an inert
polymer, were prepared using a SCF process with SC-
CO2 as an anti-solvent. The experimental conditions were
based on a previous study in which the drying of a solution
of dextran in DMSO resulted in small dextran microparti-
cles, suitable for inhalation [33]. The yield of particle pro-
duction was about 60%. This relatively low yield can be
explained by the relatively small scale at which the powders
were produced, resulting in relatively large losses of the
solution in the tubing of the SCF apparatus and some loss
of material due to agglomeration around the spraying
device. The optimum polymer concentration was found
to be 0.3% (w/w) in HCl/DMSO. At lower polymer con-



ig. 2. Scanning electron microscopy (SEM) images of: (a) TMC60–
sulin; (b) TMC20–insulin; and (c) dextran–insulin microparticles.
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centrations agglomerated particles were collected, whereas
at higher concentrations TMC20 and TMC60 were not
fully soluble in the HCl/DMSO mixture. Because of the
poor solubility of the TMCs and insulin in DMSO, insulin
and the polymers were first dissolved in an acidic aqueous
solution (0.01 M HCl). Then, the protein/polymer solution
was mixed with DMSO. The ratio of 0.01 M HCl/DMSO
of 2.7/97.3 (w/w) was chosen based on the phase behavior
of the water/DMSO/CO2mixture reported before [27].
Lower or higher ratios resulted in agglomerated particles
or wet materials, respectively.

3.2. Particle characterization

Fig. 2 shows representative SEM photographs of insu-
lin-loaded TMC and dextran microparticles. This figure
shows that the size distributions of the three particle for-
mulations were comparable and in the micrometer range
(ca. 1–30 lm). The TMC20 and TMC60 microparticles
were spherical with a smooth surface (Fig. 2a and b),
whereas the shape of the dextran microparticles was
somewhat irregular (Fig. 2c). The cumulative volume
distributions of the freshly prepared TMCs and dextran
particles directly after preparation and as measured by
the laser diffraction technique are shown in Fig. 3a and
b. The cumulative volume distributions of the particles as
function of aerodynamic diameter are shown in Fig. 3c.
All three different insulin powders showed a fairly narrow,
unimodal size distribution, indicating the absence of
agglomerates. From Fig. 3a it appears that 90% of the par-
ticles have a size between 1 and 30 lm, which is in excellent
agreement with SEM analysis. The size distribution of the
particles introduced into the analyzer with a DP-4 insuffla-
tor was similar to that of the particles introduced with the
dry-powder air dispersion system using an air pressure of
3 bar (cf. Fig. 3a and b). This comparison is important to
evaluate the potential of the insufflator in order to properly
disperse and introduce the powders into the Aerosizer for
further aerodynamic size measurements.

The VMADs of the microparticles, as determined by the
time-of-flight technique and the VMDs, as determined by
laser diffraction technique, are given in Table 1. The vol-
ume fractions in particles <5 lm obtained from the cumu-
lative volume distribution graphs as function of
aerodynamic diameter are presented in Table 1. This indi-
cates that more than 60% of the particles delivered from the
insufflator have a volume aerodynamic diameter less than
5 lm. The VMADs of the TMC and dextran particles were
about 4 lm, which is suitable for reaching the peripheral
respiratory tract at a relatively low flow rate [1,4,34]. The
VMADs of the TMC20–insulin and TMC60–insulin parti-
cles were significantly smaller than their VMDs (Table 1),
which indicates that the TMC–insulin particles have a den-
sity below 1. Since the true density of saccharides is around
1.6 g/cm3, this implies that the insulin microparticles are
porous or hollow. CLSM images of the FITC-insulin
TMC microparticles (Fig. 4) show that both small and
F
in
large particles were loaded with FITC-insulin. Z-scan
images of the FITC-insulin particles (Fig. 4) indicated that
the FITC-insulin was homogeneously distributed over the
individual particles. From the CLSM analysis and aerody-
namic size characterization it can be concluded that the
particles are porous but not hollow, because, FITC-insulin
was distributed over the whole particles and not solely
present in the shell. The VMAD of the dextran–insulin
powders was also smaller than the VMD. However, the dif-
ference between VMAD and VMD is substantially smaller
for the dextran–insulin particles as compared to the TMC–
insulin particles, which indicates that the dextran particles
are less porous than the TMC particles.

Table 1 shows the water content of the freshly prepared
particles. The water content of the powders was around 4%
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Fig. 3. Cumulative volume distribution curves as function of laser
diffraction diameter (a and b) and as function of aerodynamic diameter
(c) for dried insulin formulations. For laser diffraction analysis, the
particles were either introduced with a DP-4 insufflator (a) or with a dry-
powder air dispersion system using an air pressure of 3 bar (b). (s)
TMC60–insulin; (n) TMC20–insulin; and (}) dextran–insulin particles.

