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A B S T R A C T

Particle size reduction to sub-micrometer dimensions in stirred media mills is an increasingly common for-
mulation strategy used for improving the bioavailability of poorly aqueous soluble active pharmaceutical in-
gredients (APIs). Due to their hydrophobic character, the API particles need to be stabilised by a surfactant in
order to form a stable nano-suspension. This work is concerned with the understanding of an undesired phe-
nomenon often encountered during the development and scale-up of wet nano-milling processes for hydrophobic
APIs – the formation of foams. We investigate the microstructure, rheology and stability of these foams, and find
them to be Pickering foams stabilised by solid particles at the gas-liquid interface rather than by a surfactant. By
exploring the effect of surfactant concentration on the on-set of foaming in conjunction with the milling kinetics,
we find a relationship between the specific surface area of the nano-suspension, the quantity of surfactant
present in the formulation and the occurrence of foaming. We propose a mechanistic explanation of foam for-
mation, and find that in order to prevent foaming, a large surfactant excess of approx. 100x above the critical
micelle concentration has to be present in the solution in order to ensure a sufficiently rapid coverage of freshly
exposed hydrophobic surfaces formed during the wet nano-milling process.

1. Introduction

The formation of pharmaceutical nano-suspensions by wet milling
using stirred media mills is an increasingly common method for im-
proving the bioavailability of poorly water soluble APIs (Active
Pharmaceutical Ingredients) [1,2]. By reducing the characteristic par-
ticle size to sub-micrometer dimensions, the specific surface area of the
API can be increased sufficiently to achieve the desired dissolution rate
enhancement even for the thermodynamically most stable crystalline
form of the API, without having to search for alternative solid-state
forms such as meta-stable polymorphs or amorphs. The chemical en-
gineering principles of stirred media milling are relatively well estab-
lished [3] based on experience from the processing of materials such as
pigments or ceramics. The suspension of particles to be milled is
pumped through a mechanically agitated chamber containing milling
beads (e.g. stainless steel or zirconia beads), whose impacts result in the
fragmentation of the milled material. The nano-miling process is scal-
able simply by increasing the volume of suspension pumped through
the milling chamber. Since the process is closed, it can be operated in a
sterile way, enabling the manufacture of novel drug dosage forms such
as injectable suspensions for intramuscular depot systems [4]. Due to

the predominantly hydrophobic nature of APIs subjected to nano-mil-
ling, stabilising agents such as polymers or surfactants have to be added
to the formulation in order to ensure colloidal stability and prevent the
re-aggregation of the breakage products [2]. Systematic approaches
have been proposed to determine feasible composition and process
parameters when developing pharmaceutical nano-suspensions [1,5].
However, there are still important challenges associated with the nano-
milling process. One of them is the undesired formation of foams,
particularly when the process is scaled up from batch to flow-through
configuration [5,6]. Foam formation is undesired from the processing
point of view because it is associated with a significant increase of
viscosity (up to 6 orders ro magnitude), which hinders the flow of the
suspension through the milling chamber and also restricts the move-
ment of milling beads in the milling chamber, which ultimately reduces
the milling efficiency [20,21]. If the milled product is a nanoparticle
suspension intended e.g. for application by injection [4], the formation
of a stable foam irreversibly damages the product quality. Therefore, it
is important to understand the origin of foaming in pharmaceutical wet
nano-milling.

Generally, foams can be stabilised either by surfactants or by solid
particles adsorbed at the gas-liquid interface [7–9]. In the latter case
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(the so-called Pickering foams), the increased rigidity of the gas-liquid
interface due to the presence of a tightly packed layer of solid particles
gives rise to remarkable foam stability and high viscosity. The particle
monolayer also acts as a barrier to diffusion across the interface, which
not only significantly reduces the rate of liquid evaporation or gas
dissolution, but also prevents any solutes present in the liquid phase to
adsorb on the particle facets oriented towards the gas phase. For this
reason Pickering foams and the so-called armoured bubbles, once
formed, are very difficult to de-stabilise by the addition of surfactants to
the bulk [10]. In many application areas such as food [11], ceramics
[12] or advanced stimuli-responsive materials [13], the high stability
and viscosity of Pickering foams are desirable properties. However, in
the case of pharmaceutical nano-suspension processing in flow-through
stirred media mills, the occurrence of highly viscous and stable foams is
strongly undesirable as it prevents efficient recirculation of the sus-
pension through the milling chamber, and reduces the efficiency of
contacts between the milling beads and the API particles [20,21].
Therefore, the objectives of the present work were to characterise the
properties and microstructure of such foams, to understand the me-
chanism by which they are formed, and to identify parameters by which
foam formation in pharmaceutical wet nano-milling can be suppressed.

