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Microfluidic systems are a powerful tool to study and
optimize a wide range of biological and chemical reactions,[1]

and their use for the synthesis of nanoparticles is attracting
more and more attention. Compared to conventional bulk
synthesis strategies, microfluidic systems allow more precise
control of the reaction conditions, which can lead to
reductions in particle size and polydispersity.[2] A range of
different nanoparticles have been synthesized in microfluidic
systems: CdSe, CdS, TiO2, boehmite, Au, Co, Ag, Pd, Cu,
BaSO4, and CdSe–ZnS core–shell nanoparticles.

[2,3] Although
there are some recent preliminary results on the synthesis of
iron oxide nanoparticles in a millifluidic system,[4] to date a
microfluidic synthesis of iron oxide nanoparticles has not
been demonstrated. Spinel iron oxide nanocrystals have
attracted attention for their use as high-density data storage
media,[5] or in biomedical applications, for example as
contrast enhancement agents for magnetic resonance imaging
(MRI) and for drug delivery.[6,7] Controlling the synthesis
conditions of these particles is critical, as these determine
their physical properties.[8]

While single-phase microfluidic systems are subjected to
diffusion-limited mixing and reagent dispersion, droplet-
based microfluidic systems overcome these limitations by
fast mixing in spatially isolated microreactors (droplets)
containing well-defined quantities of materials[9–11] and there-
fore provide a high level of control of the synthesis

conditions.[12,13] In droplet-based microfluidic systems,
reagents are generally brought together in a co-flowing
stream just before droplet formation; the reaction occurs
later in the microdroplet.[9] However, this method is unsuit-
able for aggressive or fast reactions, which generate precip-
itates. To study and control such reactions, it is necessary to
initiate the reaction by fusion of two droplets, each containing
different reagents. The main limitation is then the accurate
pairing of these droplets, which is hindered by small variations
in the channel depths or flow rates.[14] There have been
attempts to synchronize droplets based on fluidic ladder
networks,[15] but the most promising approach is to use a
synchronization mechanism directly at the production nozzle.
Therefore, strategies such as active control of droplet release
using electric fields[16] or passive hydrodynamic coupling at a
single nozzle have been proposed.[17,18] Nevertheless, these
approaches lack the control of droplet volume ratios required
to optimize reaction stoichiometry, and undesired coales-
cence occurs for certain flow rate regimes.
We present herein an extremely reliable method to create

droplet pairs based on hydrodynamic coupling of two
spatially separated nozzles. We demonstrate the utility of
this system by precipitating iron oxide nanoparticles in a very
fast (millisecond) and reproducible reaction after fusion of
droplet pairs by electrocoalescence.[14]

The microfluidic device (Figure 1a) consists of two
hydrodynamically coupled nozzles. During droplet formation
in one of the nozzles, the aqueous stream blocks the oil

Figure 1. a) Pairing module. Two aqueous phases are injected by the
outer channels and are synchronously emulsified by the central oil
channel. The flow rates are Qo = 800 mLh�1 for the oil and
Qx = 400 mLh�1, Qy = 100 mLh�1 for the aqueous phases. b) Fusion
module. Paired droplets can be coalesced by applying an electrical
voltage U between the two electrodes. Qo = 650 mLh�1, Qx = 100 mLh�1,
Qy = 60 mLh�1. The corresponding movies M1 and M2 are provided in
the Supporting Information.
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coming from the central channel, leading to an increased oil
flow through the second nozzle. Once the droplet is released,
the oil flow switches back to the first channel, allowing
droplet formation at the second nozzle. This alternation of the
oil flow leads to perfect one-by-one droplet pairing at various
flow rates. Quantitative analysis was performed by labeling
the droplets with different fluorophores in the two aqueous
streams (see Figure S1 in the Supporting Information). One
nozzle created droplets containing 10 mm fluorescein, the
other created droplets containing 50 mm resorufin. Evaluation
of the fluorescent signals showed the reliability of pairing to
be at least 99.99% over millions of droplets (see Table 1).

