
A

i
n
s
f
g
t
o
m
c
©

K

1

e
m
a
e
a
o
d
t
p

p
b
B
o
m

0
d

International Journal of Pharmaceutics 325 (2006) 163–171

Pharmaceutical Nanotechnology

A nanoscale study of particle friction in a pharmaceutical system

Matthew J. Bunker a, Clive J. Roberts a,∗, Martyn C. Davies a, Michael B. James b

a Laboratory of Biophysics and Surface Analysis, School of Pharmacy, University of Nottingham, Nottingham NG7 2RD, UK
b Inhaled Product Development, GlaxoSmithKline, Ware SG12 0DP, UK

Received 8 March 2006; received in revised form 13 June 2006; accepted 17 June 2006
Available online 23 June 2006

bstract

Studies of single particle interactions in dry powder inhaler (DPI) formulations using atomic force microscopy (AFM) have recently grown
n popularity. Currently, these experiments are all based on measuring particle adhesion forces. We broaden this approach by presenting a
ovel AFM friction study of single particles in a pharmaceutical system, to examine forces acting parallel to a surface. The sliding friction
ignal of lactose particles attached to AFM cantilevers was recorded in lateral force (LF) mode over 5 �m × 5 �m areas on five different sur-
aces chosen to represent both relevant inter-particle and particle–surface interactions. A ranking of friction forces was obtained as follows:
lass ≈ zanamivir > zanamivir–magnesium stearate (99.5%/0.5%, w/w) blend ≈ magnesium stearate ≈ PTFE. The addition of magnesium stearate
o the zanamivir surface dominated and significantly reduced the friction (Kruskal–Wallis test, P < 0.001). AFM images of the contacting asperities

f the lactose particles show changes in contact morphology due to two processes. Firstly the asperity wears flat due to abrasion and secondly small
agnesium stearate particles transfer onto the asperity. It is proposed that in combination with AFM particle adhesion measurements, this method

ould be used to screen new formulations and the effectiveness of tertiary components in modifying carrier–drug interactions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The performance of dry powder inhalers (DPIs) is to a large
xtent dictated by the particle interactions that take place during
anufacture, storage and use. A typical formulation consists of
mixture of micronised drug particles (typically < 5 �m) and an
xcipient such as lactose (typically 60–90 �m) to act as a carrier
nd diluent. The purpose of the carrier particles is to aid removal
f the drug from the reservoir in the device. Upon mixing, the
rug particles adhere to the carrier surface and are separated by
he aerodynamic forces created on inhalation, the smaller drug
articles are then free to penetrate the deep lung region.

The addition of a tertiary excipient component has shown
romise to improve performance by modifying the interaction
etween the carrier surface and the drug particles (Frijlink and de

oer, 2004). A common example is magnesium stearate which is
ften used in pharmaceutical solid dosage forms as an adhesion
odifier and a lubricant (Swaminathan and Kildsig, 2002). In
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he case of DPIs it has been shown to increase aerosolisation of
he drug by reducing adhesion (Young et al., 2002a).

It is clear that the interactions that take place between drug
nd carrier particles, and any surfaces in the device they may
ontact, will play a critical role in determining the efficiency
f a DPI. The atomic force microscope (AFM) has become an
ncreasingly popular technique for studying such interactions on
single particle level (Bunker et al., 2005). In such experiments
particle is attached to an AFM micro cantilever and the adhe-

ion force required to remove it from a surface in the normal
irection is measured. This technique has provided formulation
elevant information such as the ranking of adhesion forces to
arious surfaces (Young et al., 2002a; Eve et al., 2002; Sindel
nd Zimmermann, 2001; Young et al., 2003a), the cohesive-
dhesive nature of a powdered mixture (Begat et al., 2004),
he humidity dependence of adhesion (Berard et al., 2002a,b;
ooton et al., 2004) and the surface free energy of particles

Davies et al., 2005). In addition, some correlation has been

hown between single particle adhesion information and aero-
ynamic bulk removal methods (Young et al., 2002a).

