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Pharmaceutical field of use is suggested.

Drug delivery via biodegradable microparticles benefits from both the protection of the encapsulated
drug from hazardous conditions and the controlled release of the encapsulated drug, thereby reducing
the administration frequency and improving patient compliance. Microsphere-size particle distribution
is considered as being an important factor that affects the choice of the administration route and the drug-
release rate. Significant research efforts have been directed towards the production of monodispersed
“designer” particles. Amongst various techniques, some have been examined from lab-scale to industrial-
scale. This review provides a global overview of monodispersed microparticle production methods and
then focuses on recent processes being used to produce biodegradable microparticles applied in the phar-
maceutical field. Further discussion about the choice of process according to the microparticle objectives
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1. Introduction

Since microencapsulation technology was first studied in the
1930s, a great deal of research has focused on drug encapsulation
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and drug delivery (Freiberg and Zhu, 2004). To be effective, micro-
spheres must fulfil certain criteria: (i) high encapsulation efficiency,
(ii) preservation of drug activity during encapsulation and storage,
(iii) easy administration to the target site and (iv) controlled release
rate to achieve a therapeutic effect while minimising side-effects.
The administration of drugs via microspheres benefits from both
the protection of the encapsulated drug from hazardous conditions
and a release profile for a desired period. The administration fre-
quency is thus reduced and patient comfort and compliance are
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improved. Various microsphere materials have been used for drug-
controlled delivery (Haider et al., 2004; Kim, 1994; Passerini et al.,
2003). As the lack of biodegradability in some systems implies the
requirement of eventual surgical removal, major research has been
focused on biodegradable polymers for drug delivery. Biodegrad-
able and biocompatible microspheres can be achieved by using
natural polymers such as alginate, chitosan, collagen or synthetic
polymers made from naturally occurring monomers such as lac-
tic and glycolic acids (Boontheekul et al., 2005; Lee et al., 2001;
Ma et al., 2001; Tatard et al., 2005b). The use of natural polymers,
especially alginate, must be considered carefully since they can
be widely contaminated by endotoxins or immunogenic proteins
(Jork et al., 2000). From its discovery in the 1970s, the synthetic,
biodegradable and biocompatible poly (lactic acid) (PLA) and its
copolymers poly (lactic-co-glycolic) acid (PLGA) have become the
most popular polymers used due to their lack of contamination
sources and their controllable degradation rate via their molecular
weight and the modification of the ratio of lactic acid/glycolic acid
(Edlund and Albertsson, 2002; Stevanovi¢ and Uskokovi¢, 2009).
Recently, there has been a trend of using copolymers of PLGA and
poly (ethylene glycol) (PEG), PLGA-PEG-PLGA, in drug delivery,
especially for protein delivery, due to their highly hydrophilic char-
acteristics that facilitate drug release by diffusion (Kissel et al.,
2002; Paillard-Giteau et al., 2010).

The use of microparticles must initially take into account the
chosen administration route. For oral administration, although
there is no upper limit of microsphere size for administration, it
has been found that decreasing the microsphere size from 7.2 pum
to 2.1 wm doubled gastrointestinal adsorption (Gaumet et al., 2009;
Lamprecht et al.,, 2001; Wei et al., 2008a,b). For the pulmonary
route, microspheres should be around 3 wm to achieve good results
(Mohamed and Van Der Walle, 2008; Rawat et al., 2008). For
subcutaneous, intramuscular or intravitreal administration routes,
microspheres should be in the range of 10-250 wm in order to
avoid particle uptake by macrophage phagocytosis and to minimise
inflammatory reaction. (Anderson and Shive, 1997; Gasparini et al.,
2007; Herrero-Vanrell and Molina-Martinez, 2007; Katare et al.,
2005; Senuma et al., 1999; Thomas et al., 2010; Yamamoto et al.,
2002). In the case of specific organs such as the brain, microsphere
size should not exceed 100 wm so as not to disturb the 3D structure
of the brain (Tatard et al., 2005a). Microspheres should therefore
be sufficiently large to contain a reasonable amount of active ingre-
dient but not so large as to cause discomfort upon administration
(Mitragotri and Lahann, 2009; Wang et al., 1997).

The encapsulation yield and drug distribution must be carefully
considered in order to avoid side effects, especially for narrow,
therapeutic index drugs such as anticancer drugs, antibiotics or
proteins. By sieving the 5-FU-loaded PLGA microspheres of the
same formulation into various fractions of size from under 35 wm
to 125 pm, Siepmann et al. (2004) found that initial drug loading
increased with increasing microsphere size because large micro-
spheres could contain both large and small drug crystals whereas
only small ones could be encapsulated into small microspheres.
On the contrary, by encapsulating piroxicam and rhodamine B
into PLGA microspheres, Berkland et al. (2003a, 2004b) found
higher encapsulation efficiency in small microspheres of 10-20 pwm
and large microspheres of 100-120 pm than with medium micro-
spheres of 40-50 wm when the drug was soluble in polymer
solvent. The practical encapsulation yield in this case was thus
the result of competition between drug diffusion and the poly-
mer precipitation rate (Dawes et al., 2009). Furthermore, drug
distribution in microspheres is influenced by microsphere size. For
small microspheres (10-20 pm), the drug was distributed homo-
geneously throughout the microspheres (Berkland et al., 2003a,
2004b). For microspheres larger than 40 pm, hydrophilic drugs
had a high tendency to be distributed near the surface whereas

100 - m § i
" ﬁé i

o | #FgE
OEM

Fig. 1. Invitro piroxicam release from uniform PLG and PL microspheres and PL-PLG
double-wall microspheres.
Reprinted from Berkland et al. (2004a) with permission from John Wiley and Sons.