Furthermore, droplet pairing is not only stable at equal
aqueous flow rates but also at flow rate ratios up to 1:5.
Stoichiometry modulations (1:25) can therefore easily be
achieved, since the flow-rate ratio is equal to the droplet
volume ratio in this system. (A detailed physical analysis of
the pairing will be published elsewhere).
To start a reaction, the droplet pairs can be coalesced by

applying an electrical field between the two on-chip electro-
des (Figure 1b). Using a co-flow system, mixing in droplets is
limited to each droplet hemisphere (Figure 2a),[19] which
makes additional mixing modules necessary.[9] In-line droplet
fusion (Figures 1b and 2b) overcomes this limitation, since
the second compound is injected homogenously into each
hemisphere. Furthermore, the dynamical rupture of the

interface and the formation of the new droplet assist the
mixing.[10]

We have used this system to synthesize magnetic spinel
iron oxide nanoparticles by coprecipitation of FeII and FeIII

salt solutions by the addition of a base. This procedure leads
first to magnetite (Fe3O4), which readily oxidizes to maghe-
mite (g-Fe2O3) on contact with air.

[7,8] The coprecipitation is
so fast that it immediately forms particles that block the
channels in a co-flow system, especially at higher concen-
trations (data not shown). Droplet fusion can potentially
overcome this problem,[18] but in the absence of surfactant,[18]

it is extremely difficult to achieve controlled pairwise droplet
fusion.[20] In our system, the two aqueous components never
mix unintentionally, as the nozzles are spatially separated and
the droplets are stabilized by surfactant. Controlled pairwise
droplet fusion is achieved by electrocoalescence. This
approach enabled us to increase the compound concentration
by two to three orders of magnitude compared to earlier
droplet-based microfluidic methods for the synthesis of
nanoparticles.[18,21] In detail, iron chloride solution was
flushed into one arm of the nozzle and ammonium hydroxide
into the second arm, which led to droplet pairs containing the
two reagents. After electrocoalescence, a precipitate of iron
oxide nanoparticles appeared within approximately 2 ms
(Figure 3). Because of the identical reaction conditions in

all droplets, the kinetics of precipitation and precipitate
morphology was extremely similar in all droplets throughout
the whole experiment.
Particle-size measurements by transmission electron

microscopy (TEM, Figure 4a) show that the average particle
diameter is smaller for the fast microfluidic compound mixing
(4� 1 nm) than for bulk mixing (9� 3 nm). Moreover, high-
resolution TEM (HRTEM) measurements (inset Figure 4a)
show that the nanoparticles are monocrystalline, and no
stacking faults are visible. The nanoparticles exhibit planes
with interplanar distances of about 0.3 nm, characteristic of

Table 1: Examples of long-term stability tests at different flow rate
combinations.[a]

Qo

[mLh�1]
Qx

[mLh�1]
Qy

[mLh�1]
ndroplets t

[min]
f

[s�1]
un-

paired
error

400 50 30 226800 15.7 120.22 10 4 G 10�5

500 100 60 4019100 124.7 268.58 22 5 G 10�6

800 200 100 1224300 15.1 675.72 4 3 G 10�6

800 250 200 2252501 23.3 806.11 3 1 G 10�6

800 500 100 3711800 30.7 1007.62 39 1 G 10�5

[a] Qo is the oil flow rate and Qx, Qy the aqueous flow rates. The error is
the ratio of unpaired events to the total number of droplets (ndroplets) with
the measuring time t. f is the droplet generation frequency at each
nozzle.

Figure 2. Mixing in droplets. a) Reagents are brought together by a co-
flow and then emulsified. Mixing occurs across the central line by
diffusion only (ca. 100–1000 ms). b) In-line droplet fusion. Compounds
are injected into both droplet hemispheres; mixing is enhanced by
convection, which results in faster mixing times (ca. 2 ms).

Figure 3. Formation of iron oxide precipitates after coalescence of
pairs of droplets. Qo = 650 mLh�1 (oil), Qx = 60 mLh�1 (iron chloride
solution S1, see the Experimental Section), and Qy = 120 mLh�1 (am-
monium hydroxide). The corresponding movie M3 is provided in the
Supporting Information.
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(220) spinel planes. The electron diffraction pattern measured
from a large zone (Figure 4b) confirms the iron oxide spinel
structure. Finally, the absence of hysteresis in the magnet-
ization curve (Figure 4c) of the nanoparticles indicates that
they are superparamagnetic, which is characteristic of spinel
iron oxide nanoparticles smaller than 15 nm.
In summary, we have demonstrated for the first time the

synthesis of spinel magnetic iron oxide nanoparticles in a
microfluidic system. The novelty of this approach lies in the
fact that the reaction is compartmentalized in microdroplets,
which function as independent microreactors. We have
designed a robust and flexible microfluidic module for the
controlled production of droplet pairs based on hydrody-
namic coupling, with errors of pairing on the order of only
10�5. The reagents in the droplet pairs are brought together on
demand by in-line electrocoalescence, resulting in fast mixing
(ca. 2 ms). Various chemical strategies have been developed
to obtain magnetic iron oxide particles, sometimes with high
monodispersity.[7] The size of nanoparticles synthesized with
microfluidics (4 nm) is equal to that of the smallest particles
synthesized by other techniques. Furthermore, such on-chip-
synthesized particles could potentially be functionalized by an
additional droplet-fusion step to synthesize core–shell par-
ticles optimized for biocompatibility, drug anchoring, and cell
targeting.[22] For iron oxide, these applications are of special
interest, as magnetite (Fe3O4), which displays a higher
saturation magnetization than maghemite (g-Fe2O3), could
then be preserved without oxidation. Besides these applica-
tions, we believe that this system can be used to control and
study a wide range of millisecond kinetic reactions in
chemistry and biology and is therefore an additional tool
that complements the other pre-existing microfluidic modules
for droplet manipulation.

Experimental Section
The 25-mm-deep structures used for fluid channels and electrodes
were patterned into poly(dimethylsiloxane) (PDMS) using soft
lithography.[23] Electrodes used for fusion were patterned into the
same layer in close vicinity to the fluidic channels.[24] A commercial
surface coating agent (Aquapel, PPG Industries) was used to coat the
channels. Harvard Apparatus syringe pumps (PHD2000) controlled
the flow rates. The continuous oil phase was a perfluorocarbon oil
FC40 (3M) with 2.5 wt% surfactant made of the ammonium salt of a
perfluorinated polyether (PFPE; Krytox FSL–Dupont),[25] stabilizing
droplets against coalescence. As starting materials for the precip-
itation of iron oxide nanoparticles, we used FeCl2·4H2O (Sigma–
Aldrich) and FeCl3·6H2O (Acros Organics), ammonium hydroxide
solution (28% NH3, Fluka), and hydrochloric acid (37% HCl, Acros
Organics) of analytical grade. After degassing 0.5m HCl in Milli-Q
water with an argon flux for 1 h, we added the iron chloride salts and
kept this solution under argon. Two different solutions with FeIII/
FeII= 2:1 ratio were tested: 480 mm FeCl3+ 240 mm FeCl2 (S1) and
60 mm FeCl3+ 30 mm FeCl2 (S2). As a base, we used a 2m ammonium
hydroxide solution, which was also prepared using degassed Milli-Q
water. To avoid oxidation of FeII during the reaction process, the
PDMS device was kept in a vacuum chamber overnight before use,
the oil was degassed with a nitrogen flux for 1 h, and we used gas-
impermeable polyethylene tubing (Becton Dickinson) and collected
the sample in a nitrogen atmosphere. Electrocoalescence was
achieved by an AC voltage of U= 200 V (peak to peak) at 30 kHz,
which was applied across the two electrodes positioned on each side
of the microfluidics channel. TEM and HRTEM images were
recorded with a TOPCON 002B transmission electron microscope
operating at 200 kV with a point-to-point resolution of 0.18 nm.
Magnetic measurements were performed using a superconducting
quantum interference device (SQUID) magnetometer (Quantum
Design MPMS-XL) at 200 K.
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