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Purpose. Demonstrate the applicability of a novel particle-based technology for the development of

suspensions of small polar drugs and biomolecules in hydrofluoroalkane (HFA) propellants for

pressurized metered-dose inhalers (pMDIs).

Materials and Methods. Emulsification diffusion was used to prepare core–shell particles. The shell

consisted of oligo(lactide) grafts attached onto a short chitosan backbone. The active drug was arrested

within the particle core. Colloidal Probe Microscopy (CPM) was used to determine the cohesive forces

between particles in a model HFA propellant. The aerosol characteristics of the formulations were

determined using an Anderson Cascade Impactor (ACI). Cytotoxicity studies were performed on lung

epithelial and alveolar type II cells.

Results. CPM results indicate that particle cohesive forces in liquid HFA are significantly screened in

the presence of the polymeric shell and correlate well with the physical stability of suspensions in

propellant HFA. The proposed formulation showed little or no cytotoxic effects on both Calu-3 and

A549 cells.

Conclusions. Core–shell particles with a shell containing the lactide moiety as the HFA-phile showed

excellent dispersion stability and aerosol characteristics in HFA-based pMDIs. This is a general strategy

that can be used for developing novel suspension pMDIs of both small polar drugs and large therapeutic

molecules.

KEY WORDS: biomolecules; colloidal probe microscopy; pressurized metered-dose inhaler; pulmonary
drug delivery; salbutamol sulfate.

INTRODUCTION

In spite of the recognized potential advantages in
delivering large therapeutic molecules such as peptides,
DNA and proteins through the pulmonary route (1–9),
Exubera\ is the only inhalation formulation approved by
the FDA for the delivery of a systemically acting biomolecule
(insulin) (10). Studies have indicated that biomolecules are
generally more bioavailable when delivered through the
lungs than any other port of entry to the body (1,5,7). This
has been attributed to the intrinsic properties of the alveolar
region (1). Other major advantages of inhalation therapy
include its noninvasive nature and the absence of first pass
metabolism (4). The rate of absorption of biomolecules from
the lungs into the circulation system is known to vary
inversely to their molar mass (7). Small peptides and
proteins, such as insulin, reach the circulation system within
minutes after inhalation, while larger proteins (>40 kDa) are
absorbed relatively slowly (in the order of hours) (11,12).
The fact that the lungs still represent a relatively unexploited

site for the delivery of large therapeutic molecules can be
attributed, to a large extent, to challenges in the development
of appropriate inhalation formulations (3,5,10,13–15).

Pressurized metered dose inhalers (pMDIs) are the least
expensive and most widely used devices for the delivery of
drugs to the lungs (8,14,16–18). pMDIs are, therefore, potential
candidate devices for the development of formulations con-
taining large therapeutic molecules. However, both small and
large polar solutes, including water and biomolecules, have
very limited solubility in the hydrofluoroalkane (HFA)
propellants accepted for use in pMDIs (8,19). Therapeutic
molecules with low solubility in the propellant HFAs have to
be thus generally formulated as suspensions. However, none of
the hydrogenated amphiphiles used to stabilize micronized
drug particles in the previously marketed CFC-based formu-
lations have appreciable solubility in HFAs (16), compounding
the difficulties in preparing dispersion-based pMDIs. HFAs
are the non-ozone depleting replacements to CFCs. Co-
solvents, usually alcohols, have been instrumental in curtailing
surfactant solubility issues (19), and have thus helped in the
formulation of small drug molecules in HFA-based pMDIs
(8,14). More recent studies have attempted to demonstrate the
ability of surface active compounds containing highly HFA-
philic groups to stabilize drug suspensions in the low dielectric
HFAs without the use of co-solvents (14,20–24). However, it is
not clear whether traditional surfactant-stabilized dispersions
can be extended to larger therapeutic biomolecules.
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There have been several publications discussing novel
particle formation technologies to systems of relevance to
pMDIs (14,20–24). The techniques can be divided in those
that attempt to control either the morphology (21,24,25), or
chemistry (22,23) of the particles. For example, very good
dispersion stability can be achieved with porous drug
particles. The propellant molecules can penetrate into the
pores of the particles, thus reducing the van der Waals
attractive forces (20). However, only 50 wt % or less of the
content of the porous particles are active ingredients. Lipid-
coated budesonide microcrystals with high degree of surface
roughness prepared by spray drying were shown to possess
improved suspension stability in HFA134a (24). The physical
stability of the particles in that case was not significantly
improved compared with traditional micronized formulations.
It has been also demonstrated that the addition of poly(vinyl
alcohol) (PVA) during spray drying could enhance the colloidal
stability of protein particles in HFA134a (22,23). The enhance-
ment in the stability of the suspension was attributed to a
change in surface chemistry of the particles (22,23).

One of the main mechanisms for imparting stability to
colloidal particles in low dielectric solvents such as HFA
propellants is steric stabilization (14). Steric stabilization is
dominated by solvation effects (26), and may be achieved by
selecting amphiphiles that have an anchor segment that
strongly interacts with the dispersed phase, and a well-
solvated tail segment that extends into the bulk/dispersing
medium. We have used a combined computational and
experimental approach to probe the solvation of promising
tail moieties in hydrofluoroalkanes at the microscopic level
(27,28). Ab intio calculations and chemical force microscopy
(CFM) were used to determine the enthalpic interactions
between HFA and moieties of interest, thus developing a
quantitative relationship between chemistry of candidate
stabilizing groups and HFA-philicity (27,28). The ability of
amphiphiles and surface modification techniques in screening
the cohesive forces between drug crystals, thus providing
enhanced suspension stability, has been investigated by
Colloidal Probe Microscopy (CPM) (29–32).

