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In this paper, we demonstrate the incorporation of dye-based liquid lasers within or around flowing aque-
ous microfluidic droplets. In particular, we use dye solutions in benzyl alcohol, and either disperse an en-
semble of small (~20 um) lasing droplets within large (~500 um) aqueous droplets flowing in a simple glass
capillary-based microfluidic device, or ‘wrap’ a thin (~10 pum) lasing benzyl alcohol shell around larger
(~560 pm) microfluidic aqueous droplets. We experimentally and theoretically characterize the lasing be-
havior in both cases, which is supported by whispering-gallery mode (WGM) optical resonances at the
droplet interfaces. We showcase a simple application of our method, which highlights the advantages of
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having embedded, spatially segregated laser sources within a droplet containing a model analyte solution.
With this method, each microfluidic droplet now functions not only as an isolated experiment flask, but is
also capable of on drop sensing that exploits WGM-based lasing, thus expanding the possibilities for online

DOI: 10.1039/c7Ic00701a
monitoring of biophysical/biochemical processes and sensitive detection of biomolecules in droplet-based

Published on 23 November 2017. Downloaded on 4/7/2026 6:43:31 PM.

rsc.li/loc microfluidics.

Introduction

The coupling of light with matter flowing through a micro-
fluidic channel (optofluidics) has dramatically expanded the
microfluidics toolbox over the past decade, particularly in lab-
on-a-chip methods for very diverse biological and molecular
sensing applications."™ In this context, the emergence of
optofluidic laser-based sensing platforms offers a paradigm
shift for microfluidic biological/chemical analysis* in which
fluorescence-based methods are predominantly used to detect
analytes.” These fluorescence-based methods suffer from well-
acknowledged drawbacks, such as weak signals or strong
background noise when the samples are diluted or when
small volumes are probed. In contrast, optofluidic lasers al-
low the amplification of sensing signals without amplification
of the background noise.* Optofluidic lasers typically consist
of two main components - a microfluidic laser cavity for opti-
cal feedback, and a fluorophore solution as the gain medium,
which enables intra-cavity detection.* Within the cavity, reso-
nant light is bounced back and forth thousands to millions of
times and, as a consequence, the target molecule is sampled
orders of magnitude more times as compared to conventional
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sensing. Several different types of optofluidic laser platforms
have been demonstrated, primarily differing in the type of
cavity used. In the past few years, optofluidic lasers employing
distributed feedback gratings, Fabry-Pérot cavities and ring
resonators in conjunction with microfluidic channels have
been developed and applied to a number of bio-sensing
applications.* ™

In this context, there has been considerable interest in the
use of droplets as high-quality optical microcavities due to
their small, controllable sizes and smooth, spherical inter-
faces.'” Spherical liquid droplets having a higher refractive
index than their surroundings can support whispering gallery
mode (WGM) optical resonances, in which incident light is
trapped in rings around the droplet interface; the wave-
lengths of the supported modes and the inter-mode spacing
can be precisely tuned by varying the diameter of the droplet,
and are well described by Mie theory.”* When an appropriate
gain medium is present inside the liquid droplets, these
WGMs can support optical feedback, and therefore
lasing."*™"” Inspired by the pioneering demonstration of gel-
based lasers in the 1970s,'® droplet-based lasers have been
demonstrated using free-falling or levitated droplets in
air'”'*?° and with spherical droplets sitting on super-
hydrophobic surfaces.'”?"*> These methods are versatile,
and can handle a variety of different liquids due to the high
refractive index contrast between almost any liquid and air;
however, methods involving direct exposure of droplets to air
typically suffer from rapid liquid evaporation, and cannot be
integrated easily with other lab-on-a-chip functionalities.
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Optofluidic lasing via the self-assembly of monolayer gain
material at the liquid-liquid interface in a sessile droplet has
been recently demonstrated, with tremendous potential for
probing molecular level biophysical and biochemical
processes.”

More recently, exciting demonstrations of lasing with dye-
containing microfluidic droplets flowing in an immiscible
fluid within a microchannel have been reported.'>>*>> While
these demonstrations hold considerable promise, especially
as on-chip light sources for spectroscopy and flow cytometry,
there remain several challenges before microfluidic dye drop-
let lasers can be used for molecular and biological sensing
applications. Since the droplets are immersed in a carrier lig-
uid (such as a fluorinated oil) instead of air, the relatively
lower refractive index contrast between the droplet and the
carrier liquid compromises the ability of the cavity to trap
light effectively.”® In particular, for aqueous droplets, which
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are most relevant for biological applications,>*>® the index
contrast is far too low, rendering the cavities too ‘leaky’ opti-
cally for lasing to be achieved.*® Furthermore, the presence
of fluorescent dye molecules in the same liquid phase as the
analyte(s) can potentially interfere with the biochemical/bio-
physical event under observation, thus necessitating low dye
concentrations, which once again compromises the lasing
performance. In addition, organic laser dyes can be quite
sensitive to environmental conditions (such as pH, polarity,
and ionic strength), which further restricts the application of
dye droplet lasers in biologically relevant sensing
applications.

