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Flow Focusing: A Versatile Technology to Produce Size-
Controlled and Specific-Morphology Microparticles**
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The Flow Focusing platform is especially advantageous for micro and
nanoparticle production. This versatile technique is amenable to
designing the size, surface treatment and internal topology of the
particles; mechanical stresses are minimal—an optimal feature for the
manipulation of delicate substances. Multiplexing and high-rate produc-
tion are readily implemented. Adaptive operational design can lead, in
one single step, to finely tuned microcapsules encasing different products
within a targeted morphology. This achievement is of great significance
for most microcapsule applications in the biosciences (for example, drug
delivery, cell encapsulation, and the production of bead arrays).
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Single- and multiple-core microcapsules are increasingly at-
tractive owing to potential applications in biochemistry, bio-
medicine, pharmaceutics, and environmental science.[1] Since
1994, we have developed a technological platform for fluidic
manipulation and particle microdesign called “Flow Focus-
ing” (FF).[2] We describe here some innovative FF applica-
tions for micro- and nanoparticle production. Salient fea-

tures of the technology are: a) FF is compatible with differ-
ent fluid combinations (liquid–liquid, liquid–gas) using
simple liquids, polymeric solutions, emulsions, suspensions,
or melted solids; b) target-size microparticles, with a narrow
size distribution, are obtained in just one step, with no ex-
ternal excitation source, and without additional purification
steps; c) FF produces smaller particles than most other tech-
nologies, where particle size is determined by the nozzle di-
mension; d) due to the special flow geometry, the particle-
generating fluid is scarcely stressed, therefore FF is remark-
ably adequate for the encapsulation of labile compounds
(proteins, cells, and similar entities).; e) FF is suitable for
particle design, involving freely-chosen morphology, surface
treatment, and composition (e.g., homogeneous particles,
two-phase capsules, or hollow capsules); f) FF leads to ex-
traordinarily high particle rates per orifice, and moreover,
its microfluidic topology can be consistently and robustly
up-scaled into two-dimensional arrays for the large-scale
production of microspheres.

Flow focusing results from combining hydrodynamic
forces with a specific geometry.[3] A FF device (Figure 1a)
consists of a pressure chamber pressurized with a continu-
ous focusing fluid supply (1). Inside, a focused fluid (2) is in-
jected through a capillary feed tube whose extremity opens
up in front of a small orifice linking the chamber with the
exterior ambient. The focusing fluid stream (1) molds the
fluid meniscus (3) into a cusp giving rise to a micro- or
nanojet exiting the chamber through the orifice; the jet di-
ameter is much smaller than the exit orifice diameter, thus
precluding any contact. Capillary instability breaks up the
stationary jet into homogeneous droplets.[4] The feed tube
may be composed of two or more concentric needles and
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different liquids can be injected, thus leading to multilayer
microcapsules with multiple shells of controllable thickness
(Figure 1b). In short, FF ensures an extremely fast produc-
tion of up to millions of droplets per second as the jet
breaks up,[5] a rate much higher than that obtained by other
microdripping techniques.

A low-Reynolds microfluidic or planar device (where
the Reynolds number (Re) expresses the ratio of inertial
forces to viscous forces) based on the FF principle has al-
ready been successfully utilized[6] to yield highly monodis-
perse objects with a nonspherical shape, where the break-up
mechanism is controlled by the surface tension and the vis-
cous stresses, while the geometry of the outlet channel de-
termines the eventual shape of the particles. In contrast to
such systems, the FF applications described below enjoy su-
perior productivity owing to their high- and moderate-Rey-
nolds operation. This causes a break-up pattern where iner-
tia, surface tension, and geometry play the leading roles: a
remarkable degree of size-control is achieved, ranging up to
the lowest microscales. High-Reynolds applications are able
to “tame” inertia, a potentially unruly component of the
flow pattern, by the judicious use of design; thus they prove
particularly suitable for miniaturization, given their sensitive
and robust response to geometric fine-tuning. Moreover, the
operation of such devices is strikingly energy-efficient,
owing to the restrained role of viscosity.