® PL:PLG0:100
O PL:PLG 25:75
v PL: PLG 40:60
o
A

PL: PLG 60:40
PL: PLG 100:0

Cumulative Percent Released

60 80 100
Time (Days)

hydrophobic drugs shifted towards the microsphere core (Berkland
et al.,, 2003a). Microsphere size influenced drug distribution and
thus affected the drug-release profile.

At the initial stage of the release profile, the larger surface
area of the smaller particles led to faster drug release (Berkland
et al., 2003a; Klose et al., 2006; Leach et al., 2005); whereas larger
particles with larger cores increased the length of the diffusion
pathways and decreased drug concentration gradients; drugs thus
took longer to be released (Bezemer et al., 2000; Dunne et al., 2000;
Redhead et al., 2001; Siepmann and Gopferich, 2001). At the latter
stage, microsphere degradation interfered with the release rate. In
the case of PLA and PLGA microspheres, due to the autocatalytic
effect, the limited diffusion of oligomers in large microspheres
increased the degradation rate and transformed the slow-release
phase into a faster one (Berchane et al., 2007; Dunne et al., 2000).
The onset-time of this transition phase decreased with increasing
microsphere diameter (45 and 20 days for 34 and 85 pm micro-
spheres, respectively) (Berkland et al., 2007a). A constant (i.e.,
zero-order) release rate is often preferred to maintain an effec-
tive drug concentration in the host tissue (Chen and Lu, 1999). The
release profile can be adjusted by varying the ratio of microspheres
of various sizes to obtain a zero-order release rate (Berkland et al.,
2007a; Pollauf et al., 2005).

Core-shell microspheres provide an alternative to control the
drug-release rate. When a drug is localised in the core matrices,
the shell prolongs the diffusion path of water-in and drug-out,
and hence the initial burst release can be limited (Lee et al.,
2002). A polymeric shell (e.g. PLA) could delay the degradation of
a polyester core, and increasing the PLA shell thickness shifts the
release profile from a biphasic shape for pure PLGA microspheres
to zero-order piroxicam release over 3 months for the thickest
(10 wm) PLA shells (Berkland et al., 2004a) (Fig. 1). Furthermore,
by switching the position of bone morphogenic protein (BMP) and
dexamethasone in PLGA core and alginate shells, Choi et al. (2010)
altered their release profiles. When these microspheres were then
incubated with rat, bone-marrow stromal cells, a different produc-
tion of osteogenic material was observed. However, conventional
core-shell microparticles could be obtained by encapsulating a pre-
formed core into the shell matrix or by using the phase-separation
phenomenon of two polymers in solution when a critical concen-
tration is reached (Choi et al., 2010; Lee et al., 2002; Wang et al.,
2010). For the latter process, the inherent thermodynamic prop-
erties of the system such as polymer chemistry, core-shell mass
ratio, and drug-polymer affinity, limited drug distribution and par-
ticle architecture (Lee et al., 2002; Mathiowitz and Langer, 1999;
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Table 1
Conventional microencapsulation process.

From monomer From polymer

Coacervation (complex or simple)

Solvent evaporation/extraction emulsion
(rotor-stator, homogenisation, ultrasound)
Spraying

Extrusion

Jet break-up

Polycondensation

Polymerisation

Shi et al., 2003). These conventional core-shell microparticles were
often large (>150 pm) and polydispersed (Lee et al., 2002). It was
therefore desirable to find a technique that allowed the production
of multi core-shells with selective polymer and drug localisation
as well as controlling the particle size.

Conventional microencapsulation processes can be classified as
shown in Table 1 according to the initial material (from monomer
or polymer). Microencapsulation processes from polymers are not
classified because some techniques can be hybrids of two or more
methods or can use different mechanisms simultaneously (e.g. Jet
break-up process can be used with solvent extraction/evaporation
or thermal gelification). Depending on the polymer type, additive,
solvent and process parameters, the microsphere size and size dis-
tribution can be modified (Berchane et al., 2007; Dawes et al., 2009;
Giteau et al., 2008; Klose et al., 2006; Senuma et al., 1999). How-
ever, this factor can vary from batch to batch and from lab to lab
(Gongetal.,2007; Johnson and Tracy, 1999). A process for monodis-
persed microsphere production could be an answer to the problem
of variability. A microencapsulation process from monomers could
lead to monodispersed microspheres. However, their size is lim-
ited to several micrometres and, due to the potential toxicity of
monomers, this process is not widely employed for pharmaceuti-
cal application (Arshady, 1989; Song et al., 2009). For all processes
with preformed polymers, the initial step is droplet formation
that in turn defines the size and size distribution of the result-
ing microparticles. The droplet is most commonly formed with
conventional turbulence-based methods, such as homogenisation,
rotor-stator systems, ultrasound or spraying (Freitas et al., 2005;
Li et al., 2008). Although these processes are relatively easy to do,
droplets are formed randomly and size distribution is wide, finally
resulting in broad microsphere size distribution. By applying an
electric charge to the droplets, Hong et al. (2008) managed to sepa-
rate the satellite droplets and main droplets in the spraying method
due to their different mass, and quasi monodispersed microspheres
were obtained. However, the loss of initial materials could not
be avoided. To develop monodispersed microsphere encapsula-
tion processes, the control of droplet size is required (Charcosset
and Fessi, 2005; Charcosset et al., 2004; Serra and Chang, 2008).
This review provides a global overview on monodispersed mono
or multi core-shell microparticle production methods, and then
focuses on recent processes that are being used for the prepara-
tion of biodegradable microparticles applied in the pharmaceutical
field.

