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Purpose. To compare experimental measurements of particle cohesion and adhesion forces in a model
propellant with theoretical measurements of the interfacial free energy of particulate interactions; with
the aim of characterizing suspension stability of pressurized metered dose inhalers (pMDIs).
Methods. Interparticulate forces of salbutamol sulfate, budesonide, and formoterol fumarate dihydrate
were investigated by in situ atomic force microscopy (AFM) in a model propellant 2H,3H perfluoro-
pentane. The surface thermodynamic properties were determined by contact angle (CA) and inverse gas
chromatography (IGC). Experimental data were compared with theoretical work of adhesion/cohesion
using a surface component approach (SCA), taking into account both dispersive and polar contributions
of the surface free energy.
Results. Results indicated that the measured forces of interaction between particles in model propellant
could not be accounted for by theoretical treatment of the dispersive surface free energies via CA and
IGC. A correlation between theoretical work of adhesion/cohesion and AFM measurements was ob-
served upon the introduction of the polar interfacial interactions within the SCA model.
Conclusions. It is suggested that the polar contributions of the surface free energy measurements of
particles may play a crucial role in particle interaction within propellant-based systems. Together with
the application of a SCA model, this approach may be capable of predicting suspension stability of
pMDI formulations.
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INTRODUCTION

The delivery of drug particulates to the respiratory tract
has become an essential and effective means of treating a
variety of pulmonary disorders, including asthma, chronic ob-
structive pulmonary disease, bronchitis, and cystic fibrosis
(1,2). Such popularity can be related to the relative small dose
required for effective and often rapid onset of the therapeutic
effect while reducing systemic exposure and minimizing drug-
related side effects. The pressurized metered dose inhaler
(pMDI) remains the most commonly prescribed device for
therapeutic aerosol delivery (3). Currently, this dosage form
may contain hydrofluoroalkane (HFA) propellants alongside
the drug substance, surfactant, and cosolvents. The formula-
tion of a pMDI can generally be subdivided into two catego-
ries: solution- and suspension-based systems. Suspension-
based pMDIs are generally the most popular because drugs
are generally insoluble in the propellant system and thus solu-
bilization in a nonpolar solvent and/or the potential for
chemical degradation are obviated (4).

Non-aqueous suspensions raise particular formulation
challenges. Their preparation requires careful consideration

of the interaction between drug particulates in liquefied pro-
pellant, and various components of the pMDI device (3,4).
Previous approaches have investigated the behavior of pMDI
system mainly through empirical measurements of the floc-
culation behavior of particulates, and analytical measurement
of the loss of drug within the device (4,5). Techniques such as
zetametry, sedimentation, and particle size analysis (6), mi-
croscopy and spectroscopy (7,8) are routinely used to mea-
sure pMDI formulation stability. However, indirect and direct
measurement of the various interactions, which govern their
behavior, have seldom been performed. The use of surface
energetic measurements, via contact angle (CA) and inverse
gas chromatography (IGC) measurements, together with the
use of particle interactions theories have enabled indirect
evaluation of the particulate interactions (9–12). Moreover,
the advent of the atomic force microscope colloid probe ap-
proach (13) provides an approach to directly quantify inter-
actions between drug particles and formulation components
in model pMDI systems (14,15).

The primary aim of the study was to correlate atomic
force microscopy (AFM) measurements of interparticulate
forces with theoretical measurements of the interfacial free
energy of particle interactions via surface free energy data
and to gain a greater understanding of the thermodynamic
and surface physicochemical properties that directly influence
particle-particle interactions in suspension-based pMDI sys-
tems. The quantitative study of adhesion/cohesion interac-
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tions in a model pMDI was carried out by in situ colloid probe
AFM. The surface thermodynamic properties of the active
ingredients were measured using contact angle (CA) and in-
verse gas chromatography (IGC). The relationship between
AFM measurements and the interfacial behavior of the col-
loid particles was modeled using a surface component ap-
proach (SCA) derived from Fowkes, Good-Girifalco, and van
Oss models (9,16,17).

Particle Interaction Theory

Interactions between colloidal particles are usually
described by the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (18,19). The DLVO theory considers two
types of interactions: a dispersive attractive interaction of the
Lifshitz van der Waals (LW) type and a predominately repul-
sive electrostatic interaction due to the interpenetration of
electrical double layers. The application of the DLVO theory
for the stabilization of drug suspensions in non-aqueous pMDI
media has not been fully validated (20). The possible limita-
tion of the approach, which has been successfully used to
describe the behavior of aqueous suspensions, is the absence
of an ionic double layer (21,22). A quick theoretical calcula-
tion of the repulsive electrostatic energy of interaction be-
tween 1-�m solid particles as a function of interparticulate
distances in liquefied propellants with varying dielectric con-
stants (reciprocal thickness of the diffuse double layer set at 2
× 106 cm−1) show that the electrostatic repulsive forces acting
between particles are small. This may be attributed to the
overlap of very diffusive electrical double layers due to a
combination of low dielectric constants and low ionic
strengths (23). Thus, the attractive LW forces are thought to
predominate at all separation distances. As a result, theoret-
ical descriptions of non-aqueous drug suspensions via a
DLVO approach are very limited, as they fail to adequately
predict the stability of these formulations (4,20).