Table 1
Particle characteristics of the dried insulin formulations

Dried
formulations

Characteristic laser
diffraction
diameters (lm)a

VMAD
(lm)b

FPF < 5 lm
(percentage
of the
emitted dose)b

Water
contentc

(%)

X10 X50
(VMD)

X90

TMC60–insulin
particles

2.6 7.9 14.9 4.0 64.1 4.1

TMC20–insulin
particles

2.7 9.9 30.0 4.1 62.1 4.1

Dextran–insulin
particles

2.2 6.1 14.8 3.9 67.5 4.2

a Determined by laser diffraction (LD) analyses (n = 2).
b Determined by time-of-flight measurements (n = 2).
c According to Karl–Fischer titration (n = 2).
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(w/w). Although relatively high, the water content resulted
neither in particle agglomeration nor collapse (see Section
3.4.1.).
3.3. Insulin loading and structural integrity

HPLC analyses of insulin after dissolution of the pow-
ders showed that the loading was 9.0–9.7% which is close
to the feed ratio (10%). Moreover, no peaks indicative
for chemical degradation products were detected.

Possible formation of covalent insulin aggregates (e.g.
due to disulfide reshuffling) as a result of the SCF process
was studied with GPC analysis. For GPC analysis, the par-
ticles were dissolved in 20% (v/v) acetic acid in water, a sol-
vent in which non-covalent dimers dissociate [29]. The
recovery of insulin was 100% for the TMC60 and dextran
formulations, which means that all insulin present in these
formulations was dissolved and eluted afterwards. It was
not possible to analyze the TMC20–insulin formulation
with GPC because of the low solubility of TMC20 in the
elution buffer (PBS, pH 7.4). Fig. 5 shows the GPC chro-
matograms of the insulin formulations. Both UV and
RALS detection revealed a peak with an elution volume
of ca. 15.5 ml for native insulin (untreated insulin dissolved
in acetic acid 20% (w/w)), and insulin formulated in dex-
tran and TMC60 microparticles. This elution volume cor-
responds to monomeric insulin (6000 g/mol). No
additional peaks that would indicate the presence of cova-
lent dimers were detected. TMC60–insulin particles showed
a broad peak at a retention volume of 8.5 ml. This peak
was also seen for TMC60 polymer alone, which showed
tailing and was partly overlapped with the insulin peak
(Fig. 5).

Possible changes in the three-dimensional structure of
insulin due to the drying process were monitored by circu-
lar dichroism (CD) spectroscopy. Near-UV CD was used
to gain information about the tertiary structure, whereas
far-UV CD gives information about the secondary struc-
ture [32]. Insulin-loaded TMC/dextran particles and native
insulin (untreated insulin dissolved in HCl 0.01 M) were
dissolved in 0.01 M HCl. At pH 2, insulin (pI = 5.3) is pos-
itively charged and consequently electrostatic interactions
with TMC are minimized. Furthermore, at this pH equilib-
rium exists between insulin in its monomeric and dimeric
form [30,35]. The CD spectra obtained after dissolution
of freshly prepared insulin formulations are shown in Figs.
6a and b. Fig. 6a shows the near-UV CD spectra of the dif-
ferent insulin samples. Insulin exhibits one peak at 255 nm
characteristic for phenylalanines (3 per insulin molecule)
and a broad peak around 276 nm, characteristic for tyro-
sines (4 per insulin molecule) [35,36]. These signals are
mainly attributed to the interactions in the monomer–



Fig. 4. CLSM images of FITC-labeled insulin–TMC microparticles (image b is 1 lm deeper inside the microparticles than image a).
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monomer interface of the dimers [35]. The CD spectrum of
insulin in the presence of TMC20 or TMC60 was the same
as that of native insulin (data not shown). In comparison
with native insulin, the CD spectrum of the dissolved insu-
lin-loaded TMC and dextran particles shows an increase of
the signal at a vicinity of 276 nm, indicating subtle changes
in the tyrosine environments [35–37]. There were no signif-
icant spectral changes at 255 nm characteristic of phenylal-
anine in insulin (Fig. 6a). The overall spectral shape was
essentially retained, which indicates that the tertiary struc-
ture was largely preserved.

Far-UV CD spectra are shown in Fig. 6b. Native insulin
exhibits a spectrum with minima at 210 and 222 nm, which
is typical for a protein with an a-helical structure. No sig-
nificant spectral changes in shape and intensity were
observed after dissolution of TMC60–insulin particles
compared to native insulin (Fig. 6b). Small increases were
observed in the vicinity of 224 and 210 nm in the spectra
of the insulin–dextran and TMC20–insulin particles
(Fig. 6b), which indicates minor increases in the a-helical
structure. The results of near-UV and far-UV CD indicate
that the secondary and the tertiary structures of the insulin
were mainly preserved during the drying process.