The goal of this work is to demonstrate the applicability
of a novel particle-based technology for the development of
stable suspensions of both small polar solutes and large
therapeutic molecules in hydrofluoroalkane propellants. We
use a single step, low energy input method for preparing
core–shell particles where the active drug is located within
the particle core, and the shell consists of a copolymer with
biodegradable blocks carefully designed to encapsulate the
drug and to enhance the stability of the dispersion in HFAs.
We tested the effectiveness of the surface modification in
screening the cohesive forces between drug particles by
directly probing the forces of interaction between particles
by CPM. The physical stability and aerosol characteristics of
the core–shell particles in HFA propellants were also tested.
The cytotoxicity of the formulation was investigated in Calu-
3 and A549 lung cell lines.

MATERIALS AND METHODS

Materials. Chitosan (CS, medium molecular weight) was
purchased from Aldrich Chemicals Ltd. D,L-lactide was
obtained from Frinton Laboratories, Inc., and was recrystal-

lized twice from ethyl acetate. Stannous octoate was pur-
chased from Sigma. 2H, 3H-perfluoropentane (HPFP)
was purchased from SynQuest Labs Inc (purity of 98%).
The hydrofluoroalkanes 1,1,1,2,3,3,3-heptafluoropropane
(HFA227), and 1,1,1,2-tetrafluoroethane (HFA134a) (pharma
grade, purity >99.99%) were a gift from Solvay, Inc. Salbuta-
mol Sulfate (SS) was purchased from Spectrum Chemicals.
Bovine serum albumin (BSA) was purchased from Sigma.
Hydrogen peroxide was from Fisher Chemicals. The Calu-3
cell line was purchased from ATCC (Manassas, VA).
Dulbecco_s Modified Eagle_s Medium (4,500 mg Lj1

glucose, 110 mg Lj1 sodium pyruvate) was purchased from
Sigma. RPMI 1640 supplemented with L-glutamine was
obtained from Invitrogen. The A549 human lung carcinoma
cell line was obtained from Prof. Sujatha Kannan_s labo–
ratory at Wayne State University. DMEM and RPMI 1640
were supplemented with 10% fetal bovine serum (FBS)
and 100 mg mlj1 penicillin and streptomycin, both purchased
from Sigma. Culture flasks (75 cm2, BD-falcon) were
purchased from VWR. 96-well culture plates were obtained
from Corning. MTS [(3-(4, 5-dimethylthiazole-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt] was purchased from Promega. Deionized water
(NANOpure\ DIamondi UV ultrapure water system:
Barnstead International), with a resistivity of 18.2 MW cm
and surface tension of 73.8 mN mj1 at 296 K, was used in all
experiments. Two-component Epoxy (Epotek 377) was from
EPO-TEK. All the other organic solvents were supplied by
Fisher Chemicals and were of analytical grade. NP-20 Si3N4

V-shape contact mode cantilevers with integrated pyramidal
tips were purchased from Veeco Instruments.

Degradation of Chitosan. A known amount (8 g) of CS
was dissolved in 200 ml DI-water with the aid of hydrochloric
acid, and heated to 353 K for 3 h. A 10 ml hydrogen peroxide
solution (30%) was subsequently added to the CS aqueous
solution. The mixture was kept at 353 K for another 12 h to
degrade the long chain CS to smaller (water-soluble) oligomers
(33). The pH of the degraded CS solution was then adjusted
with NaOH to neutral. CS was precipitated into a large
volume of ethanol. The water-soluble CS oligomer was then
collected by centrifugation, and dried in air at room temper-
ature. The number average molecular weight (Mn) of the
degraded CS powder was determined by size exclusion
chromatography (SEC) using a Shimadzu LC-10ADVP liquid
chromatograph equipped with a seven-angle static light
scattering detector (BIMwA) and differential refractometer
(BIDNDC), both from Brookhaven Instruments, Inc.

Synthesis ofOligo(lactide)-grafted-chitosan (LA-g-CS). The
synthesis of the LA-g-CS copolymer is illustrated in Scheme 1.
Briefly, 0.4 g of degraded CS, 4 g D,L-lactide, and an ap-
propriate amount of stannous octoate were added into 40 ml of
toluene under magnetic stirring. The reaction was carried out at
373 K under nitrogen atmosphere for 24 h. The resultant
products were then centrifuged and the precipitate was
collected and washed with acetone repeatedly to give the final
product (34). 1H NMR (Varian Mercury 400) and FTIR
(Bruker Tensor 27) were conducted to confirm the molecular
structure of the LA-g-CS copolymer.

Preparation of the Core–shell Particles. Particles were
prepared by emulsification–diffusion. Briefly, 25 mg of the
molecule of interest was first dissolved in 0.8 ml of water. The
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aqueous solution was then emulsified in 19 ml of ethyl
acetate using a sonication bath (VWR, P250D, set to 180 W).
A water-in-oil (W/O) emulsion was thus obtained. The emul-
sion was subsequently added to a large volume (150 ml) of
ethyl acetate. The particles were formed as water that makes
the dispersed emulsion phase diffuses out into ethyl acetate,
and collected by centrifugation. Core–shell particles, where
the shell is made of the LA-g-CS copolymer, and the core is
the polar compound (in our case either SS or BSA) were also
prepared by emulsification–diffusion. Briefly, 25 mg of the
compound of interest and 12 mg LA-g-CS copolymer were
dissolved in 0.8 ml water. The aqueous solution was then
emulsified in 19 ml ethyl acetate using a sonication bath
(same conditions as before). The obtained W/O emulsion was
then transferred into 150 ml ethyl acetate. The LA-g-CS
core–shell particles were formed by the same mechanism as
described above. They were collected by centrifugation, and
dried at room temperature.

Characterization of the Size and Morphology of the

Core–shell Particles. The particle size and morphology was
analyzed by scanning electron microscopy (SEM, Hitachi S-
2400). Core–shell particles prepared as discussed above were
first dispersed in HPFP by sonication. Several drops of the
particle suspension in HPFP were placed on a cover glass slip
and allowed to dry. The cover glass substrates were then
sputtered for 30 s with gold for SEM analysis. The core–shell
morphology of the particles was investigated on a transmission
electron microscope (TEM, JEOL JEM-2010). A drop of the
core–shell particle dispersion in HPFP was added onto a 200-
mesh copper grid and then dried in air for TEM analysis.

Preparation of the Particle-modified AFM Probe. Single
particles were glued onto silicon nitride contact-mode canti-
levers (NP-20) with the help of an AFM (Pico LE, Molecular
Imaging). The two components of the epoxy (Epotek 377)
were mixed and heated to 353 K in a water bath for 30 min,
until it became highly viscous. A small drop of epoxy was
then transferred onto a piece of silicon wafer. The AFM
cantilever was first positioned above the drop of epoxy with
the help of a CCD camera. The AFM tip was then slowly
brought into contact with the substrate until a very small
amount of epoxy was transferred. A similar procedure was
used to attach a single particle to the tip of the AFM

cantilever containing the epoxy. The particle-modified AFM
tip was then kept at room temperature inside a desiccator for
24 h to allow complete curing of the epoxy. The spring
constant of the particle-modified cantilever was determined
using a module attached to the AFM and the MI Thermal K
1.02 software. SEM images of the modified cantilevers were
obtained after the cohesion force measurements were
performed.

Colloidal Probe Microscopy (CPM). The cohesive force
between particles was probed directly by CPM. CPM is an
AFM-based technique where the force of interaction be-
tween a particle-modified AFM tip and another particle/
substrate is measured in air/liquid, with pico newton accuracy
(35). The cohesion force (Fco) is defined as the product of the
spring constant of the particle-modified AFM cantilever and
the maximum cantilever deflection during the retraction
stage of the force measurement. A fluid cell was used to
conduct the CPM experiments in liquid HPFP at 298 K.
HPFP has been proposed as a mimicking solvent to
propellant HFAs.(29–32,36,37) Drug particles were initially
deposited onto a silicon wafer from HPFP. The adhesive
force between the particles and the substrate is stronger than
that between particles, so that the particles remain bound to
the substrate during the measurements. Several randomly
distributed particles on the substrate were selected for the Fco

measurements. For each contact point between the two
particles, 25 force–distance curves were recorded in a range
of 2,000 nm, and the sweep duration of 2 s. The histogram of
the measured Fco was fit to a Gaussian distribution, from
which an average force and deviation was obtained.

Interfacial Tension. The interfacial tension (g) between
water (saturated with ethyl acetate) and ethyl acetate (satu-
rated with water) in the presence of LA-g-CS was measured
using a pendant drop tensiometer (KSV 2001) as described
previously (37). Measurements were carried out inside a
sealed cuvette at 298 K. The results shown represent the
average of three independent measurements that have a
standard deviation of 0.05 mN mj1 or less.

Physical Stability of the Dispersions in Propellant
HFAs. An exact mass of the particles were initially fed into
pressure proof glass vials (68000318, West Pharmaceutical
Services), and crimp-sealed with 50 ml metering valves
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Scheme 1. Scheme for the synthesis of oligo(lactide)-g-chitosan copolymer.
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(EPDM Spraymiseri, 3M Inc). The glass vials and metering
valves were kindly donated by West Pharmaceuticals
and 3M, respectively. Subsequently, a known amount of
HFA134a or HFA227 was added with the help of a manual
syringe pump (HiP 50-6-15) and a home-built high pressure
aerosol filler, to make a 2 mg mlj1 drug concentration in the
propellant HFA. The dispersions were then sonicated in a
low energy sonication bath (VWR, P250D, set to 180 W) for
10 min in order to break up any aggregates (24). The physical
stability of the suspensions in HFAs was investigated by
visually monitoring the dispersion as a function of time after
mechanical energy input ceased. The stability of the
formulations in HPFP was also tested.

Aerosol Characteristics. The aerosol properties of the
bare and core–shell pMDI formulations were determined
with an Andersen Cascade Impactor (ACI, CroPharm, Inc.)
fitted with a USP induction port and operated at a flow rate
of 28.3 L minj1. The experiments were carried out at 298 K
and 45% relative humidity. Formulations were prepared as
described above. Before each test, several shots were first
fired to waste. Subsequently, ten shots were released into the
impactor, with an interval of 30 s between actuations. Three
independent canisters were tested for each formulation.
The average and standard deviation from those three in-
dependent runs are reported here. After each run, the impactor
was disassembled and the valve stem, actuator, induction port
and stages were rinsed thoroughly with a known volume of
0.1 N NaOH aqueous solution in the case of bare SS for-
mulation. For the core–shell SS particles, a 0.1 N NaOH
methanol solution was employed as rinse solvent instead,
because the LA-g-CS copolymer has co-absorbance with SS
in water at 243 nm. The drug content was quantified by UV
spectroscopy, with a detection wavelength of 243 nm for bare
SS formulation and 246 nm for the core–shell SS formulation.
Bare BSA was rinsed with DI-water and quantified by UV–vis
with a detection wavelength of 280 nm. BSA core–shell
particles deposited on each stage were quantified by Micro-
BCA assay (Pierce). To enhance the accuracy of the BCA
assay analysis, 20 puffs were fired for each independent run
during the analysis of the BSA core–shell formulation. The
plates were placed into Petri dishes with the rinsing solvent.
Samples were then drawn for quantification of SS or BSA.
The effect of a spacer (Aerochamber Plus) on the aerosol
characteristics was also investigated. The results obtained with
the formulations proposed here are contrasted with those
obtained with Ventolin HFA\. The same actuator as that of
Ventolin HFA\ was used in all experiments. The fine particle
fraction (FPF) is defined as the percentage of drug on the
respirable stages of the impactor (stage 3 to terminal filter)
over the total amount of drug released into the device (from
the induction port to filter).

Calu-3 and A549 Cell Culture. The cytotoxicity of the
LA-g-CS particles was tested in vitro on the differentiated
human, mucus-producing, submucosal gland carcinoma cell
line Calu-3 and on human lung carcinoma cell line A549.
Calu-3 cells were supplemented with 10% FBS, 100 IU mlj1

penicillin and 100 mg mlj1 streptomycin. The cells were
plated in a 75 cm2 cell culture flask and subcultured until
80% confluence was reached. The medium was changed
every two days and the cells were cultivated for 14 days. The
cells from passages 2–7 were used for toxicity studies. A549

cells of passage 14–18 were cultured in RPMI 1640 media
supplemented with 10% FBS, 100 IU mlj1 penicillin and 100
mg mlj1 streptomycin. The cells were plated in 75 cm2 cell
and subcultured when 85% confluent.

Cytotoxicity Measurements. Calu-3 cells were cultured at
a density of 1�104 cells wellj1 into a 96-well culture plate in
DMEM supplemented with 10% FBS and 100 mg mlj1

penicillin and streptomycin. The cells were incubated in the
medium for 24 h, and then washed with 1X PBS twice. The
medium was subsequently replaced with a solution made of
the core–shell particles (SS and BSA) dispersed in the same
culture medium, at a particle concentration range of 0.01 to
1.5 mg mlj1. Because SS, BSA, and the copolymer are water
soluble, the particles quickly break down forming a
homogeneous aqueous solution. The cells were incubated in
this solution for 24 h. The medium containing the polymer and
SS or BSA was then replaced with 100 ml of the culture
medium (particle free) and 30 ml of the cell proliferation
reagent MTS. The cells were allowed to incubate in this
mixture for 120 min. The MTS reagent is reduced by viable
cells into a formazan product that is soluble in the culture
medium. The absorbance of formazan was measured at 490 nm,
and its concentration directly correlated to the number of
living cells in the culture (38). As a control, cells were
incubated in bare (particle free) culture medium. From the
absorbance ratio between the treated (with particle) and
untreated cells (positive control), the cell viability was
calculated (39). A similar procedure was used in the case of
the A549 cell line.

RESULTS AND DISCUSSION

Design and Synthesis of the Particle Shell

There were several design parameters that guided the
selection of the chemistry of the copolymer for this study.
First, the chemistry of the amphiphile needed to be such that
its potential toxicity was low. Based on the selected particle
formation technology (emulsification–diffusion), an interfa-
cially active polymer at the water-organic interface was
required in order for the resulting morphology to be of the
core–shell type (shell being the copolymer). This was
required in order to modify the chemistry of the drug
surface—vs. having the polymer buried within the drug
particle. Several potential candidates were available as the
hydrophile. However, there were significant limitations in
terms of the hydrophobic/HFA-philic portion of the mole-
cule. While the presence of a block that could be well
solvated by HFA is essential, the overall solubility of the
copolymer in the propellant should be minimal so that the
structure of the resulting core–shell particle would be stable.
Moreover, the hydrophobic block should not only be HFA-
philic, but it should also interact with the organic phase used
in the preparation of the core–shell particle.

Chitosan (CS) is a biocompatible and biodegradable
natural polymer used in nasal spray formulations (40), and a
potential candidate carrier for inhalation therapy (41). CS is
a polysaccharide comprised of glucosamine and N-acetylglu-
cosamine. CS is manufactured by the deacetylation of chitin,
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which is the second most abundant polysaccharide in nature
(13). CS can bind strongly to negatively charged cell surfaces
and mucus (40). It has been determined that CS can alter the
paracellular transport of drugs by directly affecting the tight
junctions between the cells, due to its bioadhesive properties.
For drugs with molecular weight below 10 kDa the use of CS
can also lead to an improvement in drug bioavailability (40).
High molecular weight CS is insoluble in neutral water which
limits its application in many fields (33,42). However, its
aqueous solubility can be substantially increased upon
degradation to smaller oligomers (33). CS has also been
shown to have low or no toxicity on respiratory cell lines that
include A549 and 16HBE14o- (43–45). In our work, water-
soluble oligomers of CS obtained by hydrogen peroxide
degradation (33) were thus selected as the hydrophilic
portion of the amphiphile.