2. Preparation of monodispersed microparticles

Processes used to prepare monodispersed particles can be clas-
sified into two types: microfluidic devices and jet break-up. In
microfluidic devices, the dispersed phase is pushed through a
micro-channel and broken into droplets at the end of the chan-
nel. In the jet break-up technique, the dispersed phase is pushed
through a nozzle to form a jet and then broken up into a chain of
monodispersed droplets.

dispersed phase
(constant pressure)

continucus phase
(tangential flow)

Fig. 2. (A) A microfluid device process syringe infusion pump, (B) microporous
membrane and (C) microchannel device.

2.1. Microfluidic devices

The simplest lab-scale process for uniform microsphere formu-
lation was developed by Amsden et al. (Amsden, 1999; Amsden,
2001) and was named the ‘syringe infusion pump’ (Fig. 2A). This
method was developed from the gravity drip casting method,
where the polymer phase was dripping from the nozzle to cre-
ate monodispersed droplets under the force of gravity. However,
the production rate of the gravity casting method is ultimately
low. A syringe was applied to push the polymer solution more
quickly. Briefly, a continuous phase of PLGA in dichloromethane
(DCM) is continuously injected via a stainless-steel, blunt-ended
needle into a perpendicular flow of an aqueous polyvinyl alcohol
(PVA) solution used as the continuous phase. Mean microsphere
size varied between 68 and 295 um (CV =5-35%). In the same way,
by injecting a suspension of BSA in PLGA/acetonitrile solution into a
flowing continuous phase of cotton seed oil, through a 120 um nee-
dle, Leach et al. produced monodispersed microspheres of 123 pm
(CV=6%) (Leach et al., 2005). A reduction of the injection diam-
eter and an increase of the continuous phase velocity decreased
microsphere size (Amsden, 1999; Leelarasamee et al., 1988; Xu
et al,, 2009a); this process is unsuitable for the production of
small microspheres (<30 wm) and their throughput was quite low
(<2mL/min) (Amsden, 2001). Scaling-up may be feasible through
the parallel use of a quantity of needles. However, no information
about the retention of particle distribution was made. More widely
used, microporous membrane (Fig. 2B) and microchannel devices
(Fig. 2C) are discussed below.

2.1.1. Microporous membrane emulsification

The Shirasu Porous Glass (SPG) membrane emulsification tech-
nique was first proposed by Nakashima and Shimizu (Kandori et al.,
1991) and later developed by Omi et al. (Omi, 1995; Omi et al.,
1995) and Ma et al. (1999). Dispersed drops are generated at the
membrane surface by pushing the dispersed phase through the
membrane pores into the continuous phase under applied pres-
sure of about 0.5-5 bars from nitrogen gas (Fig. 2B). The membrane
pore size exerted the most dominant influence on droplet size dis-
tribution (Lambrich and Schubert, 2005). Droplet size ranged from
2 to 10 times the membrane pore diameters, depending upon the
interfacial tension between the dispersed phase, the continuous
phase and the membrane surface with the flow shear stress level
(Joscelyne and Tragardh, 2000; Makino et al., 2004). Given the rapid
progress in micro engineering, membranes with pore sizes rang-
ing from 0.49 to 40 pm have been achieved (Gasparini et al., 2007;
Omi et al., 1995; Sugiura et al., 2002a). Microspheres produced with
this process ranged from 100 p.m to around 10 pm (Gasparini et al.,
2007; Shigaetal., 1996; Weietal.,2008a,b). Recently, another alter-
native named the ‘premix-membrane’ was developed to increase
the production rate and to obtain microspheres of 1-2 wm (Doan
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and Olivier, 2009). In this alternative, a coarse emulsion O/W was
prepared classically by stirring and then pushed to pass through
the membrane for many cycles in order to obtain a fairly narrow
degree of distribution.

The process should avoid wetting the membrane so as to avoid
blocking the membrane pores. The most commonly used mem-
brane for the preparation of emulsions is the SPG (Vladisavljevi¢
and Schubert, 2003; Williams et al., 1998). This membrane con-
tains monosized pores in a cylindrical shell tube consisting
of hydrophilicsillimanite (Al;03-SiO;) (Omi, 1995). Due to its
hydrophilicity, this membrane is an appropriate choice for oily-
dispersed phase emulsions (O/W emulsion). The hydrophilicity of
the membrane can be altered by changing the surface chemistry;
this needs to be repeated at the beginning of each formulation (Lau
et al., 2009). Silicone-based membranes have been used recently
due to their anti-adherence properties, which makes them suitable
for the production of various emulsion types (O/W, W/O, W/O/W,
S/W/O, and S/O/W) (Lau et al., 2009; Veldhuis et al., 2009).

Although the membrane process offers the opportunity of pro-
ducing emulsions with narrow droplet size distribution, without
high mechanical stress, and with low energy input (10%-106 J/m3)
compared to conventional mechanical methods (106-108 J/m?3), the
process is limited due to their low production rates of between 0.01
and 10 mL/h as well as the coalescence of microparticles (Sugiura
et al,, 2005). These limits are mainly due to the porosity of the
membrane. Firstly, the porosity of the membrane determines the
distance between two adjacent pores. This distance is critical to
ensure that two adjacent droplets do not come sufficiently close
to each other to make contact, which may lead to coalescence
(Abrahamse et al., 2002; Charcosset et al., 2004; Williams et al.,
1998). Secondly, all the pores do not become active at the same crit-
ical pressure, even though they have the same diameter. Indeed, the
pressure drops under the membrane as soon as the disperse phase
flows through some pores, and hence prevents other pores from
becoming active (Vladisavljevi¢ and Schubert, 2003; Wang et al.,
2005).

2.1.2. Terrace-like microchannel system

Nakajima et al. first applied this system in emulsification
technology (Kawakatsu et al., 1997; Sugiura et al., 2002c). The
microchannels open up to a terrace that descends to a well through
which the continuous phase slowly passes. The dispersed phase
is pressed through a channel and spread over the terrace until
it reaches the rim of the well. When flowing over the rim into
the well, interfacial forces contract the fluid to form a droplet
(Fig. 2C) (Kawakatsu et al., 1999; Kobayashi et al., 2003; Sugiura
et al., 2002b). Droplet formation is only governed by interfacial
forces, leading to monodispersed droplets (Kawakatsu et al., 1997).
Droplets from a few micrometres up to 100 wm, with a relative
standard deviation lower than 5% were produced (Ikkai et al., 2005;
Iwamoto et al., 2002; Sugiura et al., 2002a). Although the interfacial
force was the main factor creating droplet formation, there was no
direct link between the static interfacial tension and the resulting
droplet size (van Dijke et al.,2010). The geometry of the microchan-
nel plate, however, had a dominant effect on the microparticle size
(Lambrich and Schubert, 2005). Larger microspheres were prepared
using a microchannel with deeper and longer terraces. However, it
is difficult to fabricate microchannels deeper than 16 wm and ter-
races exceeding 240 wm by the wet-etching process (Sugiura et al.,
2002a). The miroparticle size was thus limited to less than 100 pm.

Since no additional forces for droplet detachment are neces-
sary, the process conditions for microchannel emulsification are
relatively easy (Lambrich and Schubert, 2005). However, the pro-
duction rate is still limited by the dispersed phase flow rate.
This process has been used for the production of monodispersed
microparticles of gelatin and alginate (Chuah et al., 2010; Iwamoto

et al,, 2002); the drug encapsulated into these microparticles was
not reported. Another limitation of membranes and microchannels
is the need for low viscosity solutions. Other processes reported
below can use viscous solutions.

2.2. Jet break-up process

In the jet break-up processes, a polymeric solution is pushed
through a nozzle at a constant flow rate, forming a laminar jet. The
jetis then broken into a chain of monodispersed droplets. Depend-
ing on the mechanism of jet break-up used, various processes exist
as shown in Fig. 2.

2.2.1. Electrostatic droplet generation

In this process, an electric current is applied between the noz-
zle and the hardening solution (Fig. 3A). Under the electrostatic
force, the liquid breaks up into droplets. By selecting the appro-
priate conditions, the generated droplets can have a narrow size
distribution (Amsden and Goosen, 1997; Bugarski, 1994a,b). There
are two working methods in electrostatically assisted processes:
the dripping mode and the jet mode.

In the dripping mode, the polymer solution is pushed gently
through the nozzle where a low electric current is applied (up to
about 4 kV). The liquid is broken up at the out-put of the nozzle due
to the electrostatic force (Fig. 3A) (Moghadam et al., 2008). Micro-
spheres of 500-1500 p.m are obtained and the production rate is
lower than 30 mL/h. Smaller microbeads can be attained by increas-
ing the electric current and using a smaller needle (Moghadam
et al.,, 2008; Poncelet et al., 1994; Xie and Wang, 2007). However,
increasing the electric current induces a much broader diameter
distribution (Amsden and Goosen, 1997; Bugarski et al., 1994a,b);
the microsphere size is reduced to less than 100 wm but their CV
increases to over 15%. The dripping mode is thus limited by low
productivity and large microparticle size (Bugarski et al., 1994a,b;
Heinzen et al., 2004; Lewinska et al., 2008; Xue et al., 2006).

At a higher velocity, a smooth and stable jet is formed, but
a higher electric current is necessary to break the jet into small
droplets (Fig. 3A;). In this mode, the production of mono, small
microparticles within 1-15wm with high productivity can be
achieved (Ding et al., 2005; Lee et al., 2010). However, in their work,
the formulation of microspheres over 20 um was not mentioned.
This could be due to the high electric repulsion causing the break-up
of the droplets.

The first advantage of this process is that the equipment is very
simple and easy to operate. Furthermore, in the cone-jet mode, the
microsphere size can be controlled by the electric current inde-
pendently of the nozzle diameter, so a nozzle in the millimetre
range can be used and the nozzle-blocking problem can thus be
limited (Xie et al., 2008). Interestingly, the electrical charge on the
droplets prevents their coalescence and the need for a surfactant
is thus limited. It has been shown that proteins (BSA, lysozyme,
bone morphogenetic protein) and cells can maintain their active
forms and viability under electrostatic forces up to 10 kV (Lewiniska
et al.,, 2008; Strand et al., 2002; Wang et al., 2010; Xie and Wang,
2007; Xie et al., 2008). Although this process can work with non-
Newtonian viscous liquids (Moghadam et al., 2008), highly viscous
polymer solutions (15% PLGA/DCM) are usually elongated in the
given condition, yielding micro- or nano-fibres (Choi et al., 2010;
Fantini et al., 2006; Xie et al., 2008).

