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We describe a method to induce by light a reversible switch from
a continuous two-phase laminar flow to a droplet generating regime,
in microfluidic devices with a usual water-in-oil flow focusing
geometry. It consists in adding a photosensitive surfactant to the
aqueous phase to modulate using light the interfacial energy between
flowing liquids and the microfluidic substrate. We show that UV
irradiation induces liquid fragmentation into monodisperse water
microdroplets and that many cycles of reversible and rapid switches
(<2 s) between continuous laminar flows and stable droplet regimes
can be realized. By spatially controlling the application of the light
stimulus, we also demonstrate the first spatially resolved remote
induction of droplet generation.

Over the last decade, droplet-based microfiuidics has been shown as
a promising technology for research in biology and chemistry.! To
generate micro-scale droplets, it is necessary to increase and fragment
the interface between two immiscible liquids, which is usually ach-
ieved by mechanical actuation and hydrodynamic shear forces.?
High-throughput emulsification with a narrow size polydispersity is
usually obtained with appropriate channel junction geometry, which
can be a T-junction or a flow focusing device.® For given geometry
and fluid composition, droplet size and frequency are typically
controlled by the modification of volumetric flow rates.>* However,
under constant flow rate conditions, only a few recent methods exist
to dynamically control droplet properties, including mechanical
actuation,® electro-wetting,® local heating,” and electric field
application.?

In the past few years, the development of optofluidics has mainly
focused on the use of microfluidic elements as new optical systems.®
Conversely, light also represents a non-contacting external stimulus
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that could control flows' and different fluidic operations (dividing,

mixing, sorting)." However, only a few examples of light actuation
applied to a two-phase flow in microchannels have been reported.
Light has been used for macroscopic droplet manipulation’ and
perturbation of liquid interfaces through radiation pressure* or
heating.™* In microfluidic systems, it has only been used to generate
droplets by laser-induced cavitation'® and to modify the size'® and the
position'” of droplets through a thermocapillary effect.

Here we describe the first approach to dynamically switch by light
a two-phase flow from a laminar regime where the interface is not
fragmented to a regime where droplets are formed. The introduction
of a photosensitive surfactant'>*® in the aqueous phase allows
a photodependent modification of the wettability of the microchannel
substrate. Under UV light, the interfacial energy of the aqueous
phase on the substrate increases, which induces liquid fragmentation
into monodisperse droplets. When the light stimulus stops, the system
goes back to the laminar regime. Applicable to different device
morphologies, this strategy allows many cycles of reversible and rapid
switches as well as a spatio-temporal control of switch localization.

Fig. 1 shows our concept and experimental system. For all
experiments, we used a cationic photosensitive azobenzene trime-
thylammonium bromide surfactant (AzoTAB)">*® in water (10 mM)
as a photosensitive aqueous phase and oleic acid as oil phase. Azo-
TAB apolar tail contains a photosensitive azobenzene group, which
photo-isomerizes from zrans (less polar) to cis (more polar) configu-
ration upon UV illumination (Fig. 1A). This concentration was
chosen slightly below CMC (12.6 mM and 14.6 mM for trans- and
cis- isomers, respectively).’® Lower concentrations led to a decrease in
stable laminar regimes. We did not explore higher concentrations due
to the proximity of the solubility limit (~20 mM). We measured
advancing and receding contact angles of AzoTAB solution in oleic
acid on the substrate used for microfluidic experiments (plasma-
treated and baked glass), and compared to those for the same Azo-
TAB solution having been illuminated under UV light prior to
deposition. We found that the value increased from 153° and 148°
(before UV) to 163° and 153° (after UV) for advancing and receding
contact angles, respectively (Fig. 1B). We anticipated that this photo-
induced change of wettability could have dramatic effects when
implemented in a microfluidic device for droplet generation (Fig. 1C).
In particular, a two-phase microfluidic flow could be switched by
light from a laminar regime under conditions of high wettability
(—UV) to a droplet regime for lower wettability situation (+UV).
Because of the continuous regeneration of the aqueous phase in the
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Fig. 1 A photosensitive liquid in a two-phase microfluidic flow. (A)
Molecular structure of the photosensitive surfactant AzoTAB. Upon
illumination at A = 365 nm, trans-AzoTAB isomerizes to cis configura-
tion, resulting in a more polar tail. (B) Top, contact angle measurement of
a 10 mM AzoTAB aqueous solution droplet immersed in an oleic acid
bath on the substrate used for microfluidic experiments (glass exposed to
plasma and baked at 150 °C for 1 h). On the left, the AzoTAB solution
contains a majority of zrans molecules. On the right, the same solution
has been exposed to UV light (majority of cis molecules) prior to droplet
deposition. Scale bar is 1 mm. Bottom, values of advancing and receding
contact angles before and after UV illumination, averaged on 10 repli-
cates. (C) When this system is implemented in a two-phase microfluidic
flow (10 mM AzoTAB solution as a photosensitive aqueous phase, oleic
acid as an oil phase), the UV-induced change of substrate wettability can
be used to control liquid fragmentation by light.

microchannel, turning off the light stimulus shall switch the system
back to the laminar regime.

First we used Device 1, which has a standard flow focusing
geometry with a neck (Fig. 2A). In the absence of UV illumination
and for a given oil flow rate Q.;, two regimes can be distinguished
depending on the aqueous flow rate 0,q.>° At a low Q,,, interfacial
forces dominate and the aqueous phase is continuously fragmented
into regular droplets (‘drop’ regime). At a high Q,, viscous forces are
predominant and the aqueous phase is flowing parallel to the oil
phase to form a stable tube (‘tube’ regime). Alternation of ‘drop’ and
‘tube’ regimes is eventually observed for a narrow range of interme-
diate Q,q. In addition, for a given Q,q, an increase in Q,; has almost
no influence on the regime nature but induces a decrease in the
characteristic droplet or tube diameter. There is also a maximum oil
flow rate Q,;™, above which the flow becomes mainly composed by
the oil phase and stable water flow cannot be observed. The value of

L™, represented by a solid black line in Fig. 2B, increases with an
increase in Q,q. Below Qy;™*, when UV illumination was applied on
the flow regimes, three behaviours were observed depending on
aqueous and oil flow rates (Fig. 2B). When the system is initially in
a ‘drop’ regime (Q,q < 2 pL min~"), UV illumination does not affect
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Fig. 2 Effect of UV illumination on flow regimes. (A) Scheme of
microfluidic Device 1. (B) Effect of UV illumination for different flow
rates of oleic acid (Q,;) and AzoTAB solution (Q,q) in Device 1. The
different symbols correspond to different transitions between a stable
flow regime (‘drop’ or ‘tube’) without UV to another stable flow regime
under UV illumination. Pictures correspond to the conditions of symbols
pointed by arrows. The pictures of the regime under UV light have been
taken 3 seconds after illumination starts. Above the solid line, the flow
becomes monophasic (oil phase only). Dashed lines qualitatively indicate
the separation between the different transitions induced by UV illumi-
nation. (C) Time-lapse observation of the UV-induced dewetting tran-
sition for the tube — drop transition. = 0 corresponds to the beginning
of UV illumination. The red arrow indicates the position of
the contact line between the water phase and the microfluidic substrate.
Quq =3 pL min™"; Qg = 2 pL min~".

the regime nature but induces an increase in droplet diameter, which
varies between 5% and 30% (‘drop — drop’ transition, ESI, Movie
S1). When the system is initially in a ‘tube’ regime (middle and high
aqueous flow rates), two effects can be distinguished. For 2 = Q,q =
7 uL min~', the ‘tube’ regime is converted to a stable ‘drop’ regime
under UV illumination, regardless of Q,; (‘tube — drop’ transition,
ESIt, Movie S2). For Q,q = 8 pL min™", the system stays in a ‘tube’
regime for most Q. values (‘tube — tube’ transition, ESIT, Movie
S3) except for Qu; = 5 uL min~! where a transition to a ‘drop’ regime
was observed.

All these results show that UV illumination results in a modifica-
tion of the flow behaviour, which is particularly dramatic for inter-
mediate aqueous flow rates (2 = Q,q = 7 pL min~') where a laminar
liquid flow is fragmented into monodisperse droplets by light
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Fig. 3 Fast and reversible liquid fragmentation by light. Continuous alternation of absence (—UYV, light blue background) and presence (+UYV, purple
background) of UV illumination on a two-phase flow of AzoTAB solution (Q,q = 3 pL min™') and oleic acid (Q,;y = 2 pL min™') in Device 1. Blue
diamonds and yellow circles indicate stable ‘tube’ and ‘drop’ regimes, respectively. Red dashed lines indicate transient regimes. Pictures were extracted
from Movie S41 and correspond to the conditions of symbols pointed by arrows.

