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This paper reports a plug-based, microfluidic method for performing multi-step chemical reactions with millisecond
time-control. It builds upon a previously reported method where agueous reagents were injected into a flow of
immiscible fluid (fluorocarbons) (H. Song et al., Angew. Chem. Int. Ed., 2003, 42, 768). The agueous reagents formed
plugs — droplets surrounded and transported by the immiscible fluid. Winding channels rapidly mixed the reagents in
droplets. This paper shows that further stages of the reaction could be initiated by flowing additional reagent streams
directly into the droplets of initial reaction mixture. The conditions necessary for an agueous stream to merge with
aqueous droplets were characterized. The Capillary number could be used to predict the behavior of the two-phase flow
at the merging junction. By transporting solid reaction products in droplets, the products were kept from aggregating on
the walls of the microchannels. To demonstrate the utility of this microfluidic method it was used to synthesize colloidal

CdS and CdS/CdSe core-shell nanoparticles.

Introduction

This paper describes a droplet-based! microfluidic method for
performing multi-step synthesis of nanoparticles on millisecond
time scale. The utility of this method was demonstrated by
synthesizing CdS and CdS/CdSe nanoparticles in two steps in
aqueous solution. Microfluidics is a rapidly growing area that is
interesting both scientifically and technologically.2%6 Microfluidic
networks have been shown to be useful in performing synthetic
reactions™® because fluid flow through microchannels has the
potential to relate reaction time to the distance that reagents have
traveled through channels. Multiphase flow in microfluidic devices
has been used for DNA analysis,10 nitration!! and fluorination2 of
aromatics, catalytic hydrogenation of akenes!3 and acid/base
titrations.14 When performing reactions in microfluidic channels,
ideally, one could relate distance to time by the simple formulat =
d/U wheret [g] is elapsed time of the reaction, d [m] isthe distance
traveled through achannel, and U [m s—1] isthe flow velocity. One
encounters two problems when trying to achieve millisecond time-
control in microfluidic reaction networks. First, mixing of two
laminar reagent streams at low Reynolds number in microfluidic
channels proceeds by diffusion and is dow (Re = pUl/u where p
[kg m—3] isthe density of the fluid, | [m] is a characteristic length
scale of the channel—the cross-sectional dimension, and p [kgm—1
s—1] is the viscosity of the fluid).15-17 Slow mixing introduces a
high degree of uncertainty to the starting time of the reaction.t
Second, reagents are dispersed along the channel in alaminar flow
because of a parabolic flow profile that results from no dlip
boundary conditions at the walls.16 Turbulent flow at high Re mixes
reagents more quickly and limits dispersion, but requires high flow
rates and increased sample consumption.18

We have previously demonstrated millisecond time control of a
single-step reaction in microfluidic channels by isolating multiple
streams of reagentswithin plugs— agueous droplets surrounded and
transported by fluorocarbons immiscible with water.r We refer to
the fluorocarbon mixtures used in this study as “oils’. Transport of
reaction mixtures within droplets eliminates dispersion. Reagents
isolated within droplets flowing though winding channels can be
mixed on sub-millisecond time scale by chaotic advection.1® We
have used this droplet-based microfluidic method to perform rapid

t Lab on a Chip special issue: The Science and Application of Dropletsin
Microfluidic Devices.
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kinetics measurements of single stage reactions?® and to perform
protein crystallizations.21.22 Several methods of forming dropletsin
microfluidic channels have been described, and gas bubbles have
aso been used to enhance the mixing of liquids.1.23-26

To perform multi-step, time controlled syntheses with this
droplet-based microfluidic method, additional reagent must be
added to the droplets formed from initial reagents. Previously, we
accomplished this addition by merging one stream of droplets with
a second stream of droplets.t This method allowed two separate
reactions to be performed in paralel and then combined. This
method worked well, but special measures had to be taken to assure
that the two streams of droplets were brought together in a
synchronized fashion. The frequency of droplets entering a main
channel from one of the peripheral channels needed to be identical
to the frequency of droplets entering from a second peripheral
channel. One set of droplets needed to be larger than the second set,
and an additional stream of water-immiscible fluorinated fluid was
needed to make the second stream of plugs.

Here, we report an alternative approach to adding reagents to
droplets—direct injection of aqueous reagent into flowing droplets.
We aso report that droplets may be used to encapsulate solid
reaction products and prevent them from contacting the walls of
microchannels. As a demonstration of both of these aspects of
droplet-based synthesis method, we synthesized colloidal CdS
nanoparticlesin atwo-step process, controlled on millisecond time
scale.