In reality, particles are separated from each other and surfaces
hey contact by turbulent air streams acting in many directions

mailto:clive.roberts@nottingham.ac.uk
dx.doi.org/10.1016/j.ijpharm.2006.06.024
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Fig. 1. Schematic of AFM particle friction setup. Position 1: low friction surface
causes very small lateral force on cantilever. Position 2: high friction surface
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Labris and Dolovich, 2003; Wang et al., 2004) and therefore
article friction is likely to be as important to powder behaviour
s adhesion forces (Jones et al., 2004; Podczech and Newton,
995). It would hence seem that measuring normal adhesion
orces as currently done in an AFM study represents a some-
hat limited view of the real situation. Here we broaden the

pproach by presenting the first investigation of particle friction
n a pharmaceutically relevant system, increasing the amount of
nformation that can be gained on a single particle level using
FM.
It has long been known that the AFM is capable of measur-

ng friction by recording the lateral force (LF) signals from the
antilever as it twists in response to being traced along a surface
sometimes known as lateral force microscopy or friction force
icroscopy) (Mate et al., 1987). Whilst the fundamentals of

riction have been examined in detail using model and colloidal
articles (Carpick, 1997) the study of friction in ‘real’ particu-
ate systems in the literature has been limited. Examples include
he work of Meurk et al. who studied the friction behaviour of
ceramic powder granule (Meurk et al., 2001) and Ecke et al.
ho developed new instrumentation called the particle interac-

ion apparatus that allowed easier frictional studies (Ecke et al.,
001). A comprehensive study of the frictional behaviour of var-
ous industrially important powder particles was carried out by
ones et al. who studied particle–particle and particle–surface
riction and related the results to data from bulk shear testers
Jones et al., 2004). The methodology for these experiments
orms the basis for that employed in this work, and will be
xplained in the following sections.

In this paper, we present what the authors believe to be the
rst AFM investigation of single particle friction using phar-
aceutically relevant materials. We have studied the friction

f a lactose particle probe on five surfaces, two chosen to
epresent particle–surface interactions and three to represent
article–particle interactions. In this way we were able to pro-
uce a ranking of friction on the different surfaces.

. Materials and methods

.1. Materials and sample preparation

Silicon nitride v-shaped cantilevers (Park Scientific Instru-
ents, Sunnyvale, CA, USA), were calibrated for their normal

pring constant, typically 0.3 N m−1, using the thermal method
Hutter and Bechhoefer, 1993). �-Lactose monohydrate was
btained from Sigma–Aldrich (Poole, Dorset, UK). Four parti-
les, designated A–D and approximately 10–20 �m in diameter
ere attached to these cantilevers after calibration by AFM using
method described previously (Eve et al., 2002), an example is

hown in Fig. 1. Details of the five surfaces chosen for fric-
ion measurements, along with justifications for their choice are
iven below.

Glass and polytetrafluoroethylene (PTFE) were chosen as

xamples for particle–surface interactions. PTFE is well known
or its low surface energy, ‘non-stick’ properties and is com-
only used to minimise powder adhesion to canister walls. Glass

s a material frequently used in the handling of pharmaceutical

o
s
S
l

auses large lateral force and cantilever twists. Inset: SEM image of lactose
article attached to cantilever.

owders, and serves as an example of a highly flat surface. AFM
tudies of the particle adhesion behaviour on these two surfaces
as previously been reported (Eve et al., 2002; Young et al.,
003a). PTFE surfaces were prepared by stretching PTFE tape
BASF, UK) flat over a piece of silicon. A glass surface was made
y cutting a small square from a microscope slide (Agar Scien-
ific, Essex, UK) which was cleaned before each experiment by
onication in acetone.

We have used single crystals of un-micronised zanamivir,
upplied by GSK (Ware, UK), in order to study the particle–
article friction with the lactose probe. Zanamivir is a drug
dministered by the inhalation route and its crystals in its
n-micronised form are prismatic in shape and typically
00 �m × 500 �m in size. This makes it an excellent choice for
his study, because it is relatively easy to find flat areas suitable
or AFM work. The adhesion behaviour of zanamivir has also
een previously studied by AFM (Berard et al., 2002a,b).

Magnesium stearate (Sigma–Aldrich) has been chosen as an
xample of a tertiary component which can be added to the sur-
ace of the zanamivir. The particle size varies greatly from <1 up
o 25 �m, but was further reduced in size as large particles were
roken up during blending with the zanamivir (this was con-
rmed by AFM imaging of the zanamivir–magnesium stearate
lend as described in Section 3.1). It is well known for its prop-
rties as a glident and a lubricant and so here we would expect
t to lower friction in the interaction between the lactose probe
nd the zanamivir crystal. Magnesium stearate has previously
een found to lower the adhesion of a drug probe to a lactose
urface (Young et al., 2002a).

Zanamivir was blended with 0.5% (w/w) of magnesium
tearate (Turbula mixer, Willy A. Bachofen AG, Basel, Switzer-
and) for 15 min at a rotation rate of 72 min−1. Small amounts

f the as prepared zanamivir and the zanamivir–magnesium
tearate blend were added directly onto a sticky carbon tab (Agar
cientific) with a spatula and secured onto a steel AFM stub;

oose crystals were removed under a stream of dry nitrogen gas.
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astly a surface of magnesium stearate alone was constructed to
ct as a reference by loosely compacting the powder down onto
sticky carbon tab with a plastic petri dish.

.2. AFM Imaging of surfaces

Tapping mode AFM images were taken using a D3000
FM (Veeco, Santa Barbara, CA, USA) to examine the sur-

ace topology of the five surfaces used in this experiment,
TFE, glass, zanamivir, zanamivir–magnesium stearate blend
nd magnesium stearate. Representative average roughness (Ra)
alues were determined by measurement from at least three
�m × 5 �m images using the software supplied with the instru-
ent and averaged. The Ra roughness parameter measures the

verage height difference between all the sampled points on a
urface and an assumed centre line (Podczech, 1997).

.3. AFM friction measurements

It is worth clarifying an issue of terminology at this point.
he term ‘lateral force’ will be used here to refer to the sig-
al recorded by the AFM in either the forward or reverse scan
irections. Only when data has been processed as described
elow will the term ‘friction’ be used to describe the mea-
urement. Lateral force images were recorded by scanning the
actose particles in contact mode across a 5 �m × 5 �m area
f each surface using an EnviroScope AFM (Veeco). These
mages were recorded in both forward and reverse scan direc-
ions simultaneously, at 256 × 256 pixel resolution, equivalent to
56 adjacent 5 �m length scan lines, each separated by 19.5 nm.
he scan speed was maintained at 8.72 �m s−1. A schematic of
n AFM particle friction measurement is shown in Fig. 1. To
nsure the normal load was kept constant, the deflection sensi-
ivity of each cantilever was found by taking a force–distance
urve on glass. For each surface the normal load was maintained
etween 16 and 18 nN by taking force–distance curves and mon-
toring the difference between the free level and the imaging
et-point.

The experiment was repeated in triplicate, using lac-
ose particles A–C. For the measurements on zanamivir and
anamivir–magnesium stearate blend, a crystal that was lying
at with its dominant crystal face facing upwards was first

ocated. All friction measurements were performed on this
ame crystal face. Areas that appeared smooth under the opti-
al microscope of the AFM, with no large visible fines were
hen chosen for the experiments. Measurements on these two
urfaces were taken on at least two different crystals and aver-
ged. All measurements were taken at 25 ◦C and 40% relative
umidity.

It is inevitable that the contacting asperities on the particles
ill be subject to some change during these experiments. To
revent the possibility of particle wear biasing friction data, mea-
urements were performed on the different surfaces in varying

equential order for each of the triplicate measurements. It was
nticipated that some magnesium stearate would adhere to the
actose particles on contact and hence possibly affect subsequent
riction measurements on other surfaces. To avoid this problem,

s
f
s
i
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ll experiments on the zanamivir–magnesium stearate blend and
agnesium stearate were carried out last.
To investigate this possibility of transfer of magnesium

tearate to the lactose, a further measurement was undertaken
ith particles A, C and D on glass after contact with the mag-
esium stearate surface. In this way we can study any changes
n the friction behaviour of the lactose particles by comparing
o the previous measurement on glass. Measurements could not
e completed with particle B due to damage incurred to the
antilever. To compensate for this loss of data, a further lac-
ose particle D was used, and friction measurements performed
n glass before and after a measurement on the magnesium
tearate.

.4. Particle asperity imaging

Both before and after the friction experiments, the lactose
articles attached to the cantilevers were imaged by scanning
n contact mode across a calibration grating (TGT01 NT-MDT,

oscow, Russia) consisting of a regularly spaced array of sharp
pikes (Hooton et al., 2002). This allowed the contacting asper-
ties to be examined for any changes during the experiment and
as an indication of any wear that may have occurred.