In this paper, we demonstrate how dye-based liquid lasers
can be incorporated within or around aqueous microfluidic
droplets, paving the way for their utilization in a broader ar-
ray of applications than is currently possible. In particular,
we use dye solutions in benzyl alcohol, and either disperse

Coumarin 102
in benzyl alcohol

Mineral oil
(with surfactants)

Water
(with surfactants)

Fig. 1 (a) A schematic of the method to embed small laser droplets within larger aqueous microfluidic droplets. Two glass capillary devices are

connected in series. O;/W emulsion droplets are generated in the first device through the hydrodynamic focusing technique and fed into the
second device, where O, is introduced and O;/W/O, double emulsion droplets are formed. (b) Stereomicroscopic image of the generation of
highly monodisperse O;/W emulsion droplets in the first device (c) and (d) time-lapse stereomicroscopic images of the generation of O;/W/O,
droplets in the second device (e) stereomicroscopic image of the O;/W emulsion droplets in the first device excited by a pulsed pump laser beam.
(f) and (g) stereomicroscopic images (corresponding to images (c) and (d)) of the O1/W/O, droplets excited by a pulsed pump laser beam. All scale
bars represent 200 um.
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an ensemble of small (~20 pum) droplets within large
(~500 um) aqueous droplets flowing, or ‘wrap’ a thin (~10
um) lasing benzyl alcohol shell around larger (~500 pm)
microfluidic aqueous droplets in simple glass capillary-
based microfluidic devices. We experimentally and theoreti-
cally characterize the WGM lasing behavior in both cases,
and showcase a simple application of our method, which
highlights the advantages of having embedded, spatially
segregated laser sources within a droplet containing a
model analyte solution. With our method, each aqueous
microfluidic droplet can now function not only as an iso-
lated experiment flask, but is also capable, for the first
time, of on drop sensing that exploits WGM-based lasing,
thus expanding the possibilities for the online monitoring
of biophysical/biochemical processes and sensitive detection
of biomolecules.

Results and discussion

I. Embedding liquid lasers within aqueous microfluidic
droplets

As shown in Fig. 1, 0;/W/O, double emulsion droplets (outer
aqueous droplet diameter ~500 pm; inner benzyl alcohol
droplet diameter ~20 um) were generated using two micro-
fluidic glass capillary devices in series, as described in the Ex-
perimental section (with further details in the ESI}). Droplet
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sizes were obtained from digital analysis of stereomicroscope
images. The number of inner droplets can be tuned by vary-
ing the relative flow rates of the three phases, from ~20 to
~100. The inner droplets contained a solution of a laser dye
- coumarin 102 - in benzyl alcohol (5 mM). The outer aque-
ous droplets contained a small quantity (0.5 wt%) of polyvi-
nyl alcohol as surfactant (refractive index, np, = 1.33), and the
carrier fluid was light mineral 0il.>> Benzyl alcohol was cho-
sen as a solvent for the laser dye due to its high refractive in-
dex (np = 1.54), providing a high refractive index contrast
with water, ensuring efficient WGM-based light confinement
at the boundary of the dye loaded inner droplets."*** The
droplets were excited by a Ti:sapphire pump laser system
with a repetition rate of 1 kHz and a pulse duration of 100 fs
at an excitation wavelength of 400 nm. The excitation spot
size was ~600 um in diameter and droplet speed ~3 mm s .
Fig. 1(e)-(g) are stereomicroscopic images of the excited drop-
lets, obtained by blocking out the scattered laser light
through a dichroic mirror; the presence of WGMs can be
seen as intensely lit circumferential regions around the drop-
let periphery (inset, Fig. 1(e)).

