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Purpose. To obtain a quantitative assessment of the cohesive and
adhesive force balance within dry powder inhaler formulations.
Methods. The atomic force microscope (AFM) colloid probe tech-
nique was used to measure the adhesive and cohesive force charac-
teristics of dry powder systems containing an active component
(budesonide, salbutamol sulphate) and a-lactose monohydrate. To
minimize the variations in contact area between colloid probe and
substrates, nanometer smooth crystal surfaces of the drugs and the
excipient were prepared.

Results. The uniformity in contact area allowed accurate and repro-
ducible force measurements. Cohesive-adhesive balance (CAB)
graphs were developed to allow direct comparison of the interaction
forces occurring in model carrier-based formulations. A salbutamol
sulphate-lactose system revealed a significant tendency for the two
materials to adhere, suggesting a propensity for the powder to form
a homogenous blend. In contrast, the budesonide-lactose system ex-
hibited strong cohesive properties suggesting that the formulation
may exhibit poor blend homogeneity and potential for segregation
upon processing and handling.

Conclusions. The novel approach provides a fundamental insight into
the cohesive-adhesive balances in dry powder formulations and fur-
ther understanding of powder behavior.
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INTRODUCTION

The adhesion between a micrometer-sized particle and a
solid surface is a result of a complex combination of physical
forces. These include the ubiquitous van der Waals forces, as
well as possible influences from electrostatic and capillary
forces (1). The contribution of each of these forces to the
overall adhesion is dependant on various factors, including
the physical properties of the contiguous surfaces [surface and
interfacial free energies (2,3), mechanical properties (4), and
contact area, as well as environmental conditions (tempera-
ture and relative humidity (5-7)]. However, direct character-
ization of the specific influence of these individual forces and
their dependence on physico-mechanical and environmental
conditions are difficult to discern. Well-established tech-
niques for measuring particle adhesion include centrifugal
particle detachment, fluid dynamic and vibration methods (8-
10). These techniques provide quantitative information con-
cerning the integrated effect of physical and environmental
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variations on particle adhesion. They are, however, severely
limited when the properties that influence the adhesion of an
individual particle and a substrate surface are required. With
the advent of the atomic force microscope (AFM) and the
development of the colloid probe technique, quantification of
the total interaction force between an individual drug particle
and a substrate surface can be determined (11).

In the absence of any significant electrostatic force or
upon complete dissipation of the build-up of electrostatic
charges from interacting surfaces, the principal forces contrib-
uting to particle adhesion are the van der Waals and capillary
forces. Various theoretical models, derived from the Hertz
approximation (12), have been developed to determine the
van der Waals force of interaction. The two most commonly
used models are the Johnson-Kendall-Roberts (JKR) (13)
and the Deryaguin-Muller-Toporov (DMT) (14) models. The
resulting force of adhesion between two spheres is provided
in equation (1):

dew = anR*Wud (1)

where R* is the harmonic mean of the particle radii (also
called contact radius), W, 4 is the thermodynamic work of
adhesion (mJ-m~2), and n is a predetermined constant de-
pending on the selected model (n = 3/2 for JKR and n = 2
for the DMT).

Capillary forces arise from the dynamic condensation of
water molecules onto particle surfaces. If the amount of con-
densed water is sufficient, a meniscus is formed between the
contact points of the adjacent surfaces as liquid is drawn by
capillary action around the contact points, inducing an attrac-
tive force. Fisher and Israelachvili (15) proposed a method to
predict the capillary interaction between two spherical par-
ticles. The subsequent capillary force equation is shown be-
low:

F.=4mR*y, cos ¢ +4mR*yg, @)

Where vy, is the water surface tension, yg; is the solid-liquid
interfacial free energy, and 6 is the measured contact angle of
the liquid with the particle surface.

It should be highlighted that both the thermodynamic
work of adhesion W, and contact angle are directly depen-
dant on the surface free energies and the interfacial free en-
ergy of the interacting surfaces. Furthermore, van der Waals
and capillary forces are directly proportional to particle radii
(i.e., contact area). Thus, these two factors are of critical im-
portance in the quantification of interparticle forces.