2. Materials and methods

2.1. Chemicals

The substance chosen for the milling was a hydrophobic API (kindly
donated by Zentiva, k.s.) in the form of dry powder consisting of pla-
telet-like crystals with a characteristic particle size between 5 and 300
μm [4]. It has a very low aqueous solubility (below 0.010 mg/ml). The
dispersion medium was particle-free water for injections, which meets
pharmacopoeia conditions, containing Tween 20 (polyoxyethylene (20)
sorbitan monolaurate, CAS no. 9005-64-5). The API particle con-
centration in the suspension was fixed at 15.6 % (w/w) and the sus-
pensions were prepared at surfactant/API ratios of 0.038, 0.057, and
0.077 by mass.

2.2. Nano-milling process

The milling process was carried out in a stirred media mill LabStar
(Netzsch, Germany) with a 250ml milling chamber, operated in a
closed circulation mode (suspension circulation flowrate 156 g/min)
using zirconium dioxide beads (1.0 mm in diameter) at stirring rate of
1000 rpm and ball fill level of 90 % (corresponding to 225 ml of the
beads). The batch size was 330 g in all cases. To follow the milling
kinetics, samples were collected at predetermined time intervals and
subjected to particle size distribution (PSD) analysis by static light
scattering and morphology analysis by Scanning Electron Microscopy
(SEM).

2.3. Particle size distribution measurement

The particle size distribution (PSD) of the raw material and the
suspension at different stages of milling was measured by static light
scattering using the Partica LA-950 S2 (Horiba, Japan) in a 230ml flow
cell, using deionised water as the dilution medium. Stirring and soni-
cation was applied. The volume of the injected suspension into the flow
cell was in the range of 30 to 250 μl in order to achieve optimum laser
attenuation automatically indicated by the instrument. PSD was eval-
uated by the Fraunhofer kernel and reported on a volume basis.

2.4. Microscopy

The morphology of the crude material as well as the milled, dried
suspensions was observed by Scanning Electron Microscopy (SEM,
Tescan, Czech Republic). A small volume of the sample was pipetted to
a double-sided carbon tape, dried in air, and sputter-coated by gold
(Emitech K550X) before imaging. The structure of foams in the wet
state was observed by the optical microscope BX41 (Olympus, Japan).
The foam sample was placed between two cover-slips and gently
pressed; the same area of the foam was imaged at several focal plane
positions in order to identify the distribution of API particles relative to
the gas-liquid interface. Macroscopic images of the foam were taken by
digital camera EOS 100D (Canon, Japan).

2.5. Foam rheology

Rheological characterisation of the foams was performed using a TA
Instruments AR-G2 stress-controlled rheometer fitted with a Peltier
stage set to 25 °C. All measurements were performed using a 20mm 2°
cone geometry with a gap of 0.500 mm and examined via frequency
sweeps (0.01–100 Hz). Data were analysed using the TA Instruments
TRIOS software and the apparent viscosity was reported as a function of
shear rate.

