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ABSTRACT: The mixing of confined liquids is a central yet
challenging operation in miniaturized devices. Microfluidic
mixing is usually achieved with passive mixers that are robust
but poorly flexible, or active mixers that offer dynamic control
but mainly rely on electrical or mechanical transducers, which
increase the fragility, cost, and complexity of the device. Here,
we describe the first remote and reversible control of
microfluidic mixing triggered by a light illumination simply
provided by an external LED illumination device. The approach is based on the light-induced generation of water microdroplets
acting as reversible stirrers of two continuous oil phase flows containing samples to be mixed. We demonstrate many cycles of
reversible photoinduced transitions between a nonmixing behavior and full homogenization of the two oil phases. The method is
cheap, portable, and adaptable to many device configurations, thus constituting an essential brick for the generation of future all-
optofluidic chip.

■ INTRODUCTION

Mixing of at least two liquids is a key-operation in most
chemical and biochemical processes. In miniaturized devices,
the confinement of liquids usually imposes laminar flow
conditions where mixing is mainly controlled by diffusion.
From the beginning of microfluidics,1 great efforts have thus
been directed at developing microfluidic mixers.2 Passive
mixers,3−7 which rely on diffusion8 or chaotic advection,9−11

are robust and easy to implement but lack flexibility. Active
mixers,12−14 where mixing is triggered by an external stimulus,
enable dynamic and tunable mixing, but the necessity to
implement external transducers such as pumps15,16 or electro-
des17,18 increases the complexity and fragility of the device
while reducing its portability. With the development of
optofluidics,19 a new paradigm for the control of microfluidic
systems has led to light-driven microfluidics, where microscale
liquids are actuated with a light stimulus.20 Although light has
been demonstrated to control a variety of microfluidic
operations20 such as injection,21 pumping,22−26 flow rate
control,27 and droplet generation28,29 or manipulation,30−34

only one example of reversible mixing in a continuous flow was
reported. It was achieved by generating a cavitation bubble in
the flowing liquids using a highly focused nanosecond laser.35

However, this interesting strategy required an elaborate optical
setup and induced the generation of a hot plasma. It was thus
necessary to look for a novel strategy to achieve the first
reversible microfluidic mixing triggered by a simple and
portable illumination, without heating the device nor
implementing any supplemental transducer.
To allow light-triggerable mixing in microfluidic systems, we

implemented a laser-free strategy relying on light-induced

generation of water microdroplets to stir two continuous oil
phases. Although mixing inside water-in-oil droplets has been
well studied,36−38 droplets, unlike their gas bubble counter-
parts,39−42 had never been used to stir the external continuous
phase. To control droplet generation with light, we injected a
light-sensitive water phase between two oil phases using a flow-
focusing geometry (Figure 1A). Before the trigger was applied,
the continuous water phase between the two oil phases in the
channel formed a three-layer flow, which prevented any mixing
of the oil phases (Figure 1A, top). In response to a UV
stimulus, the water phase was fragmented into water droplets in
the flow-focusing region. Thanks to a series of expansion
chambers distributed downstream, the droplets gained a
multidirectional motion that allowed the two oil phases to
mix with an efficiency that depended on the chamber position
(Figure 1A, bottom). Provided that the continuous water phase
can be photoreversibly fragmented into droplets, our approach
allows reversible microfluidic mixing of two oil phases. To this
end, we used a photosensitive azobenzene surfactant,33,43

AzoTAB (Figure 1B), as it was recently shown that, by adding
AzoTAB to the water phase, a photoreversible transition
between a continuous laminar flow of water (tube regime, -UV)
and a stable droplet regime (+UV) could be attained.28 Not
only is this approach free of any constraint to implement
optical element inside the microfluidic device, but it also does
not require any elaborate optical setup or laser source. In our
experiments, we simply used a light-emitting diode (LED)
working at 365 nm as an excitation source and the illumination
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was applied by placing the tip of a light guide ∼1 cm above the
microfluidic device (Figure 1C).

■ RESULTS AND DISCUSSION
Experimental Setup. For all experiments, the microfluidic

chip was made of poly(dimethylsiloxane) (PDMS) on glass,
with the channel design shown in Figure 1A and a uniform
channel height of 50 μm (Complete design in Figure S1). The
oil phases were oleic acid with (oil phase 1) or without (oil
phase 2) a fluorescent dye, Nile Red (85 μM). Under our
conditions of observation, the fluorescence intensity varied
linearly with Nile Red concentration (Figure S2), allowing us to
monitor the mixing between the oil phases. Water phase was a
8 mM solution of AzoTAB. The oil flow rate was Qoil = 0.5 μL
min−1 for both phases and the water flow rate was Qwater = 2.5 -
5 μL min−1.
Light-Induced Mixing. To quantify the mixing along the

microfluidic device, we analyzed for each chamber the
distribution of fluorescence intensity in two regions of equal
area situated in the top and bottom parts (regions 1 and 2,
respectively) of the device (Figure 2A). In the absence of a UV

stimulus, a stable tube regime of the water phase was observed
in all chambers. As a result, the oil phases 1 and 2 remained
respectively highly and poorly fluorescent all along the channel
(Figure 2B, top). Upon UV illumination, a stable droplet
regime was rapidly observed in all chambers leading to a
marked change of intensity distributions (Figure 2B, bottom).
This effect was enhanced from chamber 1 to chamber 5 to
chamber 10. The droplets were clearly instrumental in the
mixing of the two oil phases, with an efficiency that increased
along the channel (Supporting Information Movie S1). From

Figure 1. Concept and design of a reversible optofluidic mixer. (A)
Two oil phases and a photosensitive water phase are injected in a flow-
focusing device (drawn to scale) containing a series of 10 regularly
spaced expansion chambers. Without UV, the system is in a stable
laminar flow regime where no mixing occurs. The application of UV
light induces the fragmentation of the water phase into microdroplets
stirring the two oil phases to different degrees of mixing. When the UV
stimulus is turned off, the system goes back to a nonmixing state. (B)
The photosensitive surfactant AzoTAB undergoes a trans−cis
isomerization upon illumination at 365 nm allowing to reversibly
switch the water phase from a tube to a droplet generation regime by
UV light. (C) The microfluidic device made of a PDMS block bonded
to a glass slide (25 mm wide) is illuminated with a light guide
connected to a UV LED source working at 365 nm. Figure 2. UV-induced mixing. (A) Nile Red (85 μM) in oleic acid,

AzoTAB (8 mM) in water, and pure oleic acid are injected in the
device. Distributions of pixel intensities are measured by fluorescence
microscopy in two regions of equal area. (B) Representative
fluorescence microscopy images (acquisition time: 10 ms) and
corresponding distributions of pixel intensities in chambers 1, 5, and
10, before and after UV illumination. Each image has a size of 768 μm
× 698 μm. (C) Mixing index (MI) as a function of chamber position
before and after UV illumination, calculated from intensity
distributions using the displayed equation where Ii is the intensity of
pixel i while N and <I> are respectively the total number of pixels and
average intensity over the two regions. Symbols show the mean values
± std on triplicates. Error bars smaller than symbol size are not shown.
For all experiments, Qoil = 0.5 μL min−1, Qwater = 5 μL min−1.
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the intensity distributions, we calculated42 a mixing index, MI,
using the equation shown in Figure 2C where MI = 1
represents a nonmixing situation, and MI = 0 defines an ideal
mixing of the oil phases. In the absence of UV, MI was almost
equal to 1 in all chambers, showing the complete separation of
the oil phases throughout the device. In contrast, the
application of UV resulted in a marked decrease in MI with
an amplitude that increased with the chamber position, from
ΔMI = 0.003 ± 0.001 (chamber 1) to 0.83 ± 0.04 (chamber
10) where ΔMI was the difference in MI before and after UV
(Figure 2C). These results show that the application of an
external UV stimulus on our device triggers mixing of the oil
phases with an efficiency that is correlated to the chamber

position. As a result, it is possible to reach a target degree of
mixing by adjusting the number of chambers in the device.