An alternative approach to the DLVO theory has been
proposed by van Oss (9,24,25). The approach decomposes the
surface energetics (i.e., surface tension or contact angle val-
ues) into independent contributions and in particular intro-
duces a polar acid-base (AB) (electron donor/electron accep-
tor) component (9). The corresponding polar free energy of
interaction (AB), which can be repulsive or attractive (de-
pending on the chemical structure, suspending medium prop-
erties and surface potential) can control the total energy of
interaction at small separation distances. According to this
surface contribution approach (SCA), the total surface free
energy of a solid is determined by the LW dispersive compo-
nent (�LW) and the polar AB component (�AB) as given in
Eq. (1):

�TOT = �LW + �AB (1)

The total free energy of interaction between two surfaces
in a liquid medium is subsequently defined as the sum of LW
dispersive interactions, the polar component (AB), and elec-
trostatic double layer (EL) interactions [Eq. (2)]:

�GTOT = ��GLW + �GAB� + �GEL (2)

In the absence of an electrostatic influence, the interac-
tion energy between solid surfaces (S) immersed in a liquid
(L) can be expressed by the interfacial free energy (�GSLS),

see Eq. (3). This in turn can be related to the solid-liquid
interfacial tension via:

�GSLS = �GLW + �GAB = −2�SLS = −2��SLS
LW + �SLS

AB � (3)

The interfacial energy parameters for the LW and AB
contributions between similar solids (1) in a liquid (3) can be
obtained from the surface free energy and surface tensions of
the solid and liquid by using the Good-Girifalco-Fowkes ap-
proach (16,17) [Eq. (4)]:

�G131 = −2����1
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LW�2 + 2���1
+�1
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For liquids with very low polarity (�3
+ � �3

− ∼0 mJ/m−2),
the free energy of interaction can be simplified to [Eq. (5)]:

�G131 = −2���1
LW − ��3

LW�2 − 4��1
+�1

− (5)

Hence, knowledge of the surface energy of the solid
(�1

LW, �1
+, and �1

−) and the surface tension of the liquid
(�3

LW, �3
+ and �3

−) enables the determination of interaction
energy between particles within the media.

Similarly, the energy of interaction between dissimilar
solid surfaces (1 and 2) in a liquid (3) can be calculated using
the following expression (6):
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In an apolar medium (�3
+ and �3

− ∼0 mJ m−2), the energy
of interaction can be used in the simplified form (7):
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The influence of the van der Waals interactions on the
force of adhesion can be related to the thermodynamic work
of adhesion (Wad � −�GSLS � −�G132) through the Hertz
approximation for elastic bodies (26), which takes into ac-
count the separation distance and the contact geometry of
interacting surfaces. Two models can be used for this purpose,
the Johnson, Kendall, and Roberts (JKR) and the Derjaguin,
Müller, and Toporov (DMT) models (27,28). Their validity
have been found to depend on the interacting materials and
their geometries. The DMT theory is typically valid for small
particles, low surface energies and high elastic moduli, whilst
the converse is true for the JKR model.

The general form of the relationship of the force of ad-
hesion with the energy (derived for LW interactions between
two spherical particles) can be expressed as in Eq. (8) (27):

Fad = n�R*Wad (8)

where R* is the harmonic mean of the particle radii (also
called contact radius) and n is a predetermined constant de-
pending on the selected model (n � 3/2 for JKR and n � 2
for the DMT model).
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MATERIALS AND METHODS

Materials

Micronized salbutamol sulfate, budesonide, and formo-
terol fumarate dihydrate were supplied by AstraZeneca
(Loughborough, Leicestershire, UK) and were used as re-
ceived. The model propellant HPFP (2H, 3H perfluoropen-
tane) was supplied by Apollo Scientific (Stockport, Der-
byshire, UK). The purity of HPFP was in excess of 99.9%,
with a moisture content less than 9 ppm. Further purification
of the HPFP was achieved by filtering and purifying with
chromatographic grade acidic and basic alumina (Fluka, Gill-
ingham, UK). This treatment was necessary to remove impu-
rities in the organic liquid that may otherwise directly influ-
ence particle adhesion measurements. All organic solvents
(diiodomethane and ethylene glycol) used in the study
were supplied by BDH (Poole, Dorset, UK) and were of
analytical grade. Purified water was prepared by reverse os-
mosis (MilliQ, Molsheim, France).