The coupling efficiency of the excitation light with the
flowing droplets depends on the location of the droplet
within the illumination spot. Efficient optical excitation was
achieved in our system (Fig. 2(a)) by virtue of the continuous
flow of the droplets and the low frequency of droplet
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Fig. 2 (a) Time-lapse spectra collected from the passage of a single aqueous droplet containing embedded lasers through the pump illumination
spot; each spectrum was collected with a spectrometer exposure time of 50 ms. (b) Nonlinear dependence of lasing emission intensity on pump
pulse energy (error bars represent standard deviations from 8 consecutive droplets) (c) fluorescence decay profile of spontaneous emission (bulk
PL) and lasing (droplets). The counts in the maximum channel are 615 for both cases. (d) and (e) Lasing spectra from embedded droplets of ~20
pm diameter. The inset of (d) shows the PL spectrum obtained from droplets at pump energy below lasing threshold. (f) Extinction spectra for a 20

um diameter droplet obtained from Mie theory.
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Fig. 4 (a) A schematic of wrapped laser shell generation. (b) Stereomicroscopic image of W/O;/O, droplets and (c) corresponding
stereomicroscopic image of W/O,/O, droplets when excited by a pulsed pump laser beam, highlighting WGM light confinement in the shell.
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(a) Spectra obtained from wrapped laser shells at pump energies below and above the lasing threshold. (b) Nonlinear dependence of lasing

emission intensity on pump pulse energy. Error bars represent standard deviation obtained from 10 consecutive droplets.

generation (~1 Hz), which ensured that each droplet had a
residence time of ~0.25 s in the pump illumination spot and
was excited by ~250 pulses from the excitation source. As
each droplet flowed past the illumination spot, the ensemble
of emission spectra collected from it showed a unique, high
coupling maximum of output intensity, as shown in Fig. 2(a),
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which is consistent across different droplets. This consis-
tency is worthy of note, and possibly due to the larger droplet
acting as a lens to focus the randomly emitted light from the
benzyl alcohol inner droplets into the objective lens, as previ-
ously reported by Brody and Quake in the context of biophys-
ical measurements.*’
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Fig. 6 (a) and (b) Spectra obtained from wrapped laser shells at pump
energies at and above the lasing threshold. PL intensities are shifted
vertically for clarity. Spectra labeled with (@) show mode selection
behavior. (c) and (d) Stereomicroscopic image of W/O;/O, droplet
upon generation (c), and as it flows downstream (d), indicating a
movement of the inner droplet from the center towards the front
stagnation point of the outer drop, causing one side of the shell to be
much thinner than the other. The images are taking at W/O;/O,
flowrates of 10, 5, and 30 pL min™%, to exaggerate the shell thickness
and illustrate this hydrodynamic phenomenon.

Fig. 2(b) shows the output intensities averaged from 8 con-
secutive droplets as a function of pump pulse energy; the plot
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clearly exhibits a threshold behavior characteristic of lasing,
with a threshold pump fluence of about 16 nj mm™>. Emis-
sion lifetime data obtained from time-correlated single
photon counting (TCSPC) measurements further validates the
occurrence of lasing (Fig. 2(c)). The lifetime data of the lasing
droplets were fitted with an exponential decay function