The tertiary structure of the insulin was also studied
by fluorescence spectroscopy. Fig. 7 shows the fluorescence
spectra of the samples, dissolved in 0.01 M HCl. Dextran-
and TMC–insulin formulations showed similar fluores-
cence intensities as native insulin (untreated insulin
dissolved in HCl 0.01 M) with an emission maximum at
305 nm, indicating that the tertiary structure of insulin
was preserved. These results are in agreement with the
near-UV CD data.

3.4. Characterization of the aged insulin microparticle

formulations

3.4.1. Particle size
After one-year storage at 4 �C in closed bottles, the

powders were still free flowing. Moreover, the particle size
distributions, as measured by laser diffraction analysis,
were comparable to those of the freshly prepared particles
(shown in Table 1), indicating that the dried particles were
stable in time and that neither aggregation nor particle col-
lapse had occurred upon storage.

3.4.2. Structural integrity of insulin

The insulin integrity in the formulations stored for one
year at 4 �C was compared with the insulin structure in
the freshly prepared batches. The HPLC chromatograms
of the aged TMC–insulin particles showed a single peak,
representative of insulin. In contrast, the dextran–insulin
formulation showed an extra peak at higher retention time
of insulin (data not shown), which might be due to
degraded (e.g., deamidation of asparagine residues) insulin
[38]. The percentage of the degradation product was less
than 10% (w/w) of the total insulin content. Fluorescence
spectroscopic analysis of the aged insulin powders indicates
some extent of tyrosine oxidation (see the fluorescence
spectroscopy results, below). These oxidized products are
more hydrophilic than native insulin and consequently
are expected to have a shorter retention time in HPLC.
However, such peaks were not detected and likely these
oxidized products co-elute with native insulin as previously
demonstrated for methionine oxidized interleukin 2 [39].

Possible formation of covalent insulin aggregates during
the storage of the dried formulations was studied with GPC
analysis. The recovery of insulin was 100% which means
that all insulin present in the formulation was dissolved
and eluted afterwards. The GPC chromatograms of the
aged insulin formulations are shown in Figs. 5b and c.
The chromatograms of the aged dextran- and TMC60–
insulin powders largely overlapped with those of the freshly
prepared formulations. No other peaks were detected that
correspond to higher or lower molecular weight compo-
nents, indicating that neither chain cleavage occurred nor
covalent aggregates were formed. Both the TMC60 and
dextran peak showed tailing and partly overlapped with
the insulin peak (Fig. 5).
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Fig. 5. GPC chromatograms of the dried insulin formulations. (a) Native
insulin; (b) TMC60–insulin particles; and (c) dextran–insulin particles.
Particles were dissolved in 0.01 M HCl prior to analysis.
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The secondary and tertiary structures of insulin after
one-year storage of the dried insulin formulations were
investigated by far- and near-UV CD. The CD spectra
of TMC60- and TMC20–insulin and the near-UV CD
spectrum of dextran–insulin did not substantially change,
except that there was a slight increase in intensity, which
may either be due to slight conformational changes but
more likely reflect a calibration error in the protein assay
because different insulin standards were used. In compar-
ison with native insulin, the far-UV CD spectrum of the
dissolved insulin-loaded dextran particles (Fig. 6b)
showed an increase of the signals particularly at a vicin-
ity of 210 nm, showing increase of a-helical structure and
reduced accessibility of tyrosines [29,36] and conse-
quently, subtle changes in the secondary structure of
insulin.

The tertiary structure of insulin after storage for one
year at 4 �C was also studied by fluorescence spectroscopy.
Both TMC–insulin powders showed after dissolution a
slight increase in fluorescence intensity compared to that
of native insulin. The fluorescence peaks (emission maxi-
mum 305 nm) did not shift to a higher or lower wavelength,
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which indicates that the tertiary structure of insulin was
preserved (data not shown). These results are in agreement
with the near-UV CD data. Dextran–insulin particles
showed a significant increase in fluorescence intensity at
305 nm plus an extra peak around 410 nm (Fig. 7). The
increase in the intensity of the tyrosine emission peak sug-
gests a conformational change [40], whereas the newly
formed emission peak at higher wavelengths (ca. 410 nm)
is indicative of tyrosine oxidation [41].

Altogether, the aging study revealed that the insulin
structure of the TMC–insulin formulations was essen-
tially preserved after storage for one year at 4 �C,
whereas the aged dextran–insulin formulations showed
both chemical and physical degradation of the protein.
The stabilizing action of TMC, as compared to dextran,
is unknown, but may be related to the cationic character
of TMC: electrostatic interactions between TMC and
insulin might protect insulin better during storage in
the dried state.
4. Conclusions

This study demonstrates that SCF drying is a suitable
method to produce inhalable insulin powders with defined
particle characteristics and preserved structure of insulin.
Porous spherical TMC and dextran particles had similar
VMAD of �4 lm, which should yield a comparable pul-
monary deposition and consequently allow a direct com-
parison of the particles in in vivo studies under
comparable inspiratory conditions. Further in vivo studies
are needed to evaluate the applicability and potential of
these polymeric-insulin powders as pulmonary delivery
systems.
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