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to char-
acterize the morphology of the micronized drugs. Powder
samples were deposited on adhesive carbon black tabs, which
were premounted on aluminum stubs. Particles were coated
with a thin gold film using a sputter coater (model S150B,
Edwards High Vacuum, Sussex, UK). Samples were imaged
using a JEOL 6310 SEM (Jeol, Tokyo, Japan) at 10KeV.

Particle Sizing

Particle sizing of the micronized drug samples were per-
formed using a Mastersizer X (Malvern Instruments Ltd,
Malvern, UK). The instrument was equipped with a small
volume cell (with a capacity of approximately 20 ml) and a
100 mm lens, allowing particle detection in the size range of
0.5–120 �m. Approximately 1 mg of drug material was sus-
pended in a 0.1% w/v lecithin/cyclohexane solution and soni-
cated for 10 min at 25°C prior to analysis. The particle size
distribution was characterized by the 10th, 50th, and 90th
percentile of the cumulative particle undersize frequency dis-
tribution. All samples were run as triplicates.

Preparation and Characterization of Drug Crystals

One of the limitations of the colloidal probe AFM ap-
proach to date has been associated with dramatic inter- and
intra-variations in cohesion and adhesion measurements re-
lated to slight differences in contact geometry between inter-
acting surfaces. In this study, direct comparisons of the force
of interaction between specific colloid probes and an array of
substrate materials was made possible by crystallizing mo-
lecularly smooth crystals from solution. Single crystals of sal-
butamol, budesonide, and formoterol were heterogeneously
nucleated and grown on a borosilicate glass substrate using a
sitting drop technique, described elsewhere (29). This process
produced planar crystals with large areas of sub-nanometre
smooth surfaces.

AFM Topographical Measurements

The surface topography of the drug crystal surfaces was
investigated using the AFM in its conventional imaging mode.
Imaging was conducted in Tapping Mode operation with a
high-aspect-ratio silicon probe (OTESP, Digital Instruments,
UK), at a scan rate of 0.7 Hz. All AFM studies were per-
formed using a commercially available Multi Mode AFM with
a Nanoscope III controller [Digital Instruments (DI), Cam-
bridge, UK]. The root mean squared surface roughness
(Rrms) of the deviations from the average height was calcu-
lated from the AFM height data over a 5 �m × 5 �m area via:

Rrms =�1
n �

i=l

n

yi
2 (9)

where n is the number of points in topography profile and yi

is the heights of the surface asperities (i).

Model Drugs Compact Preparation

Contact angle measurements were obtained using the
sessile drop method on model compacts of the micronized
drug. Compacts were prepared by direct compression using a
servo hydraulic press (model 25010, Specac Ltd., Kent, UK).
Approximately 250 mg of the micronized material was
weighed into a 10-mm stainless steel die, spread evenly in the
die, and compacted with a compression force of 10 kN. Com-
pacts were stored in sealed containers in a controlled envi-
ronment (25°C, 44% RH) for at least 24 h prior to use.

AFM Colloid Probe Measurements

Colloid probes were prepared by mounting an individual
micronized drug particle (approximate diameter 5 �m) onto a
V-shaped tipless cantilever (spring constant k � 0.32 N/m,
DNP-020, DI, Cambridge, UK) using a quick-setting epoxy
resin (30). Extreme care was taken during drug probe prepa-
ration to limit the amount of drug-glue contact. The micro-
manipulation technique is described in detail elsewhere (31).
The measurement of the forces of adhesion and cohesion
between individual particles and their respective crystal sur-
faces were carried out in HPFP with an in situ liquid AFM cell
(7,8). It is important to note that conventional AFM systems
are currently limited to studies in air and/or low vapor pres-
sure liquid environments. Thus, HPFP was chosen for its simi-
larities to the physicochemical properties of HFA227, used in
pMDIs (32). The use of HPFP as a model system for studying
the behavior of pMDIs, when characterization methods can-
not be adapted to the pressure regime, has been extensively
studied by Rogueda (32).

Force-distance profiles were recorded by measuring the
deflection of the cantilever as the substrate surface was
ramped into and out of contact with the cantilever in a step-
wise fashion (30,33,34). By applying Hooke’s law, F � kx
(where x is the deflection of the cantilever and k the spring
constant), a quantitative measurement of the force of adhe-
sion can be obtained. Multiple force distance curves (n �
512) were determined between each drug probe and crystal
surface over a 5 �m × 5 �m area with the following settings:
approach-retraction cycle 0.5 �m, cycle rate 4.07 Hz, and a
loading force of 20 nN. Each study was performed with three
probes of each drug. To avoid significant variations in contact
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area between an individual probe and the respective substrate
surfaces, a great deal of care and attention were taken to
maintain the integrity of the colloid probe throughout the
study.