1
[y =Ade -’ +y(,J, with a time constant  of ~100 ps (R> = 0.98),

which was much shorter than the lifetime of photo-
luminescence from the bulk solution (z ~3.3 ns, R* = 0.98),
indicating the occurrence of stimulated emission, which is a
process much faster than spontaneous emission.>’ As men-
tioned above, the positions of the WGMs (and inter-mode
spacing) are sensitive to the diameter of the optical cav-
ity,">*** and it is crucial to have tight control over the size
of the inner liquid laser droplets for effective and robust ap-
plications. In the above demonstration, the inner droplets
had a mean diameter of 20 um with a standard deviation of
~3%. The monodispersity of the droplet resonators is further
validated by the invariant and equal mode spacing of the
emission spectra collected (~2.5 nm), as exemplified by the
emission spectra in Fig. 2(d) and (e). The observed modes
and inter-mode spacing can be predicted from droplet extinc-
tion spectra calculated by the classical Mie theory,"* which
we used to model the WGM spectral structure for our system.
The spectra were calculated (with an in-house MATLAB code)
for spherical benzyl alcohol droplets of 20 um diameter
surrounded by water. As shown in Fig. 2(f), the predicted
mode spacing was found to be 2.5 nm, in agreement with
our experimental results. We explored droplet sizes in the
10-40 pm range, which at its lower end comprises small cavi-
ties with optical gain distributed over a limited number of
modes but with low Q-factor,'>'” and at its upper end entails
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Fig. 7 A schematic of experimental setup for the optical resonance experiments.
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large cavities with high Q-factor but whose optical gain is
spread over numerous modes. Cavity sizes beyond this range
either suffered from an inability to support WGMs or too
much undesirable absorption and fluorescence from the bulk
of the dye-containing droplets that does not participate in
WGM lasing (which is intrinsically a surface phenomenon).
Finally, it is worth noting that the apparent aggregation of
the inner droplets (Fig. 1(g)) is a hydrodynamic phenomenon,
well observed in previous studies on microparticles and
beads suspended within flowing microfluidic droplets.*
When the aqueous droplets flow, the internal velocity field
tends to aggregate the suspended benzyl alcohol droplets, es-
pecially for larger numbers of suspended droplets. This ag-
gregation is entirely reversible, and the inner droplets return
to a non-aggregated state upon cessation of the flow. The ag-
gregation phenomenon is not essential to our method, and
we believe that it does not affect our results in any significant
way under the stated experimental conditions. Thus, mea-
sured mode spacings for the WGMs are found to be in good
agreement with Mie theory predictions, which assume inde-
pendent and optically non-interacting droplets. Furthermore,
when the number of droplets is small (~20), we do not ob-
serve dynamic aggregation, and the estimated Q-factor of our
WGMs with and without aggregation is roughly the same
(~1000). That being said, it is theoretically possible for
closely spaced cavities to couple optically under certain con-
ditions.**** The conditions for optical coupling of liquid cavi-
ties, such as the ones used in our work, is an interesting fun-
damental issue, which we are currently exploring in our
laboratories with close-packed flowing lattices of droplets.
Next, we demonstrate a proof-of-concept demonstration in
which the non-invasive droplet cavity lasers embedded within
aqueous droplets can be completely shut off due to the pres-
ence of an absorbing molecule in their vicinity. This achieve-
ment exemplifies new capabilities our method makes possi-
ble compared to previous studies, thereby laying the
foundation for novel applications that will be the subject of
future work. We used a 20 uM solution of a fluorescein iso-
thiocyanate-dextran conjugate (hereafter referred to as FITC-
Dextran) as the aqueous phase in the droplets. FITC-Dextran
has an excitation maximum at 490 nm, which is located well
within the emission range of the embedded droplet laser en-
semble. We then excited these FITC-Dextran loaded droplets
(embedded with smaller laser droplets) with the same pulsed
laser at a pump fluence of 640 n] mm™. The sizes of the in-
ner benzyl alcohol droplets were tuned to be 38 um (with a
standard deviation <5%) by varying the ratio between O, and
W flow rates. As shown in Fig. 3, we recorded very low emis-
sion from the FITC-Dextran in the absence of the embedded
lasers, as its absorption cross section at the excitation wave-
length of 400 nm is very low. However, with the embedded la-
sers, FITC-Dextran emission was greatly enhanced by a factor
of ~8 (based on peak emission intensity), while the WGM
spectral modes of the embedded lasers were completely shut
off due to energy transfer from coumarin 102 to FITC-dex-
tran. Subsequently, the laser emission was replaced by a

202 | Lab Chip, 2018, 18, 197-205
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broad and weak photoluminescence, in stark contrast to the
case with no FITC-dextran. As also shown in Fig. 3, the mode
spacing decreased from 2.5 nm to 1.2 nm, consistent with
Mie theory simulation predictions for these droplets obtained
from our in-house MATLAB code (Fig. 3 inset). To accomplish
the above demonstration in the fluorescence regime, where
the donor emission is dramatically suppressed, would require
the invasive presence of the reporter molecule within the
aqueous droplets. Emission from the reporter molecule
would therefore be far more susceptible to interference with
other components of the aqueous medium.

From the standpoint of applications, the modulation in
the laser output (i.e. intensity and/or spectral characteristics)
due to the presence (or absence) of certain molecules in the
vicinity of the liquid lasers, as shown above, can be used as a
highly sensitive detection method for biochemical/biophysi-
cal events. It offers a potentially lower detection limit as com-
pared to fluorescence-based techniques, and also enables the
detection of hard-to-distinguish small signals.? The embed-
ded lasers can also act as efficient light sources for (poten-
tially spatially resolved) online spectroscopy or photo-
chemistry applications.

II. Wrapping liquid lasers around aqueous microfluidic
droplets

Next, we demonstrate another mode of employing liquid la-
sers where, instead of loading the lasing droplets within an
aqueous droplet, we wrap a thin liquid laser shell around the
aqueous droplet. This is an all-liquid version of another often
used optofluidic laser sensing configuration - