
C
opyright, C

S
C

 P
ublishing, Inhalation

Atomic force microscopy (AFM): A
quantitative tool for excipient
screening of pMDI formulations

The ability to measure particle/particle interactions
in pressurized metered dose inhaler (pMDI) propel-
lants is central to excipient screening of suspension-
based pMDI formulations. While macroscopic in for -
mation regarding colloidal stability of suspension-
based formulations can be assessed by sedimenta-
tion rate experiments, such techniques cannot pro-
vide quantitative information on particle/particle
interactions. Colloidal Probe Microscopy (CPM) is a
variation of Atomic Force Microscopy (AFM) used to
measure the interaction forces between a colloidal
particle attached to an AFM tip and another parti-
cle/substrate.1-3 CPM is especially suited for the
quantification of the adhesive/cohesive forces be -
tween particles and therefore can be employed in the
screening of excipients and the study of surface prop-
erty modifications and novel particle technologies.
Moreover, CPM assessments can allow one to decou-
ple confounding information regarding the physical
stability of the dispersion and the aerosol character-
istics of the corresponding formulation,1-3 which may
be affected by the device components and other for-
mulation parameters.4

Principles of AFM and CPM
AFM was originally invented as a scanning probe
technique to image the topography of non-conduc-
tive samples and provide resolution of nanometers
(nm) or higher.5 AFM has four principal compo-

nents: the cantilever, the piezoelectric scanner, the
photo diode sensor and the laser generator. The can-
tilever is usually made of silicon or silicon nitride
integrated with a pyramidal sharp tip with a radius of
5-50 nm. The piezoelectric scanner precisely controls
the movement of the AFM cantilever or sample in
the x, y and z directions. The photo diode sensor is
used to detect the cantilever deflection by capturing
laser reflected from the backside of the cantilever. 

Although AFM was initially designed for imaging with
high resolution, it can also be used to probe forces
between surfaces.6 During a typical AFM force mea-
surement, the AFM tip is programmed by the piezo-
electric scanner to approach the substrate, then it
jumps into contact with the substrate due to Van der
Waals (VDW) attractive forces. After contact, a linear
cantilever deflection is observed as the tip moves fur-
ther into contact with the substrate. When the can-
tilever deflection reaches the force set point, the tip
starts retracting from the substrate. The force needed
to pull the tip from contact with the substrate is
defined as the force of adhesion or cohesion (F)
between the tip and substrate. The force is determined
as the product of the spring constant (k) of the AFM
cantilever and the maximum cantilever deflection (x)
during the retraction stage of the force measurement
(F= k·x), as schematically shown in Figure 1.
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Figure 1

Schematic diagram of a typical AFM force-curve.
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There are two types of AFM force measurements:
chemical force microscopy (CFM), and colloidal
probe microscopy (CPM). CFM is mainly employed
to investigate the forces between functional groups at
the molecular level. CPM is used to measure the
interactions between a single particle attached to an
AFM tip with another particle or a planar substrate
of interest. A schematic diagram of the cantilever and
substrate assembly for a CPM experiment in a liquid
medium is shown in Figure 2a. 

Force measurements by colloidal probe microscopy
have been successfully used to assess the effects of
solvent mediums and excipients on the stability of
colloidal dispersions, including those of relevance to
pMDI formulations.1-3 The cohesion or adhesion
force measured by CPM is an excellent indication of
particle/particle interactions. A low F correlates with
reduced inter-particulate forces (and therefore
enhanced physical stability) and vice versa.1-3

Excipient screening for budesonide
pMDI suspension formulations by CPM
To demonstrate that CPM is a useful tool for excipi-
ent screening of MDI formulations, budesonide

(BUD) was selected as the model drug and Tween
80, PEG 400 and oleic acid were chosen as the excip-
ients to be investigated. CPM was used as a micro-
scopic tool to quantitatively investigate the effect of
selected excipients on suspension-based MDI formu-
lations. CPM results were corroborated by compari-
son with the macroscopic visual physical stability of
the formulations. 

CPM experimental set-up: A single BUD crystal
was attached to silicon nitride AFM cantilevers
(NP-20, Veeco) using an AFM (Pico LE, Molecular
Imaging).3 The large BUD crystal substrate was pro-
duced by recrystallization. Figures 2c and 2d show
the scanning electron micrograph (SEM) images of
the AFM cantilever modified with BUD and a BUD
single crystal substrate, respectively. The cohesion
force (Fco) between the BUD crystal-modified can-
tilever and a BUD smooth crystal substrate was
determined by CPM at 25 °C. The optical image of
the set-up for the force measurement is shown in
Figure 2b. A fluid cell was used to perform the exper-
iments in liquid 2H, 3H-decafluoropentane (HPFP),
which is a mimicking solvent for HFA.7 The his-
togram of the measured Fco was fit to a Gaussian

Figure 2

(a) Schematic diagram of a CPM set-up in a liquid medium; (b) Optical micrograph of a BUD-modified

AFM cantilever and a BUD single crystal during a force measurement in HPFP; (c) SEM image of 

BUD-modified AFM cantilever; (d) SEM image of a single BUD crystal after recrystallization.
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distribution. Average and standard deviation of the
measured Fcowas obtained from the fit. 

Evaluation of formulation physical stability:
Micronized BUD particles were fed into pressure
proof glass vials with the excipients of interest and
crimp-sealed with 50 µL metering valves (EPDM
Spraymiser,™ 3M Company). Subsequently, a known
amount of HFA 227 was added to make a 2 mg·mL-1

drug concentration in HFA 227. The dispersions
were sonicated for 3 minutes in order to disperse
budesonide particles in the propellant. The physical
stability of the suspensions in HFA 227 was investi-
gated by visually monitoring the dispersion as a
function of time after shaking.

Excipient screening by CPM: The effect of vari-
ous excipients on the cohesion force (Fco) results for
BUD cantilever-BUD substrate is summarized is Table
1. Experiments were conducted in duplicate. The CPM
results indicate that the introduction of Tween 80 and
oleic acid into the system causes a significant increase
in BUD cohesive forces, reflected in large positive val-
ues for �Fco. The introduction of PEG 400 to the sys-
tem, however, is shown to somewhat decrease the Fco
(negative �Fco), but not extensively, in a way that the
final Fco is still fairly large. The difference in behavior
between the surfactants (Tween 80 and oleic acid) and
the homopolymer (PEG 400) may be due to their
behavior in solution and their interaction with the par-
ticle surface. It is known that PEG 400 is well solvated
by HFAs,4 and therefore not expected to adsorb

strongly onto the particle surface either. Aggregation
of PEG 400 molecules in solution is therefore not
expected. However, it is possible that the surfactants
(Tween 80 and oleic acid) do aggregate in HFA since
they are not solvated by HFA as well as PEG 400. Such
behavior may induce depletion (destabilization) forces
capable of increasing particle/particle interaction.8

Physical stability of the formulations: The physi-
cal stability of formulations containing 2 mg·ml-1 BUD
in HFA 227 with or without excipients was investi-
gated. Snapshots of the suspensions as a function of
time elapsed after sonication are shown in Figure 3.

The creaming rate of the formulations with Tween
80 and oleic acid is faster than that in pure HFA 227.
Complete creaming of the suspension without excipi-
ents took approximately 15 minutes (even though
flocculation started almost immediately) compared
to less than 5 minutes for the suspension with Tween
80 or oleic acid. Moreover, these dispersions could
not be easily broken up by simple manual agitation
of the formulations after creaming. These results are
in agreement with the CPM observations that the
presence of oleic acid and Tween 80 results in an
increase in Fco. In contradiction to that predicted by
the CPM data, PEG 400 also seems to cause a signifi-
cant decrease in the physical stability of the BUD
suspension, as indicated by the enhanced creaming
rate of the suspension relative to the HFA system
without excipient. One potential explanation for this
observation is that while indeed larger flocculated

Table 1

Average cohesive force (Fco) between the BUD-modified cantilever and BUD substrate, as 

determined by CPM in presence of various excipients. �Fco is the difference between the average

Fco in the presence of excipient relative to that observed in pure HPFP.

Excipient  Fco (nN)
concentration

Excipient (wt%) Cantilever 1 Cantilever 2

None 1.8 ± 0.3 �Fco 5.0 ± 0.8 �Fco

Tween 80 0.02 7.9 ± 0.9 6.1 13.4 ± 2.6 8.3

0.2 7.3 ± 1.1 5.5 11.5 ± 1.9 6.5

PEG 400 0.02 1.2 ± 0.5 -0.7 4.8 ± 1.2 -0.2

0.2 0.9 ± 0.6 -1.0 3.0 ± 0.9 -2.0

Oleic acid Saturation 6.0 ± 0.2 4.2 15.8 ± 3.3 10.8

BUD-cantilever/

BUD-substrate

Note: The forces measured from CPM are in direct proportion to the contact area between the AFM tip and substrate. The large difference in
Fco between the two cantilevers is due to the contact area variation from the two budesonide crystal modified AFM cantilevers.
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domains can be induced in the presence of PEG
(faster creaming), they might be more loosely aggre-
gated (with some degree of steric hindrance). The
significantly larger layer of drug particles present as
the top layer in the formulation of PEG could be a
hint to support the hypothesis. Further optimization
of the PEG 400 formulation may provide better
form  ulation dispersion stability.

Conclusion
Colloidal probe microscopy results show that Tween
80 and oleic acid have the undesired effect of
increasing Fco between BUD particles in HPFP, indi-
cating poor physical stability of micronized budes-
onide in HFA 227. Within the concentration range
investigated, the homopolymer PEG 400 decreases
the Fco between BUD particles in the model propel-
lant. How ever, physical stability experiments with
PEG 400 stabilized BUD suspensions in HFA show
fast sedimentation rates, similar to those using oleic

acid and Tween 80. The contradictory macroscopic
behavior of the formulations compared with the
CPM results points towards a different stabilization
mechanism for PEG 400 but more work will be nec-
essary to verify this. This work demonstrates that
colloidal probe microscopy can be used as a quanti-
tative microscopic tool for use in excipient screening
for pMDI formulations. 
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Figure 3

Dispersion stability of various BUD formulations

in HFA 227 (2 mg·ml-1) at 25 °C and

saturation pressure.
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