Experimental

We fabricated microfluidic devices out of polydimethylsiloxane
(PDMS), infused fluids, and took micrographs as previously
reported.2> Microfluidic channels were approximately 50 um high,
50 um wide, and 24.5 mm long from droplet-forming region to
quenching region. The colorless agueous streamsin Figs. 1, 2, and
3 were solutions of KNOj3 (0.1 M). Colored aqueous streams were
solutions of Fe(SCN),B— %+ (0.03 M) in KNO3 (0.1 M). Water-
immiscible fluorinated oil was amixture of 3M Fluorinert fluid FC-
72/ 3M Fluorinert fluid FC-84/ 1H,1H,2H,2H-perfluoro-1-octanol
(50:50:1 w/w/w). In the experiment performed with viscous
solutions, colorless agueous streams were solutions of KNOs (0.1
M) in 68% glycerol in water (u = 15.6 mPa s). Colored agueous
streams were solutions of Fe(SCN),G—x+ (0.03 M) in 68%
glyceral solution of KNO;z (0.1 M). Water-immiscible fluorinated
ol was a mixture of perfluoroperhydrophenanthrene/
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Fig. 1 A micrograph of a microfluidic device for performing droplet-
based, two-step synthesis with millisecond time control. Aqueous reagents
R1, Ry, and a separating stream S form droplets of the initial reaction
mixture. Winding channels induce rapid mixing in droplets and initiate
reaction 1. Reaction 2 is initiated when the stream of agueous reagent Rs
adds to aqueous droplets of the initial reaction mixture and the resulting
dropletsare mixed. Flow velocity wasU = 67 mms—1, andwf = 0.4. Water
fraction, wf, is defined in the text.

(a)

1H,1H,2H,2H-perfluoro-1-octanol (100:1 w/w). Prior to experi-
ments, a mixture of 3M Fluorinert fluid FC-84/1H,1H,2H,2H-
perfluoro-1-octanol (20:1 w/w) wasinfused into the channels at 15
uL min—1for 20 min to saturate PDM S surface with surfactant. Oil
to be used in the experiment was then pumped through at 10 uL
min—1 for 20 min to remove excess surfactant.

All nanoparticle syntheses were performed in Millipore filtered
H>0 degassed with N,. Synthesis of CdS/CdSe nanoparticles was
done under N, atmosphere. All solutions were used within 3 h of
preparation. 1-Mercaptopropionic acid (MPA), CdCl,, and Na,S,
were obtained from Aldrich. Na,Se was obtained from Alfa Aesar.
All reagents were used without further purification. In a typical
preparation CdCl, (0.8 mM) wasinitialy premixed with MPA (0.8
mM) and a solution of NaOH was used to bring the mixture to pH
11. This solution of CdCl,/MPA and solutions of N&:S (0.8 mM),
Na;Se (0.8 mM), NaOH (pH 11), and MPA guench (60 mM, pH 11)
were infused into the microfluidic device at 8 uL min—1. Oil was
infused at 25 uL min—1. Agitation of the microfluidic device was
performed mechanically at 10 Hz. In the 20-fold excess of CdCl,/
MPA experiment, CdCl, (4 mM) was initially premixed with MPA
(5mM) and asolution of NaOH was used to bring the mixtureto pH
11. Thismixture of CdCl,/MPA wasinfused at 16 uL min—1, while
solutions of Na,S (0.8 mM), and NaOH (pH 11) were infused at 4
uL min—1. Excess MPA wasfiltered off from the collected sample
through a Millipore Ultrafree 0.5 centrifuga filter device. In the
benchtop experiment, a mixture of CdCI,/MPA (0.5 mL, 0.8 mM,
pH 11) and solutions of NaOH (0.5 mL, pH 11), N&S (0.5 mL, 0.8
mM), and MPA (0.5 mL, 60 mM, pH 11) were combined in that
order under vigorous stirring. Optical absorption spectra were
acquired using a Hewlett-Packard 8453 diode array spectrometer.
Phaotoluminescence spectra were acquired using SPEX Fluoromax-
3 fluorimeter.