To further overcome the limitation of not knowing the
true area of contact between drug probes, the cohesive and
adhesive forces ratios were analyzed and compared using the
recently developed cohesive-adhesive balance (CAB) analy-
sis procedure (35). This approach provides a quantitative
measurement of the adhesive and cohesive balance of the
interactive forces within a formulation. The CAB analysis
procedure allows AFM measurements of inter-particulate
forces to be directly correlated to the thermodynamic work of
cohesion and adhesion of interacting surfaces via surface en-
ergy measurements. For a particulate interacting with two
surfaces (one alike and one different) the cohesive-adhesive
balance between the two materials can be expressed by:

Fcoh

Fadh
=

R*cohesion n�Wcoh

R*adhesion n�Wadh
(10)

where Fcoh and Fadh are the cohesive and adhesive forces
measured by AFM, and Wcoh and Wadh are the thermody-
namic work of cohesion and adhesion, respectively. Assuming
the contact mechanics of the cohesive and adhesive interac-
tion follow the same theoretical model, the ratio of the van
der Waals forces for a series of colloidal probes should be
constant and directly proportional to the thermodynamic ra-
tio of the work of cohesion and adhesion of the interfacial
interactions calculated via the surface free energy measure-
ments of the interacting particles. Furthermore, determining
the balance of van der Waals forces for a series of colloidal
probes via AFM measurements overcomes the need to deter-
mine variations in the spring constant (k) of each individual
AFM cantilever.

Contact Angle Measurements

The contact angle of the powder compact surfaces were
measured using the sessile drop method (10,16,36–38) with a
NRL goniometer (Ramé-Hart, Inc., Mountain Lakes, NJ,
USA) equipped with a 2.3× objective lens, and a 10× Rams-
den type eyepiece. A liquid drop was introduced onto the
substrate surface via a microsyringe. Advancing contact
angles were measured for three different liquids (water, diio-
domethane, and ethylene glycol) at room temperature (20°C).
A summary of the surface tension components of the liquids
used in the direct contact angle determination (9) are pre-
sented in Table I. The surface energy parameters of the com-
pact surfaces were determined using the Young-Duprè equa-
tion, which requires the contact angle (�) measurements for a

minimum of three liquids (one apolar and two polar) via the
following relationship:

�L�1 + cos�� = 2���S
LW�L

LW + ��S
+�L

− − ��S
−�L

+� (11)

where �S and �L are the surface free energies of the solid and
the liquid, respectively.

Inverse Gas Chromatography

Inverse gas chromatography (IGC) provides a means of
determining both the dispersive and polar components of sur-
face free energy for micronized drugs (11,12), without poten-
tial modification of the surface properties of the particles
upon compaction (39). The surface free energy characteristics
of the micronized powders were determined using a commer-
cially available IGC (IGC 2000, Surface Measurement Sys-
tems Ltd, London, UK). The dispersive component of the
solid surface free energy (�s

d) can be calculated by measuring
the retention time (volume) of a series of alkanes of known �l

d

injected at an infinite dilution using the following relationship
(40):

RT ln VN = 2N��s
da��l

d + C (12)

where R is the gas constant, T the temperature, N is
Avogadro’s number, a is the projected surface area of the
sample probe, �l

d the dispersive component of the probe, and
VN the net volume of carrier gas required to elute the probe
molecules from the column (corrected for column dead time
and compression factors). This procedure is based on the de-
termination of a linear relationship between the retention
volume (RTlnVN) of the nonpolar probe against a(�l

d)0.5. The
dispersive component of the surface free energy of the solid
can be calculated from the slope.

The electron donor and electron acceptor properties of
the micronized powders were determined by IGC using polar
liquids in the vapor phase. The specific (polar) interactions
�Gsp can be related to the acidic or electron accepting pa-
rameter (Ka) and the basic or electron donor parameter (Kb)
by the following equation:

�Gsp

AN*
= � DN

AN*�Ka + Kb (13)

where DN is an electron donor or base number characterized
according to Gutmann (41) and AN* is an electron acceptor
or acid number (42). The values of Ka and Kb of the powder
samples were determined from the gradient and the intercept
of the line obtained plotting �Gsp/AN* vs. DN/AN*.

Approximately 1.0 g of the micronized powder was
weighed into standard glass IGC columns and plugged with
glass wool. Each column was tapped for 5 min, using the
minimum setting on a jolting voltameter (Surface Measure-
ment Systems Ltd, London, UK) to a produce “homoge-
neous” powder bed. Each column was purged in the IGC at
0% RH, at 318.05 K with dry nitrogen for 3 h prior to analysis
to remove surface moisture. The retention time of a series of
n-alkanes (hexane to decane) and polar (ethanol, chloroform,
dioxane, ethyl acetate, and acetone) probes were detected at
infinite dilution with a flame emission detector. Column set-
tings and run times for all three drugs were optimized at
318.05 K. Each column was analyzed twice.

Table I. Surface Tension Components and Parameters of Liquids
Used in CA Measurements at 20°C (van Oss, 1994) (14)

Surface tension components
and parameters (mJ � m−2)

�LW �+ �− �AB

Diiodomethane 50.8 ∼0 0 0
Water 21.8 25.5 25.5 51.0
Ethylene glycol 29.0 1.92 47.0 19.0
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Statistical Analysis

The statistical analysis of forces of interaction between
individual colloid probes and respective substrates were com-
pared using one-way ANOVA. The results were found to be
significantly different based upon 95% probability values (p <
0.05).

RESULTS AND DISCUSSION

Physical Characterization

The morphology and size of the micronized drugs were
fully characterized by SEM and laser light diffraction.

Scanning Electron Microscopy

Representative scanning electron micrographs of the mi-
cronized drugs are shown in Fig. 1. In general, all three drugs
exhibited irregular crystal morphology with clear variations in
crystal size, which correlated well with particle size measure-
ments.

Particle Size

Micronized budesonide was found to have a median
equivalent volume diameter of 3.24 �m, with over 82% of
particles below 5 �m. By comparison, formoterol was found
to have a median equivalent volume diameter of 2.69 �m,
with 93% of particles below 5 �m. Salbutamol was found to
have the largest median equivalent volume diameter of 6.61
�m, with 46% of particles below 5 �m. In general, the particle
sizing data agreed well with SEM observations, with drug
samples falling within the required size range for pulmonary
delivery.

Determination of Contact Angle and Relative Surface
Energy Values for Powder Compacts

The surface energy components obtained by CA (9,10)
and IGC measurements are presented in Table II. Both CA
and IGC values follow a similar trend. The highest dispersive
(LW) values were measured for budesonide by both tech-
niques, followed by formoterol and then salbutamol. These
observations are in general agreement with related studies of
the ranking of the dispersive parameters of pharmaceutical
powders (43,44). A direct comparison of the data between the
two techniques is rather difficult due to the variations in the
experimental and theoretical approaches (11). The acidic and
basic components of the powder samples from IGC measure-
ments are not consistent with the results obtained from CA
measurements. A quantitative determination of the polar
components from IGC would require specific knowledge of
the surface contact area of the polar component of the solvent
probes with the solid. This limitation currently precludes the
use of the surface component approach in determining the
polar free energy of interaction via IGC measurements.

Determination of the Theoretical Work of Adhesion/
Cohesion

The dispersive and polar components of the work of co-
hesion and adhesion of the drug particles were calculated
from the surface energy measurements derived from the CA

studies and the surface tension value of HPFP. The dispersive
LW work of cohesion and adhesion was obtained using the
Good-Girifalco-Fowkes combining rule from the IGC mea-
surements [Eq. (4)]. The thermodynamic work of adhesion
and cohesion were calculated for the various particle-particle
combinations in HPFP, and are shown in Table III.

Comparison of the LW and AB work of cohesion/
adhesion for salbutamol suggests that both the cohesive and
adhesive interactions are dominated by polar interactions.
The dispersive part of the interactions is greatest for the sal-
butamol-budesonide combination and smallest for salbuta-

Fig. 1. Scanning electron micrographs of micronized salbutamol sul-
fate (A), budesonide (B), and formoterol fumarate dihydrate (C).
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mol-salbutamol. This is true for both CA and IGC measure-
ments. The total energy, that is, when both LW and AB
components are taken into consideration, is greater for
the cohesive salbutamol interactions, followed by the adhe-
sion energies of salbutamol-formoterol and salbutamol-
budesonide.

For budesonide, the LW components dominate the AB
interactions for cohesive and adhesive (budesonide-
formoterol) energies. However, the polar contributions are
higher for the budesonide-salbutamol adhesive energy. Inter-
estingly, the total theoretical work of interaction is greater for
budesonide-salbutamol, with a strong polar component.

For formoterol, the dispersive energy component is
greater for the budesonide-formoterol adhesion. The polar
energy component is greater for the formoterol-salbutamol
adhesion, and the total energy is greatest for this system.
Thus, further highlighting the importance of polar energetic
components in particle interactions.

This brief theoretical treatment of particle interactions
derived from surface energetic components highlights the
possibility of significant variations between interfacial inter-
actions depending on whether they are calculated from dis-
persive components or a combination of polar and dispersive
contributions. The fact that polar components of the solids
should be taken into account in non-polar liquids is counter-
intuitive and cannot be overlooked.

In an attempt to quantify these theoretical predictions,
the thermodynamic work of adhesion and cohesion was com-
pared with adhesive and cohesive force measurements via
AFM experiments.