Measurements of the pull-off forces between pharmaceu-
tical particles with irregular morphologies and varying degree
of surface roughness have previously been reported (16). Al-
though the effects of surface roughness on variations in ad-
hesion forces are acknowledged, direct quantification of true
contact area between two contiguous surfaces remains diffi-
cult (7). More recently, however, a method for characterising
the contact area between a micronized particle and a sub-
strate surface has been developed (17,18). This AFM based
approach involves scanning a colloidal drug probe over a grid
composed of very sharp asperities. Due to a limitation in the
Villarrubia algorithm utilized to reconstruct the substrate to-
pography, a reverse surface image of the tip is recorded. Al-
though an estimate of the area of contact of a micron sized
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particle can subsequently be discerned, the approach is lim-
ited when considering the surface deformation of the inter-
acting materials and the variations between two substrate sur-
faces of different rugosities.

Model substrate surfaces for AFM colloid probe investi-
gations are commonly prepared by high-pressure compaction
tableting (17,19). It is speculated that the high loading pres-
sures required are sufficient to induce local defects and dis-
locations, and potentially significant areas of amorphous dis-
order (20,21). The presence of these amorphous domains may
alter the surface free energy properties of the substrate ma-
terial and subsequently modify the associated mechanical
properties and thermodynamic work of cohesion/adhesion
upon interaction.

In this study, model drug and carrier particles were crys-
tallized directly from solution to obtain well-defined and
highly reproducible single crystals with characteristically
smooth and planar surfaces. Although the contact area be-
tween an interacting probe and substrate would remain un-
known, the uniform texture of substrate surfaces should allow
direct comparison of interactions between a specific colloid
probe and an array of substrate materials. This AFM based
approach may provide a novel means of quantifying the co-
hesive and adhesive interactions within a dry powder formu-
lation and ultimately provide a critical understanding of the
force balance, which directly influence the overall character-
istics and performance of a dry powder formulation.

MATERIALS AND METHODS

Materials

Budesonide was supplied from Sicor (Batch number
6157/MI, Santhia, Italy), salbutamol sulfate from Becpharm
Ltd (Batch number 940077, London, UK) and Sorbalac 400
lactose from Meggle (Wasserburg, Germany). All were used
as supplied. Methanol was HPLC grade (Fisher Chemicals,
Loughborough, UK. AnalaR grade ethanol and acetic glacial
were supplied by BDH (Poole, UK). Ultra pure water was
produced by reverse osmosis (MilliQ, Millipore, Molsheim,
France).

Crystallization of Substrate Materials

Saturated solutions of budesonide in ethanol, salbutamol
sulfate in water and lactose in water were prepared prior to
recrystallization. Samples were shaken for 12 h at 20°C (G76,
Gyrotory water bath shaker, New Brunswick Scientific, Edi-
son, NJ, USA) in sealed volumetric flasks prior to filtration
via a 0.22-pm membrane filter (Whatman Inc., Clifton, NJ,
USA).

Budesonide, salbutamol sulfate and lactose were crystal-
lized by primary nucleation, using an anti-solvent as a pre-
cipitating agent. A schematic representation of the crystalli-
zation apparatus is shown in Fig. 1. A microscope cover slip
(12 mm x 12 mm) was supported on a vertical post in a
crystallization dish, which contained the anti-solvent (water
for budesonide, ethanol for both lactose and salbutamol sul-
fate). A droplet (~1 ml) of the saturated solution was placed
on the cover slip via a glass pipette. The system was sealed by
inverting a suitable glass beaker in the crystallization dish.
Upon equilibration of the vapor phases of the miscible sol-
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Fig. 1. Schematic representation of the anti-solvent recrystallization
step: (A) saturated solution droplet, (B) glass slide, (C) crystalline
dish containing the anti-solvent, (D) beaker.

vents, nucleation and crystal growth within the solution drop-
let occurred. The glass cover slip was subsequently removed
and fixed onto a magnetic stub with glass bond glue (Loctite,
Welwyn City, UK) for AFM studies. The heterogeneous
nucleation and growth of the crystals onto the glass cover slips
precluded the need for any sample preparation of the crystals
for AFM investigations.

Scanning Electron Microscopy

The morphology of the single crystals of budesonide, sal-
butamol sulfate and lactose were investigated using a scan-
ning electron microscope (SEM) (Jeol 6310, Jeol, Tokyo, Ja-
pan). Samples were gold-coated (Edwards Sputter Coater,
Crawley, UK) prior to imaging.