3. Results and discussion

3.1. Foam occurrence, properties and microstructure

During normal operation of the milling process, the API suspension
has a liquid consistency (Fig. 1a) and is easily pumped through the
milling chamber. However, with an increasing milling time, which is
required for achieving the target API particle size in the sub-micron
range, the suspension begins to convert into foam. In the early stages of
foam formation, the foam can still be pumped through the milling
chamber, but eventually the viscosity of the foam becomes so high that
the process has to be stopped (Fig. 1b). The dynamic viscosity of fully
formed foams was in the range of 1–10 kPa·s, and continued to increase
with increasing milling time (Fig. 2a). For a constant milling time of 60

Fig. 1. (a) Aqueous suspension of API particles in the normal state before foam occurrence. (b) Example of a stable foam formed during the wet nano-milling process.
The macroscopic composition of the formulation is identical in both cases.
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min, the foam viscosity was found to depend on the surfactant/API
ratio; for higher surfactant/API ratios, slightly less viscous foams were
formed, but their viscosity was still in the kPa·s range (Fig. 2b), i.e.
approximately six orders of magnitude higher than water. The main
difference between foams formed at different surfactant/API ratios was
their stability. For the purpose of this work we define foam stability as
the ability to retain its mechanical (rheological) properties over time,
i.e. not to revert back to a liquid form. While foams formed using the
highest surfactant/API ratio of 0.077 gradually lost their stability (de-
crease of dynamic viscosity to approximately 1 Pa·s over 12 h – cf.
Fig. 2c), foams formed from suspensions with lower surfactant/API

ratios were remarkably stable and kept their semi-solid physical con-
sistency for days (Fig. 2c). Even after several months of storage in a
closed container (to avoid moisture loss by evaporation) at 4 °C (to
avoid possible product degradation), there was no sign of liquid drai-
nage or phase separation in the foam.

The fact that the foams were so stable, and that the foam stability
increased with decreasing surfactant content in the formulation, sug-
gests that the foams were probably not stabilised by the surfactant, but
that a different mechanism might be involved. In “traditional” foams
stabilised by surfactant molecules at the gas-liquid interface (e.g.
washing-up liquid, shampoo, etc.), a decrease in surfactant concentra-
tion generally means reduced foaming. In our system, the trend was
opposite. Microscopic analysis of the foam structure in the wet state
(Fig. 3a) revealed that finely milled API particles were not only dis-
persed in the bulk aqueous phase, but also present as a mono-layer at
the gas-liquid interfaces. This is a characteristic feature of Pickering
type dispersions (Pickering emulsions [14], armoured bubbles, particle-
stabilised foams, liquid marbles [15]). In this case the foam formation is
a way for the newly formed hydrophobic API particles to partially avoid
contact with the aqueous phase. A similar mechanism of foaming due to
in situ formed hydrophobic particles has been reported in the literature
for cellulose microparticles [16]. However, in the present case the
particles are formed by a purely physical process – milling. The char-
acteristic cell size in the foams was in the range of 10–50 µm (Fig. 3b
and c). The fact that formulations with a lower surfactant/API ratio had
a tendency to form more rigid foams could be taken as a manifestation
of higher gas-liquid interfacial surface area within the foams, caused by
a higher number of hydrophobic API particles that prefer to position
themselves at the interface.

3.2. Mechanism of foam formation

Based on the finding that the foams are stabilised by particles, a
possible mechanism of foam formation can be proposed as shown in
Fig. 4. When an API particle is broken up by the impact of milling
beads, freshly formed hydrophobic surfaces are exposed. If the aqueous
phase locally in contact with these surfaces contains a sufficient con-
centration of surfactant, the surfactant molecules will adsorb on the
newly available surface and the daughter particles will be stabilised in
the aqueous phase. In the absence of a sufficient local concentration of
surfactant, the next thermodynamically favourable route is for the hy-
drophobic surfaces to de-wet. This can happen either by partitioning to
an existing liquid-gas interface, or by the nucleation and growth of a
new bubble. Small air bubbles can be introduced into the circulating
suspension in the agitated storage tank. New bubbles can also nucleate
directly in the milling chamber from air dissolved in the aqueous phase.
Local pressure fluctuation at the point of particle breakage and frag-
ment separation can lead to a cavitation event. A similar mechanism of
foam formation by hydrodynamic cavitation in an aqueous suspension
of hydrophobic particles (ethyl cellulose) has been reported by Jin et al.
[22].

The surfactant concentration in the aqueous phase would appear to
be a critical parameter that determines the outcome of the breakage
event and ultimately the on-set of foaming. It can be expected that as
the surfactant is gradually depleted from the solution by adsorption to
newly created hydrophobic surfaces in the course of particle milling, at
some point the surfactant concentration will drop below a critical level
and foam formation will begin.