Poly(lactide) is also biocompatible and biodegradable,
and widely used in pharmaceutical applications (46–49). Low
molecular weight oligo(lactide) (LA) is fairly soluble in
propellant HFAs (14,50). We have used a combined compu-
tational and experimental approach to understand solvation
in hydrofluoroalkane solvents (27,28). Ab initio calculations
and chemical force microscopy results provide quantitative
information on the HFA-philicity of candidate moieties
(27,28). Our results showed that HFAs have significantly
stronger enthalpic interactions with a fragment containing
the ester group compared to its hydrogenated analog (the
baseline). We have thus selected LA as the HFA-philic
portion of the amphiphile.

The product of the degradation of the large MW CS with
hydrogen peroxide was characterized by SEC. The determined
Mnwas 1,350Da, or an average of 8.3 repeat units. The LA-g-CS
copolymers were obtained by grafting the product of the ring-
opening polymerization of lactide onto the amine and hydroxyl
groups of CS (initiators), as shown in Scheme 1. The product
was characterized by 1H-NMR and FTIR. The NMR spectra of
the CS oligomer and the LA-g-CS are shown in Fig. 1.
Compared with the spectrum of CS oligomer, the extra peaks
at 4.3 ppm and 4.9 ppm observed in the spectrum for LA-g-CS
can be attributed to the terminal methine protons and its
repeating units in the LA moiety, respectively (34,51). The peak
at 1.6 ppm is attributed to the methyl protons of the LA moiety.

The grafting ratio is calculated as 108% according to weight
difference before and after grafting: (WLA-g-CSjWCS)/WCS

(34,51). The molar ratio of CS to LA is thus determined to be
2.4. By evaluating the intensity ratio of the peaks at 4.3 and
4.9 ppm on the NMR spectrum, the length of LA unit grafted
onto CS was determined as 2.3, which correlates well with the
gravimetric method. Similar results have also been observed in
other works where oligo lactide side chains were grafted onto
chitosan (34,51).

The grafting was also confirmed by FTIR, as shown in
Fig. 2. Compared with the IR spectrum of degraded CS, a
strong absorption peak can be observed at 1,754 cmj1. This
can be attributed to the carbonyl groups on the LA repeat
unit (34,51). The FTIR results (compare Fig. 2a and b) also
indicate no or little compositional change in the CS due to
the depolymerization process.

Preparation and Characterization of the Core–shell Particles

Core–shell particles of the model polar compounds and
the LA-g-CS copolymer were prepared by emulsification–
diffusion. Salbutamol sulfate (SS), a short-acting b-agonist,
was selected as the model small polar solute for this study
due to its extensive use in the treatment of chronic
pulmonary disorders such as asthma and COPD (52). Bovine
serum albumin (BSA, ~66 kDa) was selected as the model
biomolecule because it is inexpensive and easily accessible.

The emulsification–diffusion process consists in first
forming an emulsion of an aqueous solution of the drug of
interest (dispersed phase) into an organic phase (continuous
phase) that possesses appreciable aqueous solubility (53,54).
As the emulsion is subsequently diluted into an excess
organic phase, water diffuses from within the emulsion
droplets, thus creating a supersaturation condition (53–56).
This supersaturation within the shrinking emulsion droplets
leads to the formation and growth of drug nuclei that
aggregate to form the particles. The drug particles are tem-
plated by the emulsion droplets, and are thus spherical and
smooth. Similar results have also been observed in the
preparation of insulin (57) and organic polymeric particles
(53–55,58) using water and other solvents such as benzyl
alcohol, propylene carbonate and triacetin. Moreover, they

Fig. 1. NMR spectra of (a) chitosan oligomer, and (b) oligo(lactide)-grafted-chitosan.
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are typically amorphous due to the time scales for particle
formation (59,60).

In this work, the synthesized LA-g-CS copolymer was
employed as a surface active agent during the emulsification
process. The copolymer is expected to serve many purposes.
It should help to stabilize the water–oil interface (prevent
coalescence of the droplets), thus reducing the polydispersity
of the particles. If well-balanced, the amphiphile should also
help reduce the tension of the water–oil interface, which will
in turn allow the formation of smaller emulsion droplets
(drug particles) for the same energy input. Most importantly,
the use of the copolymer should provide for a means of
modifying the chemistry of the drug surface, thus enhancing
its dispersability in propellant HFAs.

The interfacial activity of the LA-g-CS copolymer as a
function of its concentration was investigated at the water–oil
(ethyl acetate) interface, and the results are shown in Fig. 3.
Since no experimental density values of the mutually
saturated phases are available in the literature, we use the
density of pure water and ethyl acetate to calculate g, once
the droplet profile was digitized (37). While this assumption
might affect the absolute values of the reported tension, the
relative (trend) effect of the copolymer on the tension is
expected to remain unchanged. The results show that the
LA-g-CS copolymer is indeed capable of reducing the
tension of the water–ethyl acetate interface from 6.3 mN
mj1 at 298 K for the bare interface, down to about 2.3 mN
mj1. The interfacial tension seems to level off at an LA-g-CS
concentration of about 12 mg mlj1. Based on this finding we
decided to use a concentration slightly higher than that for
the preparation of the core–shell particles.