Computer Simulation of Crystal Habits

The Miller indices of the dominant growth faces of the
crystals obtained were identified using a 3D simulation pro-
gram (SHAPE V7.0, Shape Software, Kingsport, Tennessee,
USA). The 3D crystal structures required the input of the unit
cell lattice parameters and the space group symmetry opera-
tors. Budesonide crystallizes in the orthorhombic crystal sys-
tem (a = 8550 A, b = 9.406 A, and ¢ = 28.401 A), space
group P2,2,2, (22). Salbutamol sulfate crystallizes in the
monoclinic crystal system, (a = 28.069 A,b=6183 A, ¢c =
16.914 A and B = 81.19°), space group C, (23). Alpha-lactose
monohydrate crystallizes in the monoclinic crystal system (a =
7982 A, b = 21562 A, c = 4.824 A and B = 109.57), space
group P2, (24).

Atomic Force Microscopy (Topography)

The surface topography and roughness measurements of
budesonide, salbutamol sulfate and lactose crystals were in-
vestigated using a Nanoscope IIla controller, a Multimode
AFM and a J-type scanner (DI, Santa Barbara, CA, USA).
All AFM surface topography images were recorded in Tap-
ping Mode operation (TM-AFM). Tetrahedral-tipped silicon-
etched cantilevers (OTSP, Digital Instruments) were used for
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imaging. Surface roughness measurements were analyzed
over a 2.5 pm x 2.5 wm area. To quantify the variations in the
surface properties of the crystal surfaces, the root-mean-
squared surface roughness measurement (R,) and the mean
surface roughness (R,) of the height deviations of the surface
asperities were computed.

Atomic Force Microscopy (Interaction
Force Measurements)

Prior to force measurements, particles (n = 3 for each
material) of budesonide, salbutamol sulfate and lactose were
fixed onto standard V-shaped tipless cantilevers (DNP-020,
Digital Instruments, CA, USA) using an epoxy resin glue
(Araldite, Cambridge, UK). The spring constant (k) of the
cantilevers was determined by the thermal noise method (k =
0.282 + 0.039 N/m). The preparation of these colloid probes
has been described in detail elsewhere (7).

The AFM was housed in an environmental chamber and
the ambient conditions maintained at a constant temperature
of 25°C (£0.2°C) and relative humidity of 35% RH (£3%),
The partial water vapor pressure was controlled via a custom-
built perfusion unit coupled to a highly sensitive humidity
sensor (Rotronic AG, CH). The interaction forces were mea-
sured by recording the deflection of the AFM cantilever as a
function of the substrate displacement (z) by applying
Hooke’s law (F = —kz). Individual force curves (n = 4096)
were conducted over a 2.5 wm x 2.5 wm at a scan rate of 4 Hz
and a compressive loading of 40 nN. These parameters were
kept constant throughout the study. Statistical analysis of
these data was performed by Fisher’s pairwise comparison of
one-way ANOVA with 99% confidence limits.

RESULTS

In order to gain a fundamental insight into the interactive
forces which govern the interactive mixing and aerosol deliv-
ery characteristics of a dry powder formulation, the relative
cohesive-adhesive balances need to be quantified within such
systems. In this study, an equivalent contact geometry ap-
proach was utilized to determine the force balances within
model dry powder inhalation formulations. The cohesion and
adhesion properties of micron sized budesonide, salbutamol
sulfate and lactose probes were investigated using an AFM
colloid probe technique.

Scanning Electron Microscopy

Representative scanning electron micrographs and simu-
lated morphologies of the dominant growth faces of crystal-
lized budesonide, salbutamol sulfate and lactose are shown in
Figs. 2A, 2B, and 2C and Fig. 2A_, B, and C_, respectively.
Budesonide crystals displayed an elongated dodecahedral
shape in relation to the growth of the dominant (012) and
(012) Miller indices. Electron micrographs of salbutamol sul-
fate crystals suggested a needle like morphology dominated
by the (200) face, while the majority of lactose crystals exhib-
ited the well-known tomahawk shape, dominated by the (100)
and (110) crystalline faces. The single crystals exhibited
highly smooth surface textures.