Ensuring monodispersity in high-Reynolds FF requires
controlling the Weber number, which is a measure of the
relative focusing to focused inertia against the surface ten-
sion forces of the jet. When the focusing inertia per unit
mass is very high (as in the case of using a gas) compared to
that of a focused liquid, beyond a given threshold,[2] around
We=40, the breakup becomes turbulent, and monodispersi-
ty is lost. It is worth noting that liquid–liquid FF is consider-
ably less restrictive, with both the jet and the outer stream
running at a similar velocity, so that capillary forces are
dominant even at high Reynolds numbers.

An additional feature
of the applications descri-
bed is their geometric sim-
plicity, which is readily
amenable to 2D-upscaling
by bundling together an
array of feed tubes. The
microfluidic alternative[6] is
more restrictive in that
only 1D-upscaling (by
piling up the channel
planes) can be considered.

Next we describe some
FF applications for micro-
particle generation. To il-
lustrate the wide range of
applications available de-
pending on our design ob-
jectives, different fluid
combinations have been
chosen, as well as different
nozzle geometries.

1. Drug encapsulation : An attractive application is bio-
medical drug encapsulation. Traditional methods such as
conventional spray-drying or emulsion evaporation do not
produce particles with a narrowly targeted drug content, es-
pecially when dealing with highly water-soluble drugs; mon-
odisperse particle spectra are only obtained at the cost of a
complementary treatment by means of a filtration or sieve
system. In addition, the inner-particle morphology is highly
influential on the drug-delivery profile.[7] Being able to
design particles with a finely tuned size and internal topolo-
gy to guarantee a specific delivery pattern, and achieving
that goal in just one step, would prove a major achieve-
ment.

Thus, we encapsulated a hydrophilic antibiotic (genta-
mycin sulphate, GS) with a lipophilic biodegradable poly-
mer poly(d,l-lactic acid-co-glycolic acid) (PLGA). We
nebulized a water/oil (w/o) emulsion of an aqueous drug so-
lution and an organic PLGA solution; air was chosen as the
focusing fluid. Particles were collected as a dry powder at
the bottom of a thermostated chamber. Using just one
nozzle, and with diverse flow-rate ratios, 8 to 30 mm particles
were obtained. Experimental data agree with the theoretical
FF prediction (Figure 2). Alternatively, a concentric nozzle
may be used; an antibiotic aqueous solution and an organic
PLGA solution were respectively injected through the inner
and outer passageway of a concentric capillary (Figure 1b).
The resulting capsules consist of an antibiotic core encased
by a PLGA shell. Table 1 illustrates the application of this
technique to produce microparticles and microcapsules: a
GS load above 10% was recorded, quite superior to previ-
ous achievements in the field of gentamycin encapsula-
tion.[8]

A liquid–gas configuration was chosen to produce solid
particles by means of a reverse thermostatic effect. We have
designed a thermostated FF device for simultaneous warm-
ing of both fluids before their mixture. A biocompatible ma-
terial (Gelucire 50/02, m.p. 46–51 8C) is introduced in a ther-

Figure 1. Flow-focusing atomizer. a) Simple jet: 1) focusing fluid, 2) focused fluid, 3) meniscus; b) com-
pound atomizer with two concentric needles: 1) focusing fluid, 2) focused fluids: core fluid and shell fluid,
3) compound meniscus.
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mostated container at 60 8C, pressure-fed into the capillary
tube, and focused by the warm gas. When the steady liga-
ment breaks up as it exits the device, droplet solidification
is observed, with the external temperature lying below the
polymer melting point. In the explored range of flow-rate
ratios, 6 to 38 mm microparticles were obtained (Figure 2).

2. Dye-labeled particles. In research and diagnosis appli-
cations, dye-labeled fluorescent particles provide an excel-
lent means for high-throughput analysis of biological mole-
cules.[9] Despite all the efforts devoted to the production of
dye-functionalized polymeric beads,[10] a straightforward
methodology allowing massive preparation of fluorescent
encoded microparticles with a uniform shape, homogeneous
distribution, and controlled fluorescent properties would be
welcome.

We report the preparation of dye-labeled polymeric par-
ticles by a modified emulsion/solvent evaporation/extraction
encapsulation technique. A FF nozzle was immersed in a
continuous phase of the emulsion. Using the liquid–liquid
configuration, the oil drops of the disperse phase were gen-
erated without any shape deformation. To that end, we used
a homogeneous solution of polystyrene (PS;1–8% w/v of PS
with different Mw values) and a fluorophore (fluorescein,
rhodamine B, or Nile Blue A) in EtOAc or CH2Cl2 as the
oil phase, and distilled water as the focusing fluid (Figure 2).

Figure 3 shows 5 mm fluorescent particles obtained with
the same operating conditions. Spherical, non-aggregated
and nonporous particles with a very reproducible size distri-
bution are produced, with freely-chosen and discernible flu-
orescent properties being guaranteed. As summarized in
Figure 4, fluorescence was evaluated as a function of parti-
cle size and fluorescent probe content/type.

3. Multiple-core particles. We also investigated in some
detail the evolution of a concentric stream involving three
immiscible liquids forced through a small orifice.[11] Our se-
lection of the surface-tension coefficients between the three
phases ensures the robust production of particles with a
multiple-core morphology, the number of cores being a
freely chosen parameter (Figure 5).

In summary, flow focusing relies on a flow pattern that
is certain to be very advantageous for efficient encapsula-
tion and particle design. The salient features of FF are: 1) it
can be used with a broad range of materials (simple liquids,
solutions, emulsions, suspensions); 2) it lends itself to a
simple particle-size control in the micro- and nanometer

Figure 2. Theoretical FF prediction (full line) compared with experi-
mental data. Particles are Gelucire (*), gentamycin sulphate/PLGA
(~), and polystyrene (&). For the latter two particles, solvent evapo-
ration has been taken into account.

Figure 3. SEM images of freeze-dried 5 mm microparticles; a) blank PS; b) rhodamine B (0.6 mm); c) rhodamineB (0.006 mm); d) fluorescein
(0.01 mm); e) particle-size distribution of the above samples.

Table 1. Mean diameter and drug loading of gentamycin sulphate/
PLGA microparticles and microcapsules.

Mean diameter [mm] Entrapment [%] Encapsulation
efficiency [%]

Particles 20.51!7.18 14.2 42.7
11.58!3.48 20.6 61.9
6.69!1.22 10.9 42.7

Capsules 13.94!4.06 30.6 85.8
6.54!1.86 17.5 49.0
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range, more readily than other competing mechanic technol-
ogies, and yields remarkable size accuracy with negligible
size dispersion and allowing surface and morphology

design; 3) it uses gentle op-
erating conditions that
allow the encapsulation of
labile molecules or micro-
organisms; 4) the technolo-
gy has been scaled up by
replicating the FF nozzle
into a 2D-array struc-
ture.[12]

Herein, we have over-
viewed this novel and low-
cost method for the
straightforward production
of controlled-morphology
micro- and nanoparticles.
FF lends itself to particle
topology design and sur-
face treatment; process
variables include injection
configuration, solidification
procedure, choice of the
fluid materials, and their
flow rates. An adequate se-
lection of the operational
and design variables opens
the door to morphology
and geometry control (e.g.,
shell thickness, number of
cores, load ratio) or sur-
face treatment, even in the
case of labile and sensitive
products. This very innova-
tive multipurpose technol-
ogy can be declared avail-
able for the mass produc-
tion of microparticles.
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