Results and discussion

In this microfluidic method to multi-step synthesis on millisecond
time scale, we first formed droplets of the initial reaction mixture
(Fig. 1). Two agueous reagent streams were brought together in a
short segment of channel where they were allowed to flow laminar
alongside each other (colorlessstreamslabeled R; and Ry inFig. 1).
These reagent streams were separated by an inert stream (labeled S
and dyed red in Fig. 1). The separating stream prevented reagents
from mixing!5-17 until they entered a flow of water-immiscible,
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Fig. 2 Merging of an agueous stream with aqueous droplets as afunction
of the flow velocities of the droplets and the stream. (a) A schematic
diagram of the microfluidic network. (b) Micrograph showing aqueous
droplets merging immediately with the agueous stream (U = 67 mm s—1).
(c) Micrograph showing aqueous droplets that merge with a droplet of the
additional aqueous stream R3 shortly after flowing past the junction (U =
133 mm s—1). (d) Microphotograph showing aqueous droplets not merging
with the aqueous stream (U = 400 mm s—1). The aqueous stream forms
separate droplets. In al micrographs, wf = 0.4.
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Fig. 3 At al water fractions, conditions for merging depend on flow
velocities. (a) A schematic diagram of the microfluidic network. (b) A
micrograph showing droplets merging with the aqueous stream at wf = 0.2,
U = 67 mms—1 (c) A micrograph showing droplets not merging with the
aqueous stream at wf = 0.8, U = 400 mm s—1. Shading on the upper side
of the droplets is an artifact of non-uniform lighting and contrast
enhancement.
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fluorinated oil where the agueous streams spontaneously broke up
into droplets surrounded and separated by the oil. We refer to these
droplets of initial reaction mixture as the initial droplets. Winding
channels induced rapid mixing by chaotic advection.1.1® Sub-
millisecond mixing times can be achieved inside dropletsmoving at
high velocities through channels of small cross-sectional dimen-
sions, 19 and mixing times of less than 2 ms have been obtained in
droplets in channels similar to the ones shown in Fig. 1 at flow
velocities of 300 mm s—1.1 Therefore, the short segment of winding
channel labeled “mixing” in Fig. 1 is adequate to mix agueous
solutions at any flow velocity. After mixing, the droplets were
allowed to react while flowing through a serpentine section of the
channel (labeled “reaction 1" in Fig. 1). Because adistance-to-time
relationship is preserved in this microfluidic method, reaction times
could be controlled by adjusting flow rates or by designing and
fabricating networks with different lengths of channel between
junctions. Reaction time could be as short as 5 ms or less, and as
long as ~1 min. To initiate the second stage of the multi-step
reaction, an agueous stream of an additional reagent (colorless
stream labeled Rs in Fig. 1) was directly injected into the droplets
a a junction referred to as the merging junction. The resulting
droplets were mixed as they flowed through a winding section of
channel, and the second reaction proceeded as droplets flowed
through another length of serpentine or straight channel. Similarly,
additional stages could be initiated further downstream. The
amount of reagent added to droplets could be adjusted by changing
the flow rate of the additional reagent streams.

We characterized the conditions under which an aqueous stream,
R3, would reliably inject into a moving aqueous droplet (initial
droplet). We used the network shown in Fig. 1 and shown
schematically in Fig. 2a. Streams R; and R, were aqueous solutions
of KNOs, stream S was an aqueous solution of Fe(SCN),3—»+
complexes in KNO3, and stream R was an aqueous solution of
KNOs. We flowed all four aqueous streams (streams R;-R3 and S)
at the same flow rate, and held the water fraction constant. Water
fraction, wf, is defined as Viaer / (Mwater + Voit) Where Viyaer [NL
s1] is the combined volumetric flow rate of all the aqueous
streams, and V; [nL s—1] isthe volumetric flow rate of the stream
of ail.

The behavior of the flow at the merging junction followed the
trendillustrated in Fig. 2. At low total flow velocities of 67 mms—1
and below (Fig. 2b), the agueous stream immediately coalesced
with the initial droplet and injected solution into the droplet. At a
critical higher flow velocity of 133 mm s—1 (Fig. 2c), the agueous
stream R3 formed avisible interface with the droplet. The interface
did not immediately disappear, but the droplet coalesced with the
reagent stream just downstream of the junction. At even higher total
flow velocities of 400 mm s—1, the aqueous stream R3 formed an
interface with the initial droplet, but the interface never broke (Fig.
2d). A separate droplet of the additional reagent was formed, the
two droplets became separated by the flow, and no merging took
place.

When even higher flow vel ocitieswere needed to be accessed for
synthesis, we were able to increase the flow velocity at which
merging takes place to 400 mm s—1 by gently tapping the PDMS
microfluidic chip at 10 Hz. This mechanical agitation did not affect
the formation of droplets. At the flow velocity of 400 mm s—1,
initial droplets both formed and merged at arate of ~600 droplets
per second. We do not fully understand how such alow freguency
(10 Hz) agitation facilitates such a high-frequency (~600 Hz)
coalescence, but it presumably helps break up theinterface between
an initial droplet and the aqueous reagent stream Ra.

Coal escence of the agueous stream with amoving droplet may be
thought of in terms of the Capillary number, Ca = uU/y, where y
[N m—1] isthe surface tension at the interface between the aqueous
and fluorinated phases.27-31 At low values of the Capillary number,
surface tension effects dominate and the interface between the
stream and the passing droplet quickly dissipates. At high values of
the Capillary number, shear forces dominate and oil cannot be
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displaced from the region between the droplet and aqueous stream
aseasily. To test this explanation, we first varied the viscosities of
the fluids. We performed a similar experiment to the one already
described, except the solutions were made more viscous. In thefirst
experiment, both agueous solutions and oil had the viscosity of
water (~1 mPas). Weincreased the viscosity of both to ~15 mPa
s by adding glycerol to the agueous solutions, and we used a
different fluorinated oil mixture. For fluids with low viscosity, the
critical flow velocity (corresponding to Fig. 2c) was 133 mm s—1,
and for fluids with high viscosity, the critical flow velocity was 7
mms-1, ~15timeslower. Second, we varied surfacetension. Inall
the previous experiments, we used mixtures of fluorocarbons with
1% surfactant by weight. Weincreased the surfactant concentration
to 10% by weight and observed no coalescence, even at slow flow
rates of 13 mm s-1. The arrest of coalescence by increasing
surfactant has previoudy been observed in a high pressure
microfluidic emulsification device.32 However, a Capillary number
calculated using the surface tension measured at equilibrium
probably does not describe this system accurately. When a dropl et
forms, surface tension at the agueous/oil interface is greater than
that measured at equilibrium because surfactant has not been given
time to assemble at the surface of the droplet. As the droplet is
transported through the microfluidic channels, more surfactant
assembles onto the surface but the surface tension probably does
not reach its equilibrium value at the merging junction.

We investigated whether water fraction played a significant role
in the behavior at the junction where droplets were injected with
additional reagent. We observed that at low water fraction, droplets
were small with large separations of oil between them, as observed
previously.2> One may expect that at low water fractions the
additional reagent stream R would simply form separate droplets
in the long segments of oil rather than merge with initial droplets.
At alow flow velocity of 67 mm s~ and low water fraction of wf
= 0.2, however, the aqueous stream still injected solution into
initial droplets and did not form separate droplets (Fig. 3b). We
observed that at high water fractions, initial dropletswerelong with
little oil between, as observed previously.25 One may also expect
that at high water fractions, the additiona reagent stream would
aways merge with passing droplets. However, at a high flow
velocity of 400 mm s—1 and high water fraction of wf = 0.8, the
aqueous stream did not join with the droplets despite the fact that
there was more time for the interface between the two to dissipate.
Instead, the additional reagent stream broke up into separate
droplets that segmented the larger, initial droplets (Fig. 3c). We
found that the parameters U, u, and y primarily determine whether
the aqueous stream Rz will merge with initial droplets or not.
Dependence on water fraction isweaker, although we observed that
for higher water fraction, the agueous stream Rz merged more
easily withinitial dropletsfor given U, u, and y. These observations
show that the Capillary number rather than water fraction played
the dominant role in predicting merging of a stream into droplets.

Transport of solids formed by reactions not contained within
droplets presented a problem for us when synthesizing colloids
using microfluidic channels, even though surfactant stabilized
colloidal particles can be handled and assembled in microfluidic
devices. Solid reaction products either formed directly on the
surface of the channels or sedimented out onto the surface from the
reaction mixture, eventualy obstructing the flow. For example,
when we flowed astream of CdCl, (asR;) and astream of N&,S (as
R,) together with a stream of buffer (as S) into a stream of water
instead of a stream of oil, we observed that solid CdS built up
throughout the channel (Fig. 43).

We prevented solid reaction products from accumulating on the
microchannel walls by confining the reaction within droplets.
Previoudly, colloidal assemblies have been generated in micro-
fluidic channels3334 and water-in-oil droplets have been used to
transport assemblies of micron-sized latex beads through chan-
nels.35:36 We flowed a stream of CdCl, (R;)and a stream of Na,S
(Ry) together, separated by a stream of buffer (S), and flowed all



three of these streams into a stream of fluorinated oil. Negligible
buildup was observed at the junction where droplets formed
because reagents did not have enough time to diffuse through the
separating stream. Once the aqueous reagents and separating
aqueous stream formed droplets, a thin layer of fluorinated oil
coated the droplets,37:38 preventing the CdS product from inter-
acting with the walls of the channel. Fig. 4b shows products
transported by droplets and no buildup of solids on the walls of
channels after a period of 30 min.

Previoudly, turbulence-based, controlled double-jet precipitation
process with rapid mixing has been used for synthesis of colloida
nanoparticles from aqueous precursors in single and multiple step
reactions.3® Alternatively, turbulence-based mixing of various
solventswith supercritical fluid enhanced by an ultrasound field has
been used to precipitate protein, 40 and drug,4! nanoparticles of
controlled size and distribution. Continuous flow microfluidic
methods for synthesis of nanoparticles have also appeared in
literature. In these systems, enhanced mixing of reagents*2 and
stream segmentation with nitrogen bubbles*3 has been shown to
increase monodispersity of resulting nanoparticles. Size of result-
ing nanoparticles was tuned by controlling concentrations of
reagents and temperature.4446 An interface between two im-
miscible, continuously flowing fluids has been used to produce
colloidal particles.4” The duration of the reaction was defined by
the time the reaction mixture spent in a heated region of a
microfluidic device; this time was changed by changing the flow
velocity through that region.44-46 Reaction times as short as 30 s
have been investigated using this method.46 Similarly, multi-step
core-shell particle synthesis in microchannels has been done with
continuous flow systems with tandem hot regions.® This method of
controlling reaction times on the order of seconds with temperature
is useful for TOPO based synthesis of nanoparticles,48 but is less
useful for faster multistep reactions on millisecond time scale. We
have been able to combine many of theseideaswith adroplet-based
microfluidic platform to alow for multi-step synthesis on milli-
second timescale.

We demonstrated the utility of this microfluidic method by using
it to synthesize CdS nanoparticles from aqueous precursors at room
temperature. In the first experiment, a mixture of CdCl, and
mercaptopropionic acid (MPA) was infused through the left
aqueous inlet of the microfluidic device (Fig. 5a). A solution of
NaS was infused through the right agueous inlet. A solution of
NaOH wasinfused through the middle aqueousinlet to separate the
two reactant streamsand adjust the pH of the reaction mixtureto pH
11. These aqueous streams were infused into aflow of ail, forming

droplets. Complete mixing in droplets was achieved in less then 5
ms,1 initiating the reaction. The droplets were then allowed to react
for 75 ms as they passed through the serpentine section of the
device (Fig. 5a). When droplets reached the merging junction they
coalesced with the quenching stream containing MPA (labeled
“QUENCH” inFig. 5a). Mixing of the reagentswithin the resulting
droplet occurred within 5 ms. It has been shown that MPA forms a
protective layer around the nanoparticle and prevents aggrege-
tion,49.50 thus quenching the reaction. Control on this time-scale
gave CdS nanoparticleswith asharp absorption peak at Amax = 325
nm (Fig. 5b, curve A). In the second experiment, we performed the
reaction under identical conditions as described for the first
experiment above, but we did not flow a stream of MPA quenching
agent through the quenching inlet. Nanoparticles collected in this
experiment had a broader absorption peak indicating a decrease in
monodispersity. (Fig. 5b, curve B). For comparison, we then
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colloidal nanoparticles that are less disperse than those synthesized without
millisecond quenching. (@) A schematic diagram of the microfluidic
network. (b) UV/Vis spectra of nanoparticles synthesized on-chip with
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performed a third experiment without microfluidic channels. The
same solutions and quenching agent as in the first experiment
(CdCI,/MPA, NaOH, NaS, and MPA) were pipetted together
under vigorous mixing (as described in the experimental section).
Again, noticeably less monodisperse CdS nanoparticles were
obtained (Fig. 5b, curve C). These results demonstrate that rapid
mixing and quenching on millisecond time scale is essential to
produce monodisperse CdS nanoparticles from these agueous
reagents.

We further demonstrated the utility of this droplet-based
microfluidic method by performing four experiments to synthesize
CdS nanoparticles of three sizes and CdS/CdSe core-shell particles.
In all experiments aqueous CdCl,/MPA and NayS reagents (at
various molar ratios) separated by NaOH solution, were infused
into the microfluidic channels (Fig. 6a). These agueous reagents
were allowed to react for 75 ms and then quenched with either
MPA, NagS, or Na:Se. In the first experiment, 20 fold excess of
CdCl,/MPA over Na,Swas used in the reaction. A stream of MPA
was infused through the quench inlet and injected into reaction
droplets. This resulted in smaller CdS nanoparticles with absorp-
tion shoulder at A = 290 nm on the thiol absorption edge (Fig. 6b,
curve A). We confirmed the presence of CdS nanoparticles by
observing fluorescence at Aern = 360 Nnm with Aex = 290 nm. We
performed the second experiment with equimolar amounts of
CdCI,/MPA and Na;S. A stream of MPA was infused through the
quench inlet and injected into reaction droplets. Larger CdS
nanoparticleswere obtained (Fig. 6b, curve B) with absorption Amax
= 325 nm (Same as Fig. 5b, curve A). We performed the third
experiment with equimolar amounts of CdCI,/MPA and Na,S. A
stream of Na:S was infused through the quench inlet and injected
into droplets of theinitial reaction mixture. This reaction gave CdS
nanoparticles with absorption Anax = 370 nm (Fig. 6b, curve C).
Presumably, the observed red shift in absorption maximum is due
to the formation of larger nanoparticles by an addition of asulfide-
rich outer shell. We performed the fourth experiment also with
equimolar amounts of CdCIo/MPA and Na,S. In contrast to the
previous three experiments, a stream of Na,Se was infused through
the quench inlet and injected into reaction droplets. The resulting
reaction gave CdS/CdSe core-shell nanoparticles (Fig. 6b, curve
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Fig. 6 Two-step synthesis of nanoparticles with various sizes and
composition. (a) A schematic diagram of the microfluidic network. (b) UV/
Vis spectra of 4 different types of nanoparticles. (A): CdS nanoparticles
synthesized using 20:1 ratio of CdCl, to Na,S with thiol quench. (B): CdS
nanoparticles synthesized using 1:1 ratio of CdCl, to NaS with thiol
quench. (C): CdS nanoparticles synthesized using 1:1 ratio of CdCl,to NaS
with Na,S quench. (D): CdS/CdSe core-shell nanoparticles synthesized
using 1:1 ratio of CdCl, to NaS with Nay,Se quench.
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D). Such composite nanoparticles have previously appeared in
literature.5 We confirmed that the red shift in absorption was due
to an addition of a selenium outer shell by observing complete
quenching of fluorescence, as expected.52 These four experiments
illustrate the flexibility of the microfluidic network in accommodat-
ing different two-step reaction schemes without changing the
geometry of the microfluidic channels.

Conclusion

We have characterized coalescence of an aqueous stream with
moving droplets as a function of the Capillary number, and used
this knowledge to perform two-step chemical synthesis of CdS
nanoparticle with millisecond reaction times. As the example, here
we used synthesis of CdS nanoparticles because their formation
occurs on millisecond time scale and has been studied previously,
and because the reagents for aqueous CdS synthesis can be handled
safely. Wedid not characterize these nanoparticlesin detail because
it is known that CdS particles synthesized at room temperature in
aqueous solutions are not very crystalline. Extending the droplet-
based microfluidic method described in this paper to reagents in
non-aqueous solutions and to reactions performed at higher
temperatures would lead to synthesis of high-quality nanoparticles
by multistep reactions with millisecond time control of nucleation
and growth processes. This microfluidic system may also become
useful for synthesis of nano-size drug particles with41 or without
encapsulating layers, and other particles used in pharmaceutical,
food, and agricultural industries. Rapid sub-millisecond coales-
cencerequired for this system is affected by several parametersthat
remain to be investigated further: dynamics of self-assembly of
surfactant at the aqueous-fluorinated interface, effects of solutions
of contrasting viscosities, and effect of mechanical agitation. Once
the effect of these parameters is understood, this microfluidic
system will be useful for a range of multistep synthetic and
analytical reactions taking place on millisecond time scale.
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