Atomic Force Microscopy (Topography)

Representative AFM amplitude images of the dominant
single crystal faces of budesonide, salbutamol sulfate and
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Fig. 2. Representative SEM images and corresponding simulated
morphologies (a) of recrystallized budesonide (A), salbutamol sul-
fate (B), and a-lactose monohydrate (C).

a-lactose monohydrate are shown in Figs. 3A, 3B, and 3C,
respectively. Topographical AFM images indicated varying
degrees of nanometre roughness for the model substrate sur-
faces. These variations were probably related to differing
growth processes and kinetics during crystallization. The sur-
face rugosity R, (average height from the center line) and
root mean square deviation R, (variability of the profile from
the center line) of the three samples are shown in Table I. The
data confirmed the extremely smooth surface morphology of
the crystals faces observed by SEM, exhibiting surface rough-
ness measurements well below 5 nm. It should be noted that
there was no observable modification in surface morphology
over large areas (>20 wm?) of the crystal faces. Thus, the
engineered crystal substrates should provide highly suitable
surfaces for quantitative analysis of the force balance in
model dry powder formulations.

Interaction Force Measurements by Atomic
Force Microscopy

The mean adhesive/cohesive forces of the interaction of
a series of budesonide, lactose and salbutamol sulfate colloid
probes and engineered substrate surfaces are shown in Figs. 4,
S, and 6, respectively. For consistency, the dominant crystal
face of each material was chosen and care was taken to place
the probes in the same region on the substrate for each ex-
periment. For all systems, the force distributions could be
fitted to a Gaussian distribution, related to the uniformity in
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Fig. 3. Representative AFM amplitude images of the surface of re-
crystallized budesonide (A), salbutamol sulfate (B), and a-lactose
monohydrate (C).

contact area between probe and multiple contact points on
the substrate surface. Furthermore, the small standard devia-
tion of the distributions confirmed the suitability of the engi-
neered crystal surfaces in producing highly accurate and re-
producible data.

Since the drug probes were prepared from untreated ma-
terial, variability in probe geometry was expected. This would
result in significant variations in contact area between each
probe and the model substrate surface and concomitantly the
adhesion force measurements. This variation in contact ge-

Table 1. Roughness Properties of Budesonide, Salbutamol Sulfate,
and a-Lactose Monohydrate

Salbutamol a-Lactose
Budesonide sulfate monohydrate
Rugosity (nm) 0.681 2.258 1.837
RMS (nm) 0.872 3.142 2.284
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ometry was highlighted by the variations in adhesion force
measurements between each probe and a given substrate.
Nevertheless, a relationship between adhesive and cohesive
interactions could be obtained by determining the specific
variation in interaction between each individual probe and
model substrate surfaces.

The adhesion force of interaction between a series of
budesonide probes and a-lactose monohydrate, salbutamol
sulfate and budesonide crystal substrates are shown in Fig. 4.
The adhesive interaction between budesonide and lactose
were significantly higher than with salbutamol sulfate (p <
0.01). However, a significant increase and overall dominance
of the cohesive interaction was observed for all budesonide
probes (p < 0.01).

Interaction forces between salbutamol sulfate probes and
the dominant crystal faces of a-lactose monohydrate, salbu-
tamol sulfate and budesonide crystal substrates are shown in
Fig. 5. In contrast to budesonide interactions, the salbutamol
sulfate probes exhibited extremely weak cohesive properties
with respect to the adhesive interactions with both a-lactose
monohydrate and budesonide (p < 0.01). The adhesive inter-
actions between salbutamol sulfate and lactose were signifi-
cantly higher than the adhesive salbutamol sulfate-budeso-
nide interaction (p < 0.01).

Interaction forces between lactose probes and a-lactose
monohydrate, salbutamol sulfate and budesonide crystal sub-
strates are illustrated in Fig. 6. The adhesive interaction be-
tween a lactose and salbutamol sulfate were significantly
greater than both the cohesive lactose-lactose and adhesive
lactose-budesonide interaction (p < 0.01). However, the co-
hesive lactose interactions were significantly greater than the
adhesive interactions between lactose and budesonide (p <
0.01).