Atomic Force Microscopy Analysis

Measurement of pull-off forces between individual par-
ticles and substrate surfaces by AFM and the influence of

complex interactive forces on particle adhesion have been
reported previously (15,31,45). However, wider application of
the AFM technique for preformulation development has
been limited by the dramatic influence of the contact area
between contiguous surfaces on quantitative force measure-
ments. Although attempts to quantify the contact radii of the
asperities of the colloid probes have been made (45), normal-
ization and direct comparison of cohesive and adhesive forces
in multicomponent systems remains onerous, due to the lim-
ited knowledge of the true contact area between probe and a
substrate of varying surface roughness. Furthermore, efforts
to predict adhesive interactions using theoretical approaches
and surface energy measurements have, to date, proved un-
satisfactory (46). Theoretical estimates are often several or-
ders of magnitude greater than experimental measurements
(47,48). The most plausible explanation for this discrepancy is
the variation in the mesoscopic contact area between contigu-
ous surfaces from the expected macroscopic dimensions.
These difficulties can, however, be overcome by the use of the
novel cohesive-adhesive balance (CAB) analysis procedure
developed by Begat et al. (35).

Analysis of Substrates Surfaces

Prior to adhesion studies, the surface roughness on the
dominant crystal face of each drug substrate was investigated.
Roughness analysis (n � 25, 5 × 5 �m area) of the surface
topography for each drug crystal indicated RRMS values of:

Salbutamol, 1.33 nm (±0.04)
Budesonide, 0.68 nm (±0.01)
Formoterol, 1.52 nm (±0.01)

The data suggested extremely smooth surface morpholo-
gies, with surfaces exhibiting a root-mean-squared roughness
well below 2 nm over a 25 �m2 area. Although different
degrees of roughness did exist between drugs (most likely
related to differing crystal growth processes and kinetics dur-
ing crystallization), the uniform and smooth topography
made them highly suitable for maintaining reproducible con-
tact geometry between an individual colloid probe and the
substrate surfaces under investigation.

Measurement of Forces of Cohesion and Adhesion

The in situ AFM probe technique allowed direct mea-
surements of the cohesion and adhesion between single drug
particulates and the dominant crystal faces of each drug ma-
terial. The integrity of all drug probes was investigated prior
to and post measurement using a high-magnification 500×
long-working distance optical microscope. In all cases, the
drug probes appeared proud of the cantilever surface, with no
visible differences between the start and end of the experi-
mental procedure (indicating no macro/microscopic change in
drug-probe morphology). The number distribution of each

Table II. Surface Free Energy Components Obtained via CA and IGC Measurements

Surface energy components from CA (mJ � m−2) Surface energy components from IGC (mJ � m−2)

�LW �+ �− �AB �LW Ka Kb

Salbutamol sulphate 46.5 ± 0.7 8.3 ± 1.5 18.5 ± 1.2 24.6 ± 2.5 39.1 ± 1.3 0.085 ± 0.002 0.029 ± 0.001
Budesonide 49.1 ± 0.4 0.3 ± 0.4 22.5 ± 3.8 4.6 ± 2.9 62.9 ± 1.7 0.113 ± 0.002 0.013 ± 0.001
Formoterol 48.5 ± 0.4 0.1 ± 0.2 3.2 ± 3.0 51.2 ± 0.7 0.93 ± 0.002 0.026 ± 0.001

Values are mean ± SD, n � 3.

Table III. Theoretical Values of the Thermodynamic Work of Ad-
hesion and Cohesion for Particulate Interactions in HPFP, Calculated

via Equation VII

WLW

IGC
WLW

CA
WAB

CA
WTOT

CA

Cohesive energies
Salbutamol-Salbutamol 13.15 19.62 49.40 69.00
Formoterol-Formoterol 24.08 21.50 7.74 29.24
Budesonide-Budesonide 36.04 22.04 11.12 33.14

Adhesive energies
Salbutamol-Formoterol 17.79 20.54 36.82 57.34
Salbutamol-Budesonide 21.77 20.80 32.26 53.06
Budesonide-Formoterol 29.46 21.76 10.04 31.8

All values are in mJ � m−2.
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data set indicated a normal distribution with low variability,
suggesting the interaction with a highly smooth substrate sur-
faces providing a uniform contact geometry for the interact-
ing probe. The specific mean values and standard deviations
for the interaction for each drug probe and substrate are pro-
vided in Table IV. As expected, comparisons between probes
of the same drug (probes 1–3) indicate large variations in
adhesion force. This may be explained by the difference in
particle size and variations in contact geometry due to the
irregular shape of the probes. Without prior knowledge of the
true contact area of each probe, inter-probe variations cannot
be quantified. However, trends can be discerned for each
drug probe and their forces of interactions measured ranked.