.5. Data processing

Much has been published on the calibration of AFM lateral
ignals into units of force. Despite considerable effort (Lantz
t al., 1997; O’Shea et al., 1992; Cain et al., 2000; Carpick et
l., 1997), there is no universally accepted method and errors of
round 30% are reported (Gibson et al., 1997). Attempts have
een made to develop calibrations based on cantilever geome-
ry and material bulk properties (Neumeister and Ducker, 1994;
chwarz and Wiesendanger, 1996) whilst other methods rely
n measurements of lateral signals on slopes of known angles
Ogletree et al., 1996; Varenberg et al., 2003). For the purposes
f this paper, friction signals remained un-calibrated and pre-
ented in arbitrary units of volts, but remain directly proportional
o friction force. Useful information can be obtained without the
alibration into Newton’s; this is done by making relative com-
arisons of the friction signal on different surfaces. A similar
semi-quantitative’ approach has been used in numerous studies
lsewhere (Beake et al., 1998; Carpick et al., 2004; Kim et al.,
001; Xu et al., 1998; Putman et al., 1995).

Each pixel in the lateral force images represents the amount
f twisting or lateral force on the cantilever at that particular
oint on the surface. A histogram was plotted from each image
o show the distribution of these lateral forces. The mean sig-
al was calculated for each image and the difference between
orresponding forward and reverse mean signals was taken as
quantitative representation of the friction force (Jones et al.,

004). Subtracting the lateral force signals from both scan direc-
ions in this way ensures that contributions from slopes on the

urface are significantly reduced, leaving a true indication of
riction force. Statistical analysis was performed using InStat
oftware (GraphPad Software, San Diego, CA, USA) to exam-
ne the differences in friction between the surfaces.
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Table 1
Roughness values from 5 �m × 5 �m AFM images of surfaces

Surface Average roughness, Ra (nm) ± S.D.

PTFE 28.7 ± 13.2
Glass 0.687 ± 0.190
Zanamivir 3.24 ± 1.40
Z
M

fi

F
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. Results and discussion

.1. AFM images of surfaces

Examples of 5 �m × 5 �m topographic AFM images of each
urface used for friction measurements are shown in Fig. 2A–E
long with the z-range (i.e. height of surface features) for each
mage. Calculated roughness values are given in Table 1. The
lass, Fig. 2B, presents a flat surface, Ra = 0.687 nm, with some
isible particulate contamination not removed by the cleaning
rocess. The PTFE, Fig. 2A, is a lot rougher, Ra = 28.7 nm.

he magnesium stearate, Fig. 2E presents the roughest surface,
a = 38.5 nm and consists of compressed individual particles
ith cracks and pits in between. The zanamivir crystals, an

xample is shown in Fig. 2C, are generally flat with small

m
w
t
6

ig. 2. 5 �m × 5 �m topographic AFM images of surfaces showing z-ranges. (A) P
agnesium stearate compact.
anamivir–magnesium stearate 6.20 ± 2.01
agnesium stearate 38.5 ± 6.25

nes consistently distributed on the surface. The addition of the

agnesium stearate to the zanamivir is evident from Fig. 2D,
here small particles, less than 1 �m in size, are distributed on

he surface and the Ra roughness has increased from 3.24 to
.20 nm.

TFE; (B) glass; (C) zanamivir; (D) zanamivir–magnesium stearate blend; (E)
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ig. 3. Lateral force histograms first column forward scan direction, second rev
E) magnesium stearate compact.

.2. AFM friction measurements

Lateral force histograms for each scan direction on all five

urfaces are shown in Fig. 3. They are all offset from zero indi-
ating true friction information is being obtained. This is because
f slope effects are dominating, the histogram will straddle zero
ince real friction forces cannot act in two directions in a sin-

a
i
s

(A) PTFE; (B) glass; (C) zanamivir; (D) zanamivir–magnesium stearate blend;

le scan direction (Jones et al., 2004). All histograms are nearly
ymmetrical, allowing the mean signal to be taken as reliable
ndication of the average.
The distributions of lateral force signal on the glass and PTFE
re narrower than the other surfaces. The second smaller peak
n the histogram on glass (Fig. 3B) corresponds to friction over
ome contamination on the surface (this was checked using
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Fig. 4. Lateral force images, first column forward scan direction, second reverse.
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FM image analysis software by examining the signal at spe-
ific points on the lateral force image). Such data, along with
berrant any scan lines on the images were removed from the
alculation of the average signal. There is a second peak appar-
nt in the histograms for zanamivir (Fig. 3C) which is caused by
he heterogeneity on the surface as seen in the AFM topographic
mage in Fig. 2C. There are contributions from both the small
nes on the surface and the background crystal plane.