2.2.2. Jet-cutter technology

In this process, a dispersed jet is cut into uniform segments by
means of a cutting tool consisting of several wires (Fig. 3B) (PriiRe
et al.,, 1998a,b). The height of these cylinders and, therefore, the
diameter of the resulting droplet, is determined by the number of
cutting wires, the number of rotations of the cutting tool, and the
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Fig. 3. Jet break-up processes: (A1), (Az) electrostatic generation, (B) jet cutter, (C) acoustic jet excitation, and (D) flow focusing.

mass flow through the nozzle (Priife et al., 1998b). This encapsula-
tion method is simple, efficient for the production of microparticles,
even with highly viscous fluids (greater than 500 mPas), and has a
high flow rate (10-30m/s) with correspondingly high production
rates (PriifSe et al., 2000, 1998a,b). However, microparticle size is
large (from 200 wm to millimetre size range). Moreover, cutting
through the liquid jet causes a cutting loss which is assumed to be
in proportion to the size of the cutting wire diameter (Priif3e et al.,
2000). The occurrence of a cutting loss is inherent in this method
and, therefore, cannot be completely avoided. Nevertheless, the
reduction of cutting losses to a satisfying level (below 5%) is feasible
(Priisse et al., 1998; PriiRke et al., 1998b). Although this process has
been reported for the production of biodegradable, monodispersed
microparticles such as alginate, pectin, chitosan and gelatine (Priie
et al., 2000), no information about drug encapsulation was found.

Other variations of jet cutters are rotary disc atomising and
centrifugal disc atomising (Teunou and Poncelet, 2005). In these
processes, the polymer solution is fed onto a rotary disc, and the
polymer solution is projected at the edge of the disc under cen-
trifugal force. In rotary disc atomising, a flat tray was divided into
different parts and used to collect the particles of different sizes. By
carefully controlling the process parameters, the centrifugal atom-
ising disc can fabricate monodispersed microparticles. However, no
report about drug encapsulation by using these methods has been
found.

2.2.3. Jet excitation

In this method, the jetis broken into uniform segments by means
of vibration excitation (Fig. 3C). The vibration of a liquid jet for its
disruption into droplets was originally studied by Lord Rayleigh
in the late 19th century (Rayley, 1879). A longitudinal oscillation
imposed on a liquid stream causes periodic surface instability,
which breaks up the liquid into a chain of uniform droplets. Weber
(1931) extended the analysis by including the effect of viscosity (1)
into the analysis (Koch et al., 2003). The optimum wavelength (A)
for break-up is thus given by (Weber, 1931):

3u
\/ pod;

where d;, p, o indicate the diameter of the jet, the density, and the
interfacial tension of polymer solution. One droplet was generated
by each hertz of vibration (each sinus wave led to the formation
of one droplet), the drop diameter, dy, can be calculated as follows
(Seifert and Phillips, 1997):

3 3.djz.)»
da=\ >~

A = 4.443d, +1

Increasing polymer concentration and flow rate increased
droplet size (Berkland et al., 2001; Mazzitelli et al., 2008; Seifert and
Phillips, 1997). The longer the wavelength of the jet break-up, and
the shorter the distance to the impact plane of the hardening bath,
the less likely is drop coalescence (Brandenberger and Widmer,
1999; Seifert and Phillips, 1997). Thus, smaller nozzle diameters
and higher frequencies increase the possibility of coalescence. The
frequency is usually kept as low as possible in order to avoid the
formation of satellite droplets leading to a broader size range (Del
Gaudio et al., 2009).

This process has been used for the production of particles from
nanometre to millimetre range (Dumas et al., 1992; Seifert and
Phillips, 1997). The production of microparticles by the vibrating
nozzle device is highly reproducible, time saving, can be performed
under aseptic and scaled-up conditions (Zvonar et al., 2009).

2.2.4. Flow focusing

Flow focusing was first developed by Gafian-Calvo and Gordillo
(2001). This process is based on the principle of hydrodynamic
focusing. The dispersed phase flows into a central nozzle while an
immiscible phase (aqueous or gaseous) is delivered through two
side channels (Fig. 3D) (Gafnan-Calvo, 1998). The outer phase has a
flow rate several orders of magnitude higher than the inner disper-
sal phase (Annaetal., 2003; Schneider et al.,2008). Thus, the central
stream is forced into a thin, jet-like stream and broken up into
droplets smaller than the nozzle, with a narrow size distribution
(Schneider et al., 2008).

The composition of the focusing fluid defines the respective
method, either aerodynamic (i.e., using gas) or hydrodynamic flow
focusing (i.e., using fluids). When gas is used as a focusing fluid, the
monodispersity of droplets is characterised by the Weber formula:

Pgl/édj
g

We

where Pg, vg, d; and g are respectively gas pressure, gas velocity
at the nozzle, diameter of the jet and surface tension of the jet.
With an experimental value below 40, the resulting droplet stream
is monodispersed. Increasing the gas pressure increases the We
number. The resulting spray shows significant polydispersity in this
case (Ganan-Calvo, 1998).

In the case of monodispersed microparticles, the diameter of
microparticles (dp) could be predicted by taking into account the
polymer concentration (C), the polymer solution density (rp) the
nozzle diameter (D), the focused and focusing fluid flow rate (Qq4
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and Qx):

o (2) )
P= 2kpp Q¢ ’

k is the wave number of the fastest growing perturbation on the

jet (approximately k~0.5 for most liquid-liquid combinations)

(Martin-Banderas et al., 2010). The particle diameter is generally

1/10 to 1/30 the diameter of the orifice (Martin-Banderas et al.,

2006).