Hence, the cohesive salbutamol-salbutamol force of in-
teraction was shown to be stronger than the adhesion salbu-
tamol-formoterol, which in turn was higher than salbutamol-
budesonide interactions. The AFM data suggested that the
salbutamol-formoterol interaction was approximately twice
that of the salbutamol-budesonide adhesion.

For the budesonide probes, the order was budesonide-
salbutamol, budesonide-budesonide and budesonide-
formoterol. The quantitative AFM data suggested that the
adhesive (budesonide-salbutamol) interaction was nine times
greater than the cohesive one.

Finally, for formoterol, the rank order was formoterol-
salbutamol, formoterol-formoterol, and formoterol-
budesonide. AFM data suggested that the formoterol-
salbutamol interaction was approximately five times greater
than the force of cohesion.

Comparisons Between Thermodynamic Work of Adhesion
and AFM Measurements

As previously discussed, the thermodynamic work of ad-
hesion is directly proportional to the force of adhesion. To
highlight this relationship and the specific role of the disper-
sive (LW) and total (LW + AB) interactions, representative
plots of the theoretical work of adhesion of the LW
(Wad

LW) interactions and the influence of acid-base interac-
tions (Wad

Tot � Wad
LW + Wad

AB) vs. the force measure-
ments are shown in Fig. 2 (for the case of salbutamol drug
probe). It is anticipated that the work of adhesion/cohesion
should increase with an increasing force of adhesion/cohesion.

The plots suggest no direct relationship between the
separation force measurements and the dispersive component
of the work of adhesion (Wad

LW) calculated from either IGC
or CA measurements (Fig. 2, IGC and CA). However, a posi-
tive relationship was observed between the force measure-
ments and the total work of adhesion (Wad

Tot) when taking
into accounts both the non-polar and polar contributions.

Table IV. AFM Separation Force Measurements for Micronised Salbutamol Sulphate, Budesonide and Formoterol Fumarate Dihydrate

Probe

Substrate

Salbutamol Budesonide Formoterol

Tip 1 Tip 2 Tip 3 Tip 1 Tip 2 Tip 3 Tip 1 Tip 2 Tip 3

Salbutamol 29.5 ± 1.5 41.5 ± 1.7 63.9 ± 2.3 10.9 ± 1.1 48.2 ± 2.9 71.9 ± 2.2 58.2 ± 2.1 15.3 ± 1.9 11.2 ± 2.4
Budesonide 12.5 ± 0.9 14.8 ± 1.0 25.8 ± 1.3 0.9 ± 0.2 5.0 ± 2.2 7.9 ± 4.0 13.7 ± 0.3 6.7 ± 1.9 3.7 ± 0.2
Formoterol 18.4 ± 1.9 32.1 ± 0.8 45.0 ± 3.7 1.2 ± 1.1 3.7 ± 0.7 6.7 ± 1.4 13.1 ± 0.7 6.2 ± 0.9 4.1 ± 1.3

Values are ± SD, n � 3 probes. All forces are in nN.

Fig. 2. Plot of the theoretical thermodynamic work of adhesion vs.
AFM force measurements for salbutamol sulfate drug probes (n � 3
probes, � � 1; � � 2; � � 3). Energies were calculated from IGC
and CA measurements. The upper two plots take into account the
dispersive contribution only. The lower plot includes the polar as well
as dispersive contributions. Key to the abbreviations: salbutamol
(SS), formoterol (FFD), and budesonide (BUD).
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Similarly, analysis of the budesonide and formoterol in-
teractions indicated no correlation between the LW work of
adhesion (from IGC and CA) and AFM measurements, while
the total theoretical work correlated well with experimental
AFM data. Such observations suggest that polar interactions
between contiguous surfaces play a significant role in particle
adhesion/cohesion in non-aqueous media and should not be
neglected in predictive theoretical approaches.

Relationship Between CAB Plots and Theoretical
Cohesion/Adhesion Ratios

An estimation of the separation force from theoretical
treatment of the interfacial interactions via surface energy
measurements would require knowledge of the effective con-
tact area of each probe, as indicated by Eq. (8). This limita-
tion precludes direct correlation of individual AFM force
measurements for each probe with theoretical measurements
of the work of adhesion/cohesion. However, the determina-
tion of the force balance for a series of colloid probes using
the CAB analysis procedure does allow quantification of the
relationship between the theoretical work of cohesion and
adhesion and corresponding AFM measurements.

From theory, the cohesion between material 1 and adhe-
sion between material 1 and 2 in a liquid media (3) can be
expressed as:

F131

F132
=

n�R*131W131

n�R*132W132
(14)

where F131 and F132 are the cohesive and adhesive forces,
respectively. Assuming that the tailoring of the substrate sur-
faces enables equivalence of the contact radii R131* and R132* ,
the relationship between theory and experimental measure-
ments can be discerned. From Eq. (14), the slope of a plot of
the force of cohesion vs. the force of adhesion for a series of
probes would yield the ratio of the thermodynamic work of
cohesion to the work of adhesion.