(‘tube — drop’ transition). A usual and simple way to analyze
biphasic microfiuidic flow regimes consists in computing the capillary
number Ca = uv/y with u and v being the viscosity and the velocity of
the continuous phase (here, oil) and v the oil/water interfacial tension.
By taking into account the geometry of our device,*! we can estimate
v to vary between 1.9 x 1073 and 19 x 107> m s~' when Q,; varies
between 0.5 and 5 pL min~'. In the absence of UV, « is around™
7mN m~! and Ca varies between 0.75 x 1072 and 7.5 x 102 Under
UV, v is around? 8 mN m~" and Ca varies between 0.65 x 10-2 and
6.5 x 1072 These figures indicate that, regardless of conditions,
Ca < 0.1 showing that if we neglect the effect of substrate, capillary
forces should maintain the system in a drop regime. The appearance
of a stable tube regime demonstrates the crucial effect of the wetting
of the AzoTAB solution on the microfluidic substrate. It is interesting
to note that this is only observed for sufficiently high concentration of
AzoTAB (here, 10 mM). For instance, with [AzoTAB] = 2 mM,
mainly drop regimes are observed, with and without UV illumination
(ESI+, Fig. S1). We thus interpret the effect of UV light in the ‘tube
— drop’ transition as a consequence of the light-induced change of
wettability. Before illumination, trans-AzoTAB solution is wetting
the substrate, which is confirmed by the angular shape of the
meniscus, and forms a stable ‘tube’ regime. After illumination,
AzoTAB isomerizes into the cis form. The resulting decrease in
substrate wettability destabilizes the ‘tube’, induces its fragmentation
into droplets and leads to a stable ‘drop’ regime, where the flow
focusing part (round shape) does not wet the substrate anymore. This
UV-induced dewetting transition of the water phase at the flow
focusing region can be observed by following the contact line between
the water phase and the substrate (Fig. 2C). To confirm this mech-
anism, we introduced cis-AzoTAB (low substrate wettability) in the
microfluidic device (ESIt, Fig. S2). For Quii = Qaq = 2 nL min™', we
observed a stable drop regime in the absence of illumination. Under
blue light, AzoTAB isomerized to the trans form, the substrate
wettability increased and the system switched into a stable tube
regime. When illumination was removed, the system switched back to
the stable drop regime. All these results demonstrate the correlation
between AzoTAB isomeric form (trans or cis), substrate wettability,
and nature of the flow regime. This interpretation is in agreement
with the classical observation that microfluidic channels with a low
wettability favour emulsification and therefore formation of
droplets.?
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Fig.4 Spatially-selective fragmentation of a two-phase flow by light. (A)
Scheme of microfluidic Device 2. (B) UV is applied on Device 2 through
a transparent window made in a UV-cutting mask (yellow rectangle).
Pictures show stable regimes just before, in the middle, and just after the
window transparent to UV for a two-phase flow of AzoTAB solution
(Qaq = 1.5 pL min™"') and oleic acid (Q,; = 2.4 L min~"). All scale bars
are 100 pm.
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For all UV-induced transitions shown in Fig. 2B, switching off UV
results in a comeback to the initial flow regime (ESI, Movies S1-S3),
which can be explained by the continuous regeneration of the
aqueous phase at the flow focusing junction. Interestingly, for 2 =

g = 7 uL min~', several cycles of ‘tube — drop — tube’ can be
obtained by successively switching on and off UV illumination
(Fig. 3, ESIf, Movie S4). Regardless of flow rate conditions and
transition type, the switching occurs within 2 s. All these results
demonstrate that our method allows one to fragment by light a liquid
in a reversible and highly dynamic manner.

In Device 1, when liquid fragmentation occurs, droplets are
generated in the neck area where the two liquid phases are strongly
confined. To spatially control the localization of droplet generation
using light, we applied selective UV illumination through a photo-
mask on Device 2, which is a flow focusing device without any
constriction (Fig. 4A). In the absence of UV illumination, the system
is in a stable ‘tube’ regime all along the main channel for a large range
of flow rates (1 = Qpq = 15 uL min™" 2 = Qyy = 13 pL min™).
When UV is applied, only the channel part above the mask window is
illuminated and we observe within a few seconds (i) a stable ‘tube’
regime just before the mask window, (ii) a droplet generation part in
the middle of the illuminated area, and (iii) a stable regime of slightly
irregular droplets right after the mask window (Fig. 4B, ESI+, Movie
S5). This effect was reproducibly observed for arbitrary positions of
the mask window and intermediate aqueous flow rates (1.5 = Q,q =
S5uLmin~'; 2.4 < Qg = 13 pL min~"). When UV is switched off, the
system goes back to a stable ‘tube’ regime all along the main channel.
This constitutes the first demonstration that an external stimulus
(here, light) can reversibly control the localization of the fragmenta-
tion of a liquid into microdroplets.

In summary, we have reported for the first time the fragmentation
of a continuous aqueous liquid phase into monodisperse micro-
droplets by light actuation. The liquid response to the light stimulus
has been demonstrated to be robust, fast, reversible, and spatially
resolved. Our method, which only implies the addition of a photo-
sensitive surfactant in the aqueous phase, can be easily implemented
into various microfluidic and optofluidic configurations, opening the
route to the generation of all-optical fluidic chips, where fluids are
both sample and optical elements and light serves as both actuator
and sensor. In future, this method of light-induced liquid segmenta-
tion could also be applied for high-throughput compartmentalization
and encapsulation of shear-sensitive biological material, such as living
cells or genomic DNA molecules.
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