Increasing the carrier stream flow rate and decreasing the poly-
mer flow rate reduces the droplet diameter (Schneider et al., 2008;
Gafan-Calvo et al., 2006). Although microparticle size obtained
with this method is usually from 2-3 wm up to 50 wm, this method
is mainly used for the production of microspheres under 10 pm (Xu
et al.,, 2009b; Martin-Banderas et al., 2010). Holgado et al. (2009)
compared lidocaine-loaded PLGA microspheres produced by the
conventional solvent evaporation method, and the flow-focusing
method. Microspheres obtained from the flow-focusing method
were uniform and presented an acceptable CV of 15% smaller than
ones obtained from the conventional stirring method (>23%) (Anna
et al., 2003; Schneider et al., 2008; Xu et al., 2009b).

The method of flow focusing has many general advantages:
(1) it is generally a simple one-step approach, (2) particle size
can be adjusted by changing the fluid flow velocity of the two
phases, (3) droplet size is not limited by the injector and orifice
size (i.e., droplets can be much smaller than the orifice size), (4) the
flow focusing process is scalable, and (5) offers the generation of
droplets and microspheres at low cost (Hunik and Tramper, 1993;
Martin-Banderas et al., 2005; Schneider et al., 2008). This method
has mainly been reported for PLGA monodispersed microsphere
production (Holgado et al., 2008, 2009; Schneider et al., 2008).

2.2.5. Precision particles fabrication

Berkland et al. (2001) also used an annular or ‘carrier’ stream of
PVA 1% to decrease jet diameter of PLGA/DCM but jet break-up is
always due to jet excitation. This method for uniform microparticle
generation was named precision particle fabrication (PPF) (Fig. 4A).
The ‘carrier’ stream help to reduce the diameter of the droplets to
be smaller than the nozzle. The size of microspheres obtained from
this method could be reduced to 6 wm (Fig. 4B-D). For one droplets
diameter, the precision particle fabrication process can work with
a larger nozzle than simple jet excitation process. The problems of
nozzle clogging and high shear force were thus avoided. Further-
more, by simple modify the process parameters, from a 100 pm
nozzle, arange of monodispersed microspheres from 40 to 60 could
be obtained. In latter experiences, uniform microspheres from 1 to
over 500 wm in diameter were obtained (Berkland et al., 2007a;
Raman et al., 2005). Choy et al. (2007) also applied this process for
the fabrication of a series of hydrogel microspheres of chitosan and
alginate in a size range of 50-200 wm from the nozzle of 250 pm.
The only limit of this method is the complexity of the apparatus.

2.3. Multi core-shell microspheres

The simplest multi core-shell microspheres were prepared with
two different steps: a W/O emulsion was firstly prepared with a
simple stirring method and then this emulsion was subsequently
pressed through a nozzle and divided into monodispersed droplets
using the flow flocusing method (He, 2008). Although the diameter
of microcapsules was controlled, the number of cores in each micro-
capsules could not be mastered. Another alternative to control the
core number in each microcapsules is to inject separately the core
and shell solutions into two, co-concentric nozzles and then bro-
ken out into monodispersed droplets. The mechanism of droplet
splitting can be electrostatic (Choi et al., 2010; Jaworek, 2008), by

jet-cutter (Priif3e et al., 2000) or by jet excitation (Berkland et al.,
2004a). When the core solution has a high tendency to spread out
into the shell, which results in an uncompleted core-shell structure,
the shell solution concentration should be reduced to increase the
fluidity which may in aid the spreading of the shell phase onto the
core polymer. Moreover, dichloromethane was added into outer
phase to extend the extraction time, allowing more time for com-
plete capsule formation, and may also alter the interfacial tension
between the polymer solution and the aqueous phase. (Berkland
et al., 2004c). The thickness of the shell wall increases by increas-
ing the inner space between the outer diameter of inner capillary
and the inner diameter of the outer capillary or by increasing the
flow rate of shell to core solutions (Berkland et al., 2007b; Lee
etal., 2010). Furthermore, by controlling the droplet formation fre-
quency between the inner phase and outer phase, the multi-inner
core or unique core encapsulated in the unique shell wall can be
achieved (Berkland et al., 2004a; Bocanegra et al., 2005). The liquid
core can be essential oils, plant extracts (coffee, menthol, citrus oil,
etc.), drugs or cells in a culture medium (Berkland et al., 2007b;
Bocanegra et al., 2005; Martin-Banderas et al., 2005; Nedovic and
Willaert, 2004). When the partition coefficients of the polymer in
the solvent of the two phases are close to each other, the diffusion
of the wall material into the capsule core can be observed (Nedovic
and Willaert, 2004). When the viscosities between the core and
shell solution are nearly similar, the break-up frequency of the core
solution is less than that of the shell solution, and thus multi-core
microcapsules are formed (Bocanegra et al., 2005). Bocanegra et al.
(2005) studied the evolution of a concentric stream of three immis-
cible liquids forced through a small orifice to reduce core-shell
microsphere sizes. The interfacial tension of the core-to-focusing
liquid should be larger than that of the shell-to-focusing liquid to
ensure that the shell liquid encase the core liquid (Bocanegra et al.,
2005).

Another alternative is that the aqueous core and the polymeric
shell solutions be separately injected into two different nozzles. The
liquid streams are broken into a series of uniform droplets and the
location of the nozzles is manipulated to cause collisions between
the drops. The polymer covers the aqueous droplets forming the
microcapsules (Langer and Yamate, 1969; Yeo et al., 2004). This
process is limited by the complexity of the experimental set-up and
the difficulty of maintaining monodispersity of the microcapsules.

2.4. Consolidation procedure

Once the droplets are formed, the consolidation procedure must
take place as soon as possible to prevent either the aggregation
of polymer droplets or the undesired leakage of medical drugs
(Huang et al., 1999; Yang et al., 2007). The chemical nature of
the droplet phase (dispersed phase) determines the next step, a
consolidation procedure, in which the droplets are transformed
into solid microparticles: this entails temperature modification,
such as cooling for collagen or heating with an appropriate inlet
temperature to evaporate the solvent for PLGA (Holgado et al.,
2009), chemical reactions or ionic cross-linking for water-soluble
polymers such as alginate (Seifert and Phillips, 1997), gelatine
(Huang et al., 1999), chitosan, collagen (Dumas et al., 1992; Yang
et al., 2007) or k-carrageenan (Hunik and Tramper, 1993) or sol-
vent evaporation/extraction for oil-soluble polymers such as PLA,
PLGA, PLGA-PEG-PLGA (Berkland et al., 2001; Leach et al., 2005).
The solvent evaporation/extraction method can be carried out
either in air or in liquid. The freezing method implies recover-
ing the droplets in a frozen solvent (MeOH at —70°C) to instantly
precipitate droplets, and then the solvent gradually evaporates
when the temperature increases, leading to solid microspheres.
Although this process can be applied to various solvents, it is
complex, expensive, and usually takes more than one day per
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Fig.4. Diagram of the microsphere generator with the precision particle fabrication process (A). Light and fluorescence micrographs of uniform PLG microspheres demonstrate
the lower achievable limit of the size range. Sizes are approximately (B) 24 pm, (C) 11 m, and (D) 6 pm.

Reprinted from Berkland et al. (2001), waiting for permission from Elsevier.

batch (Amsden and Goosen, 1997; Leach et al., 2005). For droplets
smaller than 30 wm, the volatile solvent can be eliminated dur-
ing the fall process under ambient temperature (for DCM) or in a
thermostatic chamber (55 °C for ethyl acetate) to obtain the hard-
ened microspheres (Gaflan-Calvo and Gordillo, 2001; Xie et al.,
2008). However, the solvent evaporation rate should be taken into
consideration in order to avoid rough microsphere surface mor-
phology (Xie et al., 2008). The conventional evaporation/extraction
of DCM in a solution of 1% PVA can also be used (Berkland et al.,
2001).

During the hardening process, the droplet sizes can
shrink. This shrinkage is influenced by the type of poly-
mer, polymer concentration, the hardening medium, and
the ratio of polymeric phase/hardening medium (Hunik
and Tramper, 1993; Yang et al., 2007). Depending on the
polymer concentration within the droplet, the size of the
final polymer particle is usually smaller than that of original
droplet by 2-30%, due to the higher density of the polymer (Serra
and Chang, 2008; Berkland et al., 2001).

3. Monodispersed microparticle production scale-up

It is well known that a number of problems may be associ-
ated with the conventional, existing methods of production. The
energy needs for the large-scale production of emulsions using
traditional methods (rotor-stator) is high, and gets worse as the
vessel size increases. This can lead to increasing the complexity of
scaling-up. The electrostatic method has not been reported, most

probably for safety reasons. Furthermore, due to the cutting loss of
the jet-cutter, this method has not been considered as being appro-
priate for scaling-up. Nevertheless, pilot scale-ups for microporous
membranes and acoustic excitation have been performed. Using
the membrane emulsion process, Veldhuis et al. (2009) achieved
the production of a large number of biodegradable microspheres
of PLGA, PCL, etc. The production rate was successfully scaled up
to 1 kg/day. Williams et al. (1998) reported the pilot scale-up using
continuous membrane production; the uniformity of the droplets
was constant between seven batches. Furthermore, it was stated
that by using this process, the original structure of fragile drugs and
the viability of encapsulated cells were preserved (Sugiura et al.,
2005). A commercial membrane emulsification system for uniform
microspheres named Nanomi is now on the market.

The jet-excitation process was patented for the production
of uniform microspheres of alginate (Brandau, 1995), collagen
(Dumas, 1992) and PLGA (Berkland et al., 2003b; Kim et al., 2008).
The scale-up of the vibration process is easily done by using a
multi-nozzle system (e.g. 240 nozzles (Brandau, 2002)) without
changing other parameters such as the flow rate and the vibration
frequency (Brandenberger and Widmer, 1998; Hunik and Tramper,
1993; Seifert and Phillips, 1997). The most important element is
about the arrangement of the nozzles. The geometry must ensure
equal jet formation and equal pressure drops between the noz-
zles (Brandenberger and Widmer, 1998). The pilot apparatus using
this technique is now being sold by Brace GmbH (Germany), Nisco
Inc. (Switzerland) and Inotech AG (Switzerland) (Brandau, 2002;
Brandenberger et al., 1999; Magyar et al., 2001). Furthermore, Orbis
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Table 2
Characteristics of monodispersed microsphere processes.

Process Polymer phase  Particle Multi-wall Polymer types  Advantages Disadvantages
viscosity diameter (wm)  microspheres
Microporous membrane Low 3-100 No PLA, PLGA, PCL,  Low mechanical stress ~ Low production rate
emulsification PLGA-PEG-PLGA
Possibility of coalescence
Terrace-like microchannel system Low 3-100 No Gelatin, Low mechanical stress ~ Low production rate
alginate,
chitosan
No drug encapsulation
reported
Flow focusing High 30-100 Yes All types Particle size adjusted Only works at a specific
by changing the fluid flow rate ratio
flow of both phases.
Droplet size is not
limited by the orifice
size
Jet cutter High >200 Yes Gelatin, Simple and easy to Cutting loss
alginate, operate
chitosan
No drug encapsulation
reported
Electrostatic dripping Medium >500 No All types Simple and easy to Low production rate
operate
Electrostatic cone-jet mode Medium 2-20 Yes All types Prevents droplet Large diameter
coalescence
Small diameter
Viscous polymer solution
yielding microfibres
Acoustic jet excitation Low >40 Yes All types Highly reproducible Polymer solution must be
less viscous than other
processes
Time saving
Scaleable
Precision particle fabrication High >10 Yes All types Nozzle clogging and More complex apparatus

shearforce avoided
Monodispersed
microparticles of
different size from one
nozzle diameter

Biosciences is successfully scaling up the precision particle fabrica-
tion process by using a multi-nozzle set-up.