The AFM data and the theoretical estimation of the co-

hesive-adhesive balance from the thermodynamic surface free
energy measurements for salbutamol, budesonide, and for-
moterol probes are shown in Figs. 3, 4, and 5, respectively.
The bisecting (dotted) line in each figure corresponds to the
balance between of cohesion and adhesion (Fcoh � Fadh, or
Wadh � Wcoh). The relative position of the AFM data points
with respect to the bisector is a direct indication of the cohe-
sive and adhesive tendencies of the drug particles considered.
Data below the bisector indicate an affinity for the probe
material to develop adhesive interactions (Fadh > Fcoh). Con-
versely, data above the bisector denote dominant cohesive
properties.

Fig. 3. Relationship between AFM cohesion and adhesion measure-
ments for salbutamol sulfate probes (SS, n � 3) illustrated as a CAB
plot. The bisecting (solid) line is the equilibration of the cohesion and
adhesion. Dotted lines are theoretical ratios calculated from surface
component approach with polar and dispersive contributions. �,
budesonide (BUD) substrate; �, formoterol (FFD) substrate.

Fig. 4. Relationship between AFM cohesion and adhesion measure-
ments for budesonide probes (BUD, n � 3) illustrated as a CAB plot.
The bisecting (solid) line is the equilibration of the cohesion and
adhesion. Dotted lines are theoretical ratios calculated from surface
component approach with polar and dispersive contributions of the
surface free energy measurements. �, formoterol (FFD) substrate; �,
salbutamol (SS) substrate.

Fig. 5 Relationship between AFM cohesion and adhesion measure-
ments for formoterol fumarate dihydrate probes (FFD, n�3) illus-
trated as a CAB plot. The bisecting (solid) line is the equilibration of
the cohesion and adhesion. Dotted lines are theoretical ratios calcu-
lated from surface component approach with polar and dispersive
contributions. � � salbutamol (SS) substrate; � � budesonide
(BUD) substrate.
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Analysis of Fig. 3 suggested salbutamol to be more co-
hesive than adhesive, when interacting with formoterol and
budesonide. This is in accordance with the theoretical predic-
tions of the total work of adhesion/cohesion shown in Table
III.

Similar analysis of CAB data for the budesonide drug
probes (Fig. 4) suggested that budesonide was more adhesive
with salbutamol than cohesive with itself. The theoretical ap-
proach was in agreement with this tendency for an adhesive
interaction. Similar agreement between theory and experi-
ment was found for the budesonide-formoterol interactions.

The CAB and theoretical analysis of formoterol interac-
tions (Fig. 5) suggested that formoterol was biased toward
adhesion. This again confirmed the experimental and theo-
retical findings.

A linear regression analysis of the balance of the cohe-
sive and adhesive forces as measured by AFM was performed
to calculate the cohesive/adhesive force ratio. These ratios are
summarized in Table V, together with the theoretical ratio of
the work of cohesion to the work of adhesion. There is a good
correlation between the experimental and theoretical ratios,
although absolute values are not well correlated, albeit of the
same order of magnitude. The two approaches suggest the
same bias toward either adhesive or cohesive interactions.
The discrepancy between experimental and theoretical mea-
surements, which is of greatest significance for interactions
involving salbutamol, may relate to a slight polarity of the
model liquid propellant that has not been taken into account.
This for instance is known to affect liquid-liquid surface ten-
sion predictions. Other possible reasons could be related to
the AFM measurements being conducted on the dominant
face of each drug crystal, while the surface energy values were
calculated from contact angles measurements derived from
compacts of micronized drug. Thus, it is reasonable to assume
that the less dominant faces may influence the measurements.
The relationship between face specific surface free energy
and work of adhesion is a subject of ongoing investigations.

The theoretical model developed in this work and its
correlation with direct AFM force measurement may provide
the basis for a powerful pMDI preformulation tool. This un-
derstanding of the influence of the physicochemical proper-
ties of colloid particles on particulate interactions may pro-
vide the formulation scientist with a guide to improving the
stability of pMDI suspensions and the behavior of the system
under development.

CONCLUSIONS

Direct measurements of the interaction forces (via AFM
measurements) responsible for the stability of colloid par-

ticles in pMDI formulations indicate a fine balance between
adhesive and cohesive tendencies. A relationship between the
theoretical interfacial thermodynamics, derived from the sur-
face component approach, and experimental force measure-
ments were demonstrated. Correlation of the experimental
measurements with theory required the introduction of the
polar as well as dispersive components of surface energies of
the interacting solids. This combined approach may provide a
novel means of predicting suspension stability of pMDI for-
mulations.
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