Particles of an aqueous solution of pure LA-g-CS
copolymer, of the copolymer in the presence of SS, and with
the copolymer in the presence of BSA were prepared as
discussed above. The concentration of the polar solute and
the copolymer in the aqueous phase was kept constant at 31
and 15 mg mlj1, respectively. SEM images of the particles
are shown in Fig. 4. The micrographs obtained for particles
with pure LA-g-CS copolymer (no drug) indicate the

formation of hollow capsules. The particles are fairly poly-
disperse, with a size range of approximately 0.5 to 7 mm.While
the gold plating for the SEM analysis distorts somewhat the
shape of the particles, and also induces the collapse in some
others, smooth and approximately spherical particles can be
seen in Fig. 4a. These results confirm that the copolymer is
not only interfacially active, but also tends to reside/migrate
to the interface during the emulsification–diffusion process.
The morphology of the LA-g-CS coated SS and BSA core–
shell particles prepared are shown in Fig. 4b and c. TEM
images (insets in Fig. 4b and c) clearly evidence the core–
shell morphology of the SS and BSA particles formed, with a
large fraction being segregated to the particle surface. While
it is likely that some copolymer will be trappedwithin the core
of the particle, the overall distribution is not important—the
key point is that enough of the copolymer remains/reaches the
particle surface in order to reduce the cohesive forces (as shown
by CPM in the following section), thus improving the overall
physical stability and the aerosol characteristics of the formu-
lation. The SEM images indicate that the particles are smooth
and spherical. Particles with sizes ranging from 0.5 to 3.5 mmare
observed for the BSA spheres, while significantly smaller and
less polydisperse spheres are seen for the SS core–shell system.
This difference can be loosely attributed to a likely increase in
the viscosity of the internal phase in the presence of BSA (55).
A slightly lower temperature for the BSA system can also
impact (reduce) the viscosity and thus particle size and
distribution (55,58).

We expect the proposed methodology to translate well
to other small polar solutes that are well solvated by water;
i.e., with low interfacial activity at the water-organic solvent
of interest. By the same token, we anticipate that due to the
presence of hydrophobic patches, different biomolecules will
possess different degrees of interfacial activity and may thus
yield different results. This problem can be circumvented by
either the selection of an appropriate organic phase (55,57),
and/or the use of diluents in the aqueous phase (57). Systems
with high density of interfacially active species will also tend
to reduce unfavorable co-adsorption effects by preventing
the drug molecules to partition as strongly to the interface.
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Fig. 2. FTIR spectra of (a) commercial chitosan; (b) degraded

chitosan oligomer; (c) oligo(lactide)-grafted-chitosan.

294 Wu, Bharatwaj, Panyam, and da Rocha



Cohesive Interactions from Colloidal Probe Microscopy
(CPM)

The effect of the surface modification on the cohesive
interactions was assessed by Colloidal Probe Microscopy
(CPM) (35). CPM is a modified version of the AFM
technique where the force of interaction between a particle
attached to an AFM cantilever and that on a substrate/or a
substrate is measured with high accuracy. CPM has been used
to investigate several systems of relevance in pharmaceutical
applications (35), including drugs suitable for inhalation
therapy in vehicles such as DPIs and pMDIs (14,15,31,32).
In this work, the interaction between core–shell particles
(particles with the surface modified by the LA-g-CS copol-
ymer) was determined by CPM in liquid HPFP, a mimic to
HFA propellants (29–31,36,37), at 298 K.

Figure 5a is an SEM image of an AFM cantilever
modified with a single SS particle. A similar micrograph
was observed for the core–shell particle (not shown). The
cohesion force (Fco) results plotted as the Fco frequency vs.
cohesion force are shown in Fig. 5b. Average cohesion curves
are shown in the inset.

The Fco for the SS core–shell particles, which varies from
0 to a maximum of 0.08 nN—approximately 18% of the force
curves show zero Fco, is observed to be significantly lower
than that for bare SS particles of similar size—1.36T1.80 nN.
The same trend was observed for bare BSA and BSA core–
shell particles, as shown in Fig. 5c. Fco was reduced from
2.90T0.70 nN (bare BSA particles) down to 0.32T0.05 nN for
the core–shell BSA particles. Besides differences in chemis-
try between the SS and BSA particles, the increase in Fco

observed in the BSA systems might also be attributed to a
variation (increase) in contact area. Large variations in
contact area, and thus in Fco, are typically observed even
for probes of the same chemistry (30–32,61). The presence of
(interfacially active) biomolecules trapped at the interface
during the particle formation process might also contribute to
an increase in Fco. The much lower Fco observed for the
core–shell particles compared with the corresponding bare
particles suggests that the LA-g-CS shell is capable of
screening the cohesive forces between the drug particles.