It is interesting to note that the balance of forces for the
budesonide, salbutamol sulfate and lactose probes differed
significantly.

DISCUSSION

The balance of interparticulate forces within dry powder
inhaler formulations is critical in the mixing, de-aggregation
and dispersion properties of active pharmaceutical ingredi-
ents. However, quantitative measurements of these funda-
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Fig. 4. Interaction forces between budesonide probes and a-lactose
monohydrate, salbutamol sulfate, and budesonide crystal substrates.
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Fig. 5. Interaction forces between salbutamol sulfate probes and
a-lactose monohydrate, salbutamol sulfate, and budesonide crystal
substrates.

mental interactions and their specific role on blending and
aerosolization behavior have not been fully realized. Such
measurements have been limited due to the complex nature
of the physico-mechanical interactions and, in particular, the
major influence of variations in contact area on particle ad-
hesion. Furthermore, efforts to predict the adhesion forces
using theoretical approaches and surface energy measure-
ments have proven unsatisfactory (25,26). Theoretical esti-
mates are often several orders of magnitude greater than ex-
perimental measurements. The most plausible explanation
for this disparity is that the true contact area between con-
tiguous surfaces is significantly less than expected macro-
scopic dimensions.

In this study, a novel analysis of the AFM colloid probe
technique has been utilized to determine the cohesive-
adhesive force balances within model dry powder formula-
tions. Controlling the nanoscale morphology of dominant
growth faces of drug and excipient crystals substantially re-
duced the influence of substrate surface roughness on particle
adhesion, as described previously (7). Under controlled envi-
ronmental conditions, force measurements were observed to
be highly reproducible. However, quantification of force mea-
surements was precluded, as it would require normalization
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Fig. 6. Interaction forces between lactose probes and a-lactose
monohydrate, salbutamol sulfate, and budesonide crystal substrates.
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through the determination of the probe-substrate contact
area.

In order to overcome these limitations, the ratios of ad-
hesive and cohesive balances were compared rather than the
separation forces. From theory, this cohesive-adhesive bal-
ance between materials A and B can be expressed as:

*
FA_A _ RA_A[nTrWA—A + (47Tywater Ccos eA—A + 47T'YAfwater)]

Fap

3

*
RA,B[’/”TWA-B + (41Tywater Cos 6A-B + 41T’YA—water):|

where F,_, and F,_g are the cohesive and adhesive forces,
respectively. It can be concluded from Eq. 3 that with con-
stant environmental conditions, the work of adhesion and
contact angle are only dependant on the material physical
characteristics. For a colloidal particle interacting with the
substrate materials, the only parameters which are susceptible
to vary are the contact radii R¥_, and R} ;. Assuming the
similarity of the two tailored substrate surface contact radii,
the cohesion-adhesion ratios for a number of interacting
probes of a specific material should theoretically remain con-
stant. Thus, by plotting the measured force of cohesion as a
function of the force of adhesion for a number of probes, the
force balance within a model formulation could be quantified.

A cohesive-adhesive balance (CAB) graph of a theoret-
ical binary system is illustrated in Fig. 7. The adhesive force
measurements for a number of probes of the interacting ma-
terials (F,_g and Fy_,) are plotted on the x-axis; the related
forces of cohesion (F,_, and Fy_ ) of the respective probes
are plotted on the y-axis. For equivalent contact geometry,
the force data of several probes of a specific material plotted
on a CAB-graph should follow a linear fit, resulting from the
consistency in the cohesive-adhesive balance ratio (F,_,/
F,_p) and (Fgz_p/Fg_,). The bisecting line corresponds to
equilibrium between forces of adhesion and forces of cohe-
sion, which defines two distinctive regions. The relative posi-
tion of the aligned plots with respect to the bisector is a direct
indication of the cohesive-adhesive balance of the interacting
material within the binary system. As indicated, plots in the
lower section indicate an affinity for the probe material to
develop adhesive interactions (F,4, >F., ). Conversely, plots
in the upper section of the graph denote a dominancy of
cohesive properties. Quantitative information regarding the
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Fig. 7. Description of a CAB-graph for a theoretical binary system.
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Fig. 8. Comparison between forces of adhesion and force of adhesion
in a binary lactose/budesonide system.

relative strength of the adhesive/cohesive interactions can be
directly measured by the relative slope of the linear regres-
sion.