4. Discussion and conclusion

Although the monodispersed microsphere production pro-
cesses discussed are different, some common factors that affect
microsphere size can be found. For the intrinsic factors, the micro-
sphere size increases with increasing polymer concentration (Lee
et al., 2010). For the extrinsic factors, the diameter depends firstly
on the nozzle through which the dispersed phase passes (Dumas
et al., 1992). Secondly, the diameter depends upon the droplet for-
mation frequency (extrusion through membrane pores, vibration
frequency, disk rotation speed, electrical field, etc.). Increasing the
droplet formation rate decreases the volume of the droplets and
thus decreases the microsphere size (Lee et al., 2010; Senuma et al.,
1999). Furthermore, the final microsphere size and size distribution
are also determined by the degree of coalescence and the stability
of the droplets before and during the hardening process (Joscelyne
and Tragardh, 2000; Vladisavljevi¢ and Schubert, 2003). The coales-
cence of droplets during the fall or impact at the hardening solution
interface increases the standard deviation of the particle-size distri-
bution. By charging the droplet with a high voltage of 400-1400V,
Brandenberger et al. (1999) eliminated the coalescence of alginate
microparticles. Furthermore, the electrostatic force allowed the use
of surfactant-free processes for non-toxic particles (Choy et al.,
2007).

The characterisation of various reported processes is sum-
marised in Table 2. Considering the administration route and
syringeability, the microsphere size used for drug delivery should
be smaller than 250 wm. The jet cutter and electrostatic dripping
methods are thus not the best choices in this case. Furthermore, the
microparticle sizes formed by the electrostatic cone-jet mode are
limited to 20 wm or less. The microporous membrane and terrace-
like microchannel methods are suitable for microspheres up to
100 m, but these processes are limited for the production of multi-
wall microspheres. Multi-wall microspheres can be achieved using
the flow-focusing or acoustic-jet excitation process. The precision
particle fabrication covers the principle characteristics required:
viscosity of polymer solution, size range, and multi-wall micro-
sphere production. However, this combination implies the use of
equipment whose scaling-up is difficult.

For parenteral clinical assays, microsphere production must be
carried out under aseptic conditions. This step must be considered,
especially for protein formulations: temperature or y-ray irradia-
tion induces protein degradation (Igartua et al., 2007), sterilisation
by ethylene oxide gas induces toxicity (Athanasiou et al., 1996)
and autoclaving induces the hydrolysis of the polymer (Seifert and
Phillips, 1997). Microparticle formation under aseptic conditions
using sterile starting materials and sterility tests at each processing
step could provide an answer (Brandenberger and Widmer, 1998;
Toguchi, 1999). The jet excitation process was reported for produc-
tion under sterile conditions (Brandenberger et al., 1999). Indeed,
a sterile polymer solution was pushed into a nozzle placed in a
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sealed, sterile compartment where the microencapsulation process
was carried out. Upon the hardening of the microspheres, the sus-
pension is flushed out through a valve and collected on a filter. A
washing step is performed in a sterile compartment and finally the
microspheres are collected and removed aseptically.
Furthermore, limits concerning production equipment can
eliminate certain methods. The most common challenge for all
narrow-dispersed microsphere production methods consists of
avoiding nozzle/pore clogging, especially for nozzles smaller than
30 wm (Kim et al., 2008). Even one large particle (aggregate poly-
mer or drug or foreign dust particle) could be sufficient to clog
the nozzle, therefore filtration is essential and careful washing of
all equipment is required (Anna et al., 2003; Doan and Olivier,
2009). The use of the in-line filter is helpful in this regard (Leach
etal.,, 2005). Furthermore, in the conventional preparation of micro-
spheres, it is possible to increase polymer concentration up to
saturation level; polymer precipitation occurs immediately after its
dispersion into the continuous phase, thereby preventing the drug
from diffusing out of the desolvated polymer matrix. However, a
high level of viscosity and the fast agglomeration of a dense polymer
solution may result in clogging the nozzle, so the polymer concen-
tration must be taken into consideration when choosing the nozzle
diameter (15% PCL/DCM for 700 wm nozzle or 5% of PLGA/DCM for
1.1 wm pore diameter in porous membrane process (Ding et al.,
2005; Shiga et al., 1996)). The jet-cutter or electrostatic process can
be useful when working with highly viscous polymer solutions, but
the microspheres obtained by these processes are often too large
(from over 200 pm to a millimetre) or too small (under 20 wm). The
precision particle fabrication not only helps to produce monodis-
persed microparticles with all size ranges, but also works with all
types of microparticles (mono or multi core-shell microspheres).
An optimal process should allow the production of microparti-
cles with various size ranges and particle types. Moreover, it should
not be too sophisticated, thereby allowing easy scaling-up, and
should be capable of production under sterile conditions. Taking
into account these considerations, some of the processes discussed
are highly relevant, such as the porous membrane, jet excitation or
the precision particle fabrication. Obviously, the selection of these
processes depends on the objective of using microparticles.
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