The CPM technique is certainly more demanding than
sedimentation rate experiments both in terms of time for
preparation of the probe and the actual Fco measurements,

and also with regards to the skill level required to perform
the experiments. However, CPM is considered a very
powerful screening technique because the information on
single particle–particle interactions is not available from bulk
physical stability studies. Such results allow us to more
directly correlate the aerosol characteristics of the formula-
tions with the effect of additives or particle engineering
approaches—vs. other formulation parameters as for exam-
ple the physical characteristics of the device. In this case,
CPM results also serve to confirm the proposed mechanism
for the formation of the core–shell particles where the
copolymer is seen to become the particle shell, with the
outer most part being LA, the HFA-philic group. Bulk
physical stability in the propellant HFAs are, however, still
required in order to assess the validity and potential to
extrapolate the CPM results obtained in the mimicking
HPFP solvent to the actual hydrofluoroalkane propellants
(18,31). Sedimentation rate experiments are, therefore, dis-
cussed below.

Dispersion Stability of the Core–shell Formulations
in HFA Propellants

Sedimentation rate experiments of the bare and core–
shell SS and BSA particles were performed in HFA134a and
HFA227 at 298 K and saturation pressure of the propellant.
The results for HFA227 are summarized in Fig. 6. We can see
from Fig. 6a that, as expected, bare SS spheres obtained from
emulsification–diffusion had poor stability in the hydrofluoro-
alkane propellant. Creaming of the particles (less dense than
HFA227) started taking place in just a few seconds after
mechanical input used for dispersing the particles stopped.
The surface modification of the drug particles by the
formation of the LA-g-CS copolymer shell generates suspen-
sions with excellent colloidal stability in HFA227, as shown
in Fig. 6b. The stability of bare BSA and BSA core–shell
particles are shown in Fig. 6c and d. While bare BSA
particles cream out faster than the bare SS formulation, the
stability of the core–shell BSA formulation is similar to that
of core–shell SS particles. Similar behavior was observed in
HFPF at 298 K and ambient pressure. The results are in
agreement with the Fco from CPM measurements in HPFP,
and indicate that indeed HPFP is a good mimicking solvent
to HFA227. Even after three months of storage at ambient

 

 

 

 

2 µm 

(a) 

0.5µm

(b)

5µm 

(c)

Fig. 4. SEM images of particles formed by emulsification–diffusion at 0.8:19 water to ethyl acetate volume ratio (W:Ac, ml) (a) hollow

capsules of pure oligo(lactide)-g-chitosan prepared at 295 K, (b) SS core–shell particles prepared at 311 K; (inset) TEM image: the drug core

appears dark and the polymeric shell brighter; (c) BSA core–shell particles prepared at 283 K; (inset) TEM image where the core appears dark

and the polymeric shell brighter.
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conditions, the SS core–shell formulations in HFA227 can be
easily resuspended by manual agitation, thus indicating that
no irreversible flocculation occurs. A similar behavior has
been seen for BSA core–shell particles, with an ongoing test
that has lasted for approximately 2 weeks so far. The same is
not true for bare SS particles.

The stability of the core–shell particles in HFA134a, on
the other hand, was very poor. According to our previous
work, HPFP seems indeed to be a more appropriate mim-
icking solvent to HFA227 than HFA134a, especially in terms
of solvation power (28). The difference in the nature of the
interaction between HFA227 and HFA134a with different
chemistries has not yet been addressed at the microscopic
level. Through the decomposition of the binding energy from
ab intio calculations we expect to identify the relative con-
tributions (e.g. dispersive vs. electrostatic) to the overall
energy. This will be part of a forthcoming publication.

Aerosol Performance of the Core–shell Formulation

Anderson Cascade Impactor (ACI) is widely used in
simulating drug lung deposition in-vitro.(14,15) ACI usually
contains eight stages with decreasing orifice sizes, which
simulate the various parts of the human respiratory system
(14,15). By pulling vacuum through the ACI at a constant
flow rate, particles are deposited on the different stages. The
amount of drug deposited on each stage can be quantified by
different analytical techniques, thus providing information on
the aerosol characteristics of the formulation such as mass
mean aerodynamic diameter (MMAD), geometric standard
deviation (GSD) (62,63), and fine particle fraction (FPF).
The aerosol performance of the LA-g-CS SS and BSA core–
shell formulations in HFA227, as determined with the ACI
are shown in Table I. The results for a commercial SS
formulation (Ventolin HFA\) and the formulation contain-
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Fig. 5. (a) SEM image of a bare salbutamol sulfate (SS) sphere modified AFM cantilever. (b) Cohesion force (Fco) histogram between bare SS

(distribution to the right of the diagram) and oligo(lactide)-g-chitosan SS core–shell spheres (distribution to the left of the diagram). (c)

Cohesion force (Fco) histogram between bare BSA (distribution to the right of the diagram) and oligo(lactide)-g-chitosan BSA core–shell

spheres (distribution to the left of the diagram). Determined in HPFP at 298 K. Inset: average force curves for bare-SS/BSA and SS/BSA core–

shell particles. The Gaussian fits to the histogram are shown.
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ing bare SS and bare BSA spheres are also listed in Table I
for comparison. The effect of the spacer on the character-
istics of the aerosol is also investigated.

