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h i g h l i g h t s

� Systematical evaluation of double
orifice design parameters.
� Identification of mechanism of

droplet disruption and stabilization.
� Induced counter pressure is crucial

for improved emulsion processing.
� Specific double orifice superior for

common formulations due to
stabilization zone.
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a b s t r a c t

A continuous production of nanoemulsions (or solid lipid nanoparticles) via a single passage through a
homogenization device is a challenging, yet essential prerequisite of upstream or downstream processes
in an integrated overall microsystem.

Multiple orifice microsystems with consecutive orifice arrangements were identified as especially
efficient tools for this purpose. Design, process, and formulation parameters were studied to evaluate
their influence on the process efficiency and the underlying mechanisms affecting the droplet breakup
and droplet stabilization efficiency.

The application of multiple orifices in one microsystem reduces the coalescence of broken up droplets
due to the establishment of a turbulent mixing zone. Therein, the frequency of droplet collision is
elevated and, in turn, their collision time is shorter than the coalescence time. Thus, the droplets are fluid
dynamically stabilized against coalescence. Double orifices are found more efficient than triple orifices
because the breakup is superior due to higher energy density. The combination of differently wide
orifices as well as the orifice order and the inter-orifice distances also influence the homogenization
result. The combination of orifices must be selected to yield a counter pressure in the range of Thoma
numbers between 0.1 and 0.4, as described for common two-stage homogenizers.

The variation of formulation parameters displayed that the improved double orifice efficiently
produces small particle sizes virtually independent of the emulsifier properties and the viscosity of the
continuous phase.
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In conclusion, a versatile microsystem design has been developed and characterized for a highly effi-
cient processing of a broad range of formulations and to suit a complex process chain by consuming only
a minimum of pressure drop (e.g. 1000 bar).

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The processing of nanodisperse systems, either emulsions or
suspensions, is a demanding challenge for manufacturing devices.
Nevertheless, these processes have continuously been developed
and well been characterized to provide high quality products.
These nanodisperse products are of high interest in many fields
of research and manufacturing because the nanoscale dimensions
may provide advantageous and innovative properties to materials
well known from macroscale.

Many efforts are carried out in the field of dairy processing (e.g.
milk, yoghurt, butter). Development in this field is primarily focus-
ing on high throughput and energy efficiency. With the manufac-
turing of pharmaceutical formulations, however, the production
volume is likely to be smaller while the product properties are
more critical and have to be met in a narrow range. In pharmaceu-
tical applications, nanoemulsions and solid nanoparticles (espe-
cially solid lipid nanoparticles, SLN) are promising vehicles for
drug delivery. Nanoemulsions and nanoparticles may facilitate
the application of hardly soluble drugs, enhance their bioavailabil-
ity and permeation through biological barriers, enable drug target-
ing, sustain drug release, and protect drugs against degradation [1].
Furthermore, these particulate systems allow many ways of
administration such as by parenteral [2], peroral [1,3], dermal
[4–7], ocular [8,9] or respiratory [10,11] route. Regarding the
tolerance of nanodisperse lipid systems in vivo, nanoemulsions
are routinely used for parenteral nutrition since the 1950s [12].
Since many years, nanoemulsions have also been used as commer-
cial drug delivery systems e.g. for diazepam [13].

However, pharmaceutical application poses special require-
ments towards product quality concerning defined, small particle
sizes, narrow particle size distributions, and high stability.

As the most common production technique, the top-down man-
ufacturing method of high-pressure homogenization has exten-
sively been developed and characterized for the production of
nanosized particles [14,15]. Different principles in homogenization
devices are applied: radial diffusers, axial flow nozzles (or orifices)
and counter jet dispersers [16,17]. The latter two principles are
commonly implemented without movable parts, yielding advanta-
ges towards human error, mechanical failure, and wear.

In this study, the intensified development and characterization
of customized microsystems is described, which provide several
advantages: a high surface-to-volume ratio, a defined residence
time distribution, and a defined input of stresses to the product
stream (by customizing microchannel design). Additionally, the
application of small educt batches and a good product recovery,
due to small dead volumes, are facilitated. This is of special interest
for applications in early pharmaceutical development if just small
amounts of active pharmaceutical ingredients (APIs) are available
for formulation screening. The use of such microsystems offers cost
reduction and simultaneously decreases process times and hazard-
ous potentials.

With regard to an integrated overall microsystem that com-
prises further process steps – both prior (e.g. the dispersion of solid
APIs in the oil phase and the initial junction of the oil phase and the
aqueous phase) and subsequent ones (e.g. defined cooling and
crystallization of solid lipid nanoparticles) to the high-pressure
homogenization – a continuously operating system is required.

Thus, the homogenization must yield small particle sizes with a
narrow size distribution by the application of a single passage
through the microsystem. According to that, the homogenization
efficiency of the microchannel design is of special interest.

In previous work, we showed that microsystems are generally
able to meet these requirements [18–20]. The results rose ques-
tions about the underlying mechanisms and influences on droplet
disruption and stabilization that needed further investigation of
the microsystem design as well as the process parameters. Most
promising candidates were orifice microchannels due to their sim-
ple structure in combination with high homogenization efficiency.
Especially the application of multiple orifices showed interesting
results and perspectives [19] which are investigated in detail in
this study. The number of orifices, the distance between orifices,
and the combination of different orifice widths are evaluated over
a wide pressure range.

In the literature, the addition of a second consecutive homoge-
nization stage or structure has been described to lead to an en-
hanced reduction in droplet size [21–24]. This is most likely
explained by the application of counter pressure towards the first
orifice, fostering the cavitation intensity which is understood to
contribute to droplet disruption [23,25]. The applicability of this
counter pressure theory to explain the effects in the present micro-
systems was studied with regard to design modifications and the
application of external counter pressure.

In addition, the effects of formulation variations regarding the
emulsifier (faster adsorption to interfaces) and the viscosities of
continuous and disperse phases were examined. These experi-
ments furthermore provide insight regarding the differentiation
of the breakup efficiency and the stabilization efficiency of the
microsystems.

2. Materials and methods

2.1. Materials

Medium chain triglycerides (MCT; Miglyol� 812, Caelo, Hilden,
Germany) were used as liquid oil for emulsion preparations.
Macrogol-15-hydroxystearate (MHS; Solutol� HS 15, BASF,
Ludwigshafen, Germany) was used in aqueous solution as nonionic
emulsifier/stabilizer. It consists of polyethylene glycol mono- and
diesters of 12-hydroxystrearic acid and approx. 30% free polyethyl-
ene glycol. Sodium dodecyl sulfate (SDS; Texapon� L100, Henkel &
Cie, Düsseldorf, Germany) was used as anionic emulsifier in aque-
ous solution. Critical micelle concentration is 0.021% (w/v) for MHS
[26] and 0.024% (w/v) for SDS [27]. Water was used in double dis-
tilled quality.

To adjust viscosities, refined castor oil (CO; Caelo, Hilden,
Germany) was added to the lipid phase or polyethylene glycol
20,000 (PEG; Mainland Pharmazeutische Fabrik GmbH, Frankfurt
am Main, Germany) was added to the aqueous phase, respectively.

2.2. Microstructures

2.2.1. Design and production
The microsystem generally consists of a structured bottom

plate with customized microchannels for emulsification on its
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