3.3. Effect of surfactant on foaming propensity

To verify this mechanism, milling experiments with systematically
varying surfactant/API ratios under otherwise identical conditions were
carried out and the particle size distribution (PSD) was measured as
function of time (Fig. 5). The on-set of foaming was recorded in each
case, and the experiment was stopped when a fully developed foam

a)

b)

c)

Fig. 2. Rheology of foams. (a) Batch with 0.038 surfactant/API ratio, the ap-
parent viscosity increases with time of the milling. (b) Comparison of batches
with different surfactant/API ratios at the same milling time. (c) Effect of sur-
factant/API ratio on foam stability in time (milling time 50min for all samples).
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occurred. Although the API solubility slightly increases with surfactant
concentration (0.026mg/ml in a 1% (w/w) aqueous solution of Tween
20), the quantity of API dissolved is still so low that it does not affect
the overall solids fraction in the suspension. Specifically, the dissolved
API represents no more than approx. 0.014 % of the solid API even in
the case of the highest surfactant/API ratio used. As shown in Fig. 5, the
initial stages of the breakage kinetics are rather similar irrespective of
the surfactant/API ratio: within the first 5 min the raw material with a

relatively broad size distribution between 10 µm and 100 µm is milled
down to a monomodal PSD positioned between 1 µm and 10 µm, from
which a growing peak of approximately 200 nm particles is then gra-
dually formed. Note that the shoulders apparent in the initial PSD at
t= 0min in Fig. 5a and c were due to weak particle aggregates present
in the raw API; the initial PSD of the primary particles are otherwise
identical, as evidenced by the curves at t= 5min where any initial
aggregates are already dispersed.

What distinguishes the three cases with different surfactant/API
ratios is the extent to which the sub-micron particles have formed be-
fore giving rise to foaming. For the lowest surfactant/API ratio of 0.038,
the sub-micron fraction represents only about 17 % by volume at the
time of foam formation, whereas for the highest surfactant/API ratio of
0.077 almost 89 % of the particles by volume were in the sub-micron
range before the foam started to form. The increasing proportion of sub-
micron particles can also be seen qualitatively on SEM micrographs of
milled material recovered from the suspensions at the on-set of foaming
and shown in Fig. 6.

The decreasing API particle size is associated with an increase of the
specific surface area, which can be calculated from the PSD according
to

=s
d ρ

6
API

API3,2 (1)

where d3,2 is the Sauter mean diameter evaluated from the PSD and ρAPI
is the material density of the API (1.2 g/cm3). The progress of the
milling experiments in terms of the specific surface area is plotted in
Fig. 7, along with the time at which the on-set of foaming was first
detected in each case. It is evident that the on-set of foaming can be
delayed by increasing the quantity of surfactant in the formulation: for

Fig. 3. (a) Optical microscopy of foam structure; the magnified view at different focal planes shows the distribution of particles at the gas-liquid interface. (b), (c)
SEM micrographs of dry foam showing its cellular structure.

Fig. 4. Proposed mechanism of foam formation. Hydrophobic surfaces freshly
exposed after particle break-up can be stabilised either by surfactant adsorption
if sufficient surfactant excess is locally available, or by de-wetting and parti-
tioning at the gas-liquid interface.
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surfactant/API mass ratio of 0.038, 0.057 and 0.077, foaming first oc-
curred at 6min, 13min and 24min, respectively. The API specific
surface area corresponding to these time points was approx. 3m2/g,
12 m2/g, and 27m2/g, respectively (Fig. 7). Note that all three cases
follow the same milling curve due to the fact that identical milling
conditions (mill RPM, bead size, bead fill level, etc.) were used. The so-
called breakage limit for these conditions appears to have been reached
for milling times approaching 30min, as indicated by the plateau in
Fig. 7 and the invariable peak around 200 nm in Fig. 5.