A summary of the results is shown in Fig. 7a, b and c.
The amount retained at each stage of the ACI is reported as
dosage percentage of the total amount of drug delivered from
the pMDI. Plotting the results in terms of % allows us to
directly compare the different formulations. The aerosol
performance of the LA-g-CS core–shell SS formulation is
significantly improved compared to both the commercial
formulation and the bare SS particles formed using the
emulsification–diffusion technique. The FPF without spacer
is enhanced by 28% compared to the commercial Ventolin
HFA\, and 39% in compared to the bare SS formulation,
reaching a value of 74.4%. Particular improvement is ob-
served in the amount of drug retained in stages 5, 6 and 7,
clearly indicating the potential of the proposed formulation
for the enhanced delivery to the deep lungs. The FPF for the
core–shell formulation in the presence of a spacer is further
improved, going up to 85.8%. The core–shell formulation
produced aerosols with smaller MMAD (2.0 mm) than both
commercial and bare SS formulations. After 3 months
storage at ambient conditions the FPF and MMAD of core–
shell formulation remain unchanged, indicating good storage
stability. A significant improvement in FPF from 40.3% to
68.1% was also observed for BSA core–shell formulation
compared to the bare BSA formulation. The somewhat lower
values for the FPF in the BSA core–shell formulation when
compared to the SS system might be attributed to differences
in size and size distribution of the particles and/or the slight
increase in the cohesive forces as observed by CPM. These

results correlate well with the CPM and physical stability
tests that show that SS core–shell particles have reduced
cohesive interactions and improved suspension stability. It is
important to note that, unlike the optimized commercial
formulation, no optimization was attempted for the core–
shell formulation being discussed here (e.g. tailor particle
size, size distribution, searching for optimal valve geometry,
etc.), suggesting that even greater improvement can be
achieved with the proposed formulation in terms of aerosol
characteristics.

Cytotoxicity of the Core–shell Particles

The determination of cell viability is a common method
to evaluate the in vitro cytotoxicity of biomaterials. Calu-3
cells belong to the airway epithelium and are known to form
tight monolayers and secrete components of mucus and
surfactant (64). A549 cells are alveolar type II cells (64).
Along with the A549 cell line, Calu-3 cells have been
extensively used for evaluating the efficacy and safety of
particulate pulmonary drug delivery systems (43–45). We
have, therefore, selected both Calu-3 and A549 cells to study
the cytotoxicity of the proposed formulation, and in partic-
ular of the LA-g-CS copolymer.

Figures 8a and b show the cell viability results for the
hollow (pure) LA-g-CS particles and the core–shell formula-
tions on A549 and Calu-3 cell lines, respectively. When
assayed independently, neither of the formulation compo-
nents reduced the cell viability of either the A549 or the
Calu-3 cell lines to the extent of 50% inhibitory concentra-
tion. Among the three formulations tested, the lowest cell

Time after sonication           0               2h                            0               2h 

(a) 

(b) 

(c) 

(d) 

Fig. 6. Dispersion stability of SS spheres in HFA227 at 298 K and saturation pressure of the propellant. (a) Bare SS particles;

(b) oligo(lactide)-g-chitosan SS core–shell particles; (c) bare BSA particles; and (d) oligo(lactide)-g-chitosan BSA core–shell particles.
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Fig. 8. The effect of hollow oligo(lactide)-g-chitosan particles, core–shell SS and BSA particles (where shell is the oligo(lactide)-g-chitosan
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viability (in comparison to the untreated control) was 92%
for the pure LA-g-CS and 95% for the SS core–shell particles
on the A549 cells. The lowest cell viability in Calu-3 cells was
92% in case of the SS core–shell formulation. It is interesting
to note that the BSA encapsulated core–shell particles did
not induce any cell-kill within this concentration range on the
A549 cell line. However, a reduction in the cell viability was
observed in case of the Calu-3 cells for the same system. These
results corroborate a number of previous studies that have also
indicated CS or CS-based formulations to be fairly non-toxic on
lung cells at moderate to high concentrations (43,44).

CONCLUSIONS

In this work we demonstrate the applicability of novel
core–shell particles in the development of stable dispersions
of both small polar drugs and biomolecules in hydrofluoro-
alkane (HFA) propellants. The idea is to modify the surface
chemistry of the drug particles with an HFA-philic moiety
capable of screening the cohesive forces responsible for the
physical instability in suspension-based formulations. Core–
shell particles with a model small polar drug (salbutamol
sulfate) and a model biomolecule (BSA) were prepared by
emulsification diffusion. The particle shell consisted in
oligo(lactide) (LA) grafts attached onto a short (degraded)
chitosan (CS) backbone. The copolymer with the biodegrad-
able and biocompatible blocks was carefully designed to be
interfacially active at the water–ethyl acetate interface, thus
producing the core–shell morphology during emulsification
diffusion, and at the same time to incorporate an HFA-philic
branch (LA) that could enhance the stability of the particles
in HFAs. Colloidal probe microscopy (CPM) results ob-
tained in a mimicking HFA propellant indicate that the
cohesive forces between drug particles is significantly re-
duced to nearly zero upon the addition of the shell around
the drug particle. The CPM results correlate well with the
bulk physical stability in HFA277. Stable core–shell disper-
sions also have significantly larger fine particle fractions
compared to bare particles (baseline), and in the case of SS,
the aerosol characteristics of the core–shell formulation was
also significantly improved compared to a commercial pMDI
formulation. Cytotoxicity analysis demonstrated that the
synthesized LA-g-CS copolymer has no toxic effect on lung
alveolar epithelial A549 or airway epithelial Calu-3 cells.
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