From the force measurements in Fig. 4, a CAB-graph of
a lactose-budesonide system is shown in Fig. 8. A linear re-
gression was performed for each set of data to verify the
consistency of contact area uniformity of probe interaction
from one substrate to another. A coefficient of determination
(R?) of 0.9910 and 0.9873 for the lactose probes and budes-
onide probes, respectively, confirmed uniformity in contact
area between crystals and the relationship between adhesion
and cohesion for the interactive probes. Furthermore, the two
plots indicated that for an equivalent contact area, both
budesonide and lactose particles experience a greater affinity
for cohesive interactions. The measurement of the relative
slopes suggested that the budesonide-budesonide interactions
are 3.84-fold greater than the adhesive budesonide-lactose
interactions, while lactose-lactose interactions are 2.36-fold
greater than the adhesive lactose-budesonide interactions.
From a formulation perspective, the data suggested that this
binary system would exhibit poor blend homogeneity unless a
significant amount of shear energy was introduced to over-
come the cohesive bonds. Moreover, such a formulation
would possibly be subjected to segregation over time due to
the very strong budesonide cohesive bonds.

A CAB-graph generated from the data in Fig. 5 for a
lactose-salbutamol sulfate system is shown in Fig. 9. The lin-
earity of the data was again validated, with a coefficient of
determination of 0.9938 and 0.8537 for the lactose probes and
salbutamol sulfate probes, respectively. The relative position
of the data below the bisecting line indicated the two mate-
rials possess a strong affinity for one another with respect to
their cohesive interactions (particularly salbutamol sulfate).
The measurement of the slopes indicated that the interaction
between salbutamol sulfate and lactose is 16.88 times and 1.22
times greater than the cohesive salbutamol sulfate and lactose
interactions, respectively. Upon processing such a powder
formulation, the system should not require an excessive
amount of energy to generate a homogenous blend with good
content uniformity.

The novel treatment of the AFM data has provided a
potentially useful technique in the quantitative determination
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Fig. 9. Comparison between forces of adhesion and force of adhesion
in a binary lactose/salbutamol sulfate system.

of the force balance within binary systems. This process, how-
ever, may be further expanded to more complex formula-
tions, for example, combination product formulations, by
cross normalising the data. The resulting cohesive-adhesive
balance dependencies between salbutamol sulfate, lactose
and budesonide are summarized in Table II. The cohesive
salbutamol sulfate interactions ratio was set to 1.00 and all the
subsequent CAB ratios were calculated relative to this refer-
ence ratio. The corresponding matrix provides a complete
description of all the various interaction forces within a ter-
nary system. Furthermore, cross normalization provides a
novel means of measuring the hierarchy of the cohesive forces
of the materials. The coefficient of proportionality with re-
spect to salbutamol sulfate for lactose and budesonide is 14.13
and 31.76, respectively.

CONCLUSIONS

The colloid probe AFM technique has been utilized to
measure the characteristics of the inter-particulate forces that
govern bulk properties of dry powder formulations. The tai-
loring of well-defined substrate surfaces minimized intra-
variations in contact area of a colloid probe. This enabled
direct characterization of the adhesive and cohesive interac-
tions within a model dry powder inhaler formulation. To-
gether with the development of a novel cohesive-adhesive
balance (CAB) analysis procedure, a quantitative relation-
ship between measurements of the relative interactions within

Table II. Cohesive-Adhesive Balance Dependency Between Salbu-
tamol Sulfate, Lactose, and Budesonide Interaction Combinations

CAB dependency

Salbutamol a-Lactose

Sample sulfate} monohydratet Budesonidet
Salbutamol sulfate* 1.00 £0.08  16.88% +0.85 6.59% + 0.00
Lactose* 16.88% +1.06  14.13% +1.06 7.00% £ 1.6
Budesonide* 6.59% +0.32 7.00% £ 1.6 31.76% +1.53
* Probe.
T Substrate.
ip<0.01.
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dry powder inhaler formulations was achievable. In combina-
tion with bulk techniques, this novel approach may provide a
pivotal role in predicting blending, segregation and dispersion
characteristics of active pharmaceutical ingredients in dry
powder systems.
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