By considering the topological polar surface area of Tween 20 ap-
prox. 1.33 nm2 [17,18], the theoretical quantity of surfactant required
for covering the particle surface can be estimated and compared with
the actual quantity of surfactant present in the system. This comparison

is shown in Fig. 8, which clearly demonstrates a direct proportionality
between the surfactant/API ratio and the particle surface area at which
foaming began. Interestingly, this analysis also reveals that a significant
(but remarkably constant) excess of surfactant is required if foaming is
to be avoided. The surfactant concentration in the aqueous phase at the
on-set of foaming was calculated from the difference between the actual
and the theoretically required quantity of surfactant according to the
formula

Fig. 5. Evolution of particle size distribution during wet nano-milling at dif-
ferent surfactant/API ratios; (a) 0.038; (b) 0.057; (c) 0.077.

Fig. 6. SEM micrographs of API particles at different stages of milling; (a) 0.038
surfactant/API ratio and 7.5 min; (b) 0.057 surfactant/API ratio and 12.5 min;
(c) 0.077 surfactant/API ratio and 25 min of milling. The scale bar represents 2
µm.
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where V is the volume of water, msurf is the total mass of surfactant in
the formulation, Mw,surf is the molar weight of the surfactant, mAPI and
sAPI is the mass and the specific surface area of the API, respectively,
a0,surf is the polar head area of the surfactant and NA is the Avogadro’s
constant. From the experimental data, the mean surfactant concentra-
tion at the on-set of foaming was 5.46 ± 0.38mM (6.71 ± 0.48 g/l).
This is approximately 100 times higher than the critical micelle con-
centration (CMC) of Tween 20 (approx. 0.06mM at room temperature
[19]). Such large surfactant excess can be explained by referring back to
the mechanism shown in Fig. 4 and considering that the individual
particle breakage is an extremely rapid event. It can be hypothesised
that in order to avoid foaming, the surfactant required for covering the
freshly exposed hydrophobic surfaces must be immediately present in a
local volume element of the aqueous phase that first comes into contact
with the daughter particle. If there is not enough surfactant locally and
additional surfactant would need to diffuse from the bulk, then surface
de-wetting and bubble formation become the more likely scenario
(Fig. 4) and the Pickering foam begins to form.

4. Conclusions

This work was concerned with understanding the origins of foam
formation during wet nano-milling of hydrophobic pharmaceutical
substances in a stirred media mill. Analysis of the foam structure re-
vealed that fine drug particles were present at the liquid-gas interface,
stabilising the foam by a Pickering mechanism. The foams were found
to be remarkably stable due to lack of diffusive access to the hydro-
phobic particle facets from the bulk liquid phase. This is undesirable
from the processing point of view: once the foam is fully formed in a
flow-through stirred media mill, there is no way back and the process
has to be stopped. The on-set of foam formation was shown to be di-
rectly related with the specific surface area of the API particles and with
the free surfactant concentration in the formulation. A mechanism of
foam formation has been proposed based on micro-scale events occur-
ring during particle breakage – in order to re-wet freshly exposed hy-
drophobic surfaces formed by particle breakage and stabilise the par-
ticle in the suspension, a local excess of surfactant had to be present.
Otherwise the particle tends to de-wet or position itself at an existing
liquid-gas interface and contribute to foam formation. From the prac-
tical point of view, the knowledge that approximately 100x excess of
surfactant relative to its CMC is required in order to avoid foaming can
be taken as a basis for pharmaceutical formulation development. When
designing wet nano-milling processes for hydrophobic APIs, the specific
surface area sAPI should be calculated from the target PSD of the nano-
suspension, the theoretical surfactant quantity estimated from the head
area of the surfactant considered for API stabilisation, and then the
actual quantity of surfactant msurf calculated from the required volume
of the suspension using Eq. (2) such that the necessary surfactant excess
csurf be present. From the kinetics point of view, it could be hypothe-
sised that lower Mw surfactants with the ability to adsorb more rapidly
to the newly formed hydrophobic surfaces might not require so high
surfactant access and still be able to prevent foaming. Alternatively,
reducing the rate at which new hydrophobic surfaces are formed in situ,
i.e. operation the wet milling process under less aggressive conditions
(e.g. lower RPM in the milling chamber) might also be a way of sup-
pressing the occurrence of Pickering foams in pharmaceutical nano-
milling.
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