Role of Water Phase, Droplets and Chamber
Geometry. To further define the role of the photosensitive
water phase in the device, a series of control experiments were
carried out. A first set of experiments was performed without
the water phase. In the absence of UV, the fluorescence
intensity profile around the interface was not as sharp as that in
the presence of the water phase (Figure S3) showing that water
in the tube regime acted as a physical separation between the
two oil phases. Moreover, the mixing index values were very
similar with or without water (Figure S4), which shows that
efficient mixing is impossible by simply putting the oil phases
into contact. These results demonstrate that droplets do not

Figure 3. Dynamic behavior and reversibility in chamber 10. (A) Timelapse fluoresence microscopy images of the chamber with UV applied from t =
8.5 s to t = 38.5 s (red arrow). The first image is taken at t = 0 and images are separated by 2.16 s. Each image has a size of 768 μm × 768 μm. (B)
Mixing index as a function of time for three experiments. UV is applied at 10 s for all experiments (+UV, black dashed line) and removed at 40 s (red
dots), 50 s (blue diamonds) and 70 s (purple triangles). Filled and open symbols correspond to tube and droplet regimes, respectively. (C) Mixing
index as a function of time (top) and fluorescence microscopy images (bottom) for successive application (+UV, red background) and removal
(−UV, green background) of UV illumination. Filled and open symbols correspond to tube and droplet regimes, respectively. Qoil = 0.5 μL min−1

(A−C); Qwater = 2.5 μL min−1 (A and B) and 3 μL min−1 (C); acquisition time: 10 ms (A and B) and 200 ms (C).
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only allow oil/oil contact but also act as efficient stirrers. We
also found that oil after mixing contained less than 0.3 wt % of
water coming from droplets, showing a low water transfer. A
second set of experiments explored the importance of droplet
motion. When a channel without expansion chambers was used
(Figure S5), UV illumination did induce the formation of
droplets, but resulted in a mixing that was not as efficient as
that seen in designs with expansion chambers, regardless of the
geometry of the chambers (Figure S6). The multidirectional
motion of droplets within the expansion chambers is thus
crucial for extensive mixing.
Reversible Mixing. The most spectacular variation of MI

upon UV illumination was observed in chamber 10 where UV
triggered a transition from MI = 0.98 ± 0.02 (−UV) to MI =
0.15 ± 0.02 (+UV). The kinetics of the transition, as well as its
reversibility, were therefore studied in this chamber (Figure 3).
Figure 3A shows a typical timelapse observation of the mixing
behavior triggered by UV. At first, in the absence of UV, the
two oil phases were clearly separated. Soon after application of
UV, a short transient regime was observed before the
appearance of droplets in the chamber. When the UV
illumination was maintained, droplets continuously stirred the
two oil phases while their size tended to increase with time.
Interestingly, after the UV stimulus was switched off, the water
phase rapidly re-entered a stable tube regime during which the
two oil phases did not mix. These results validate our approach
since light can be applied as an external trigger to turn mixing
on and off in a microfluidic device. We then followed the
evolution of the mixing index with time for different +UV/-UV
stimulations (Figure 3B). The evolution of MI after +UV was

highly reproducible. The tube phase remained for only 1.2 ±
0.6 s, showing a fast response time of the droplet generation. At
the exact time of droplet formation, MI started to decay, which
confirms the essential role of droplets in the mixing process. In
the droplet regime, MI decreased during a transition period of
about 30 s to reach a stable value of MI = 0.19 ± 0.02 that
could be maintained for another 30 s. When UV was turned off
during the transition period, droplets were maintained for some
time during which MI continued to follow the same decay.
Once the tube was formed, MI rapidly increased to reach MI ≈
1 (Figure S7). Interestingly, when UV was turned off after the
transition period, the water phase re-entered the tube regime in
only 0.9 ± 0.4 s followed by a sharp increase of MI up to 0.98 ±
0.01 (Figure 3B). To characterize the reversibility of the
system, we applied successive −UV and +UV stimuli. Strikingly,
many cycles of nonmixing/mixing behaviors could be obtained
in a highly reproducible way (Figure 3C, Supporting
Information Movie S2). Note that achieving such a cycling
behavior required that both droplet and tube regimes remained
stable over the period of the cycle. All these results establish
that our setup behaves as an optofluidic mixer with several
advantageous characteristics. It is fully triggered by an external
light stimulus and allows repeatable and reversible switching
between a nonmixing mode and an efficient mixing action.

Droplet Removal. We then investigated the possibility to
remove the droplets once the required mixing was attained.
This was achieved by combining the optofluidic mixer with a
droplet separation unit (Figure 4A). The separation relied on
two-stage comb-like structures42 where droplets remained in
the central channels while oil phases near the walls of the

Figure 4. Optofluidic mixing after droplet removal. (A) Design (drawn to scale) of the device. (B) (Top row) Fluorescence microscopy images of
chamber 10 for successive application and removal of UV illumination. Each image has a size of 768 μm × 768 μm. (Bottom row) Fluorescence
microscopy images of the channel after the Y-junction taken 15 s after that of chamber 10 and intensity profiles taken between arrowheads (top to
bottom). Each image has a size of 768 μm × 370 μm. Mixing index (MI) was calculated using regions adapted to the geometry (Figure S8). Qoil = 0.5
μL min−1; Qwater = 4 μL min−1; acquisition time: 200 ms.
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channel could also flow in smaller lateral channels. In our
device, we recovered the oil phases from the top and bottom
lateral channels and combined them thanks to a Y-junction.8

We found that 10% of the oil phase was recovered at the
output, a yield that could be increased by implementing a more
elaborate separation unit.38,44−46 In this configuration, the
addition of the droplet separation unit did not affect the
behavior in the chamber 10 where reversible mixing was
triggered by UV illumination (Figure 4B, top row). The
behavior in the channel after the Y-junction (Figure 4B, bottom
row) was highly correlated with that in chamber 10, with a time
shift of about 15 s, which corresponded to the time needed by
an element fluid to flow from chamber 10 to the output
channel. Note that the water phase was efficiently removed by
the droplet separation unit for the duration of the experiment.
Remarkably, the intensity profiles after the Y-junction showed a
succession of phase-separated behaviors and homogeneous
mixing that can be obtained with a simple illumination pattern.
The variation of mixing index between −UV and +UV was
ΔMI = 0.83 ± 0.01 after the Y-junction, very close to the value
in chamber 10. All these results show that two input oil phases
injected in the device can be recovered without water as output,
in a fully mixed or separated state that is controlled by light.

■ CONCLUSION
We described a method to reversibly control mixing in a
microfluidic device using an external light stimulation provided
by a portable LED device. The approach can be easily adapted
to various microfluidic configurations as it does not require the
implementation of any specific element (valve, electrode, etc.)
inside the device. Demonstrated here with oleic acid and water,
our concept might be extended to other fluids in various kinds
of microdevice materials (e.g., PDMS, glass, PTFE). For each
given system, it will require a proper photosensitive surfactant,
which might be chosen among the library of molecules already
available.33,43,47−51 Mixing could also be performed in water
phase by adapting the microfluidic substrate wetting properties
to generate oil-in-water droplets. Such developments will bring
the concept of optofluidic mixing described here to real world
applications, such as on-demand organic or biochemical
reactions in miniaturized reactors actuated by a light stimulus.
Without any laser equipment nor any elaborate optical setup,

our method provides a readily portable solution for the
photoactuation of microfluidic mixing. The optofluidic mixing
operation described here enriches the toolbox of light-driven
microfluidics20 and constitutes a decisive step toward the
realization of future all-optical fluidic chips52 where light will
fully actuate liquids in standardized and optically reconfigurable
devices.
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