Representative lateral force images for the five surfaces and
oth scan directions are shown in Fig. 4. These images show
onsiderable surface detail and are similar to the topographic
ata shown in Fig. 2. This is because the lactose particles are
n contact with a small number of relatively sharp asperities.
ittle evidence is present for slip-stick type behaviour and it has
een suggested that it is nanoscale roughness and variations in
dhesion that give such images detail (Jones et al., 2004).

The processed friction data for particles A–C is shown in
ig. 5. A ranking of friction forces between the lactose par-

icles and the surfaces can be drawn up as follows: glass ≈
anamivir > zanamivir–magnesium stearate blend ≈ magne-
ium stearate ≈ PTFE. The significance of this ranking was
hecked by performing a Kruskal–Wallis test, where the dif-
erence between the friction on glass or zanamivir and the three
ther surfaces for all three particles was shown to be significant
P < 0.001). This ranking is only valid for lactose particles as
sed here, as other materials could interact differently. In order
o further understand this ranking it is necessary to consider var-
ous factors which influence friction forces, including surface
oughness and surface energy.

Two factors are likely to contribute to the high friction seen
n glass. Firstly, since glass has such a low surface roughness
Ra roughness = 0.687 nm), it offers a large contact area for the
nteraction with the particle, which will act to increase fric-
ion. Secondly, due to the hydrophilic nature of glass, capillary
orces are likely to be present. Although the exact humidity at
hich capillary forces become significant varies depending on

he materials in contact, they have been reported to affect par-
icle adhesion at similar or lower values to the 40% used here
Berard et al., 2002a; Hooton et al., 2004; Tsukada et al., 2004;
oung et al., 2002b, 2003b) for example, high particle adhesion
n glass has previously been attributed to capillary forces at 25%
Eve et al., 2002).

PTFE is well known for its low friction properties, and the
ame can be seen in these experiments, where its low surface
nergy leads to low friction. A similar pattern has been observed
lsewhere in an AFM investigation of adhesion forces with a
albutamol particle, where a ranking of glass > lactose > PTFE
as found (Eve et al., 2002).
It should be noted that the effect of surface roughness on

ontact area and hence adhesion and friction processes is greatly
ependant on the relative scales of the roughness and the contact-
ng asperities of the particle. For very smooth surfaces, a small
ncrease in roughness can act to lower the contact area and hence

ower adhesion and friction forces. However, beyond a certain
oughness, the space between, and the height of, the surface
sperities will be comparable to the particle size and the effec-
ive friction could increase due to multiple points of contacts

(A) PTFE; (B) glass; (C) zanamivir; (D) zanamivir–magnesium stearate blend;
(E) magnesium stearate compact.
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ig. 5. Processed data showing friction signal on all surfaces for lactose particles
–C.

nd the ratchet mechanism (Bhushan, 2005). Such roughness
caling effects are well documented in the AFM particle adhe-
ion literature (Bunker et al., 2005; Podczech, 1997; Islam et al.,
005), and similar arguments are applied here.

Changes in contact area due to surface roughness and the
resence of significant topography can influence friction images
Meyer et al., 1998). The approximate size of a contacting asper-
ty on one of the lactose particles used here can be taken as
�m × 1 �m (from typical asperity images, Section 3.3). Exam-

nation of line profiles taken the across the topographic images
Fig. 2) reveal that for the PTFE and magnesium stearate sam-
les, the surface roughness is of a large enough scale so that the
sperity can fit into the valleys. The contact area would then vary
epending on whether the asperity touches a peak (small con-
act area) or valley (multiple contact points) or the surface. This
lso depends on the extent to which the surface can be deformed
nd since it is expected that the magnesium stearate is easily
isplaced by the particle, topography may not be so important
n this case. For the PTFE sample it might be expected that the
atchet mechanism will contribute due to the presence of signif-
cant topography, but the friction signal remains low, indicating
hat intrinsic material properties such as the low surface energy,
ominate over topographic effects and comparisons between dif-
erent surfaces are therefore valid.

The friction on the zanamivir surface is similar in magnitude
o that on glass except in the case of particle A where it is much
ower. This exception is most likely due to differential wearing of
sperities or heterogeneity on the zanamivir surface. Although
bsolute friction signals on glass and zanamivir are similar, they
an be distinguished by the distributions of friction across the
urface. The histograms in Fig. 3B and D show that zanamivir
as a broader distribution.

Interestingly, the addition of magnesium stearate to the
anamivir surface appears to have reduced the friction to approx-
mately the same level as on the magnesium stearate surface
lone, indicating that it is dominating the friction behaviour

f the blend. Although only 0.5% (w/w) was added, we have
hown that the presence of the magnesium stearate has a dra-
atic effect on the friction behaviour of the zanamivir surface.
his result is not difficult to comprehend when the evidence that

g
d
b
m

ig. 6. Processed data showing friction signal on glass both before and after
ontact with magnesium stearate compact for lactose particles A, C and D.

agnesium stearate is sticking to the lactose particle is consid-
red. Magnesium stearate has previously been shown to increase
erosolisation from a DPI by reducing adhesion (Young et al.,
002a), and this data is consistent with this role in aiding particle
eparation, possibly by reducing friction.

It was speculated that magnesium stearate would adhere to
he surface of the lactose particles during these experiments. The
riction on glass both before and after contact with the magne-
ium stearate surface is shown in Fig. 6 for particles A, C and D,
nd has been significantly reduced (P < 0.001, Kruskal–Wallis
est) in all cases. This indicates that some magnesium stearate
as transferred to the lactose particles and is reducing friction
n subsequent measurements. In one case, particle D, there was
dramatic change in friction during the first friction image on
lass after contact with the magnesium stearate. At the begin-
ing of the image, the friction signal was low as expected due
o the presence of magnesium stearate. However, after several
can lines, the friction suddenly increased, suggesting that some
agnesium stearate that fallen off the particle and the contact
as now more like that between lactose and glass alone. More

vidence for this material transfer is provided by the LF his-
ograms. The histogram for the zanamivir–magnesium stearate
lend is very similar to the one for magnesium stearate blend in
readth (Fig. 3D and E); both are narrower than the zanamivir
lone, indicating that the magnesium stearate masks some of the
reater variation in friction seen on the unmodified zanamivir
urface.

.3. Particle asperity imaging

With all three particles used in these experiments the shape of
he contacting asperities visibly changed during the experiment.
mages of the contacting asperity on particle B both before and
fter all the friction measurements are shown in Fig. 7. It can
e seen that several of the small peaks have been replaced by
flat area. Intermediate images taken after measurements on
lass only (not shown) have clearly shown that asperity wear
oes occur. Although it is not possible as yet to discriminate
etween the wearing down of asperities and the addition of new
aterial (magnesium stearate) from these images, we conclude
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Fig. 7. AFM images of the contacting asperities on particle

hat a combination of these two factors changes the morphology.
he future use of a chemically specific technique such as time of
ight secondary ion mass spectroscopy (ToF-SIMS) or Raman
pectroscopy could potentially distinguish between these possi-
ilities.

Clearly the change in morphology during friction experi-
ents will lead to changes in friction forces, but for this case we

ave shown that any such changes are small compared to dif-
erences in friction between various surfaces. By changing the
rder in which the surfaces were used, it has been shown that
onsistent rankings on different surfaces can be made. A related
onsideration with this new approach is the potential asymme-
ry introduced by the particular asperity or asperities contacting
he surface. It is possible that the particle will show greater fric-
ion in one scan direction than the other. Such an effect would
e apparent when comparing forward and reverse lateral force
ignals; however no significant asymmetry has been observed
ere.

. Conclusions

For the first time, single particle friction in a model phar-
aceutical system has been studied using AFM. Using a lac-

ose particle, a consistent ranking of friction signals was found
s follows: glass ≈ zanamivir > zanamivir–magnesium stearate
lend ≈ magnesium stearate ≈ PTFE. We have shown that the
ddition of a small amount of magnesium stearate (0.5%, w/w)
o the zanamivir surface significantly (P < 0.001) reduces inter-
article friction.

Evidence has been presented that magnesium stearate readily
dheres to the lactose probe and that this can lower friction in
ubsequent interactions. AFM imaging of the particle asperities
eveals changes in the contact morphology caused by the fric-
ion experiments, which can be explained by a combination of
ear and the collection of magnesium stearate. These changes
o not contribute significantly to the differences in friction we
bserve.

Significant progress has been made in recent years using
FM to study particle adhesion forces. In real DPI systems,

riction has an important role to play in the particle interac-
ions which directly influence device performance. We believe

hat particle friction studies as presented here could be used in
onjunction with adhesion measurements to examine the poten-
ial physical stability of DPI formulations, test the suitability
f container materials and screen the effectiveness of tertiary
omponents on altering the carrier–drug interaction.

H

before, and (B) after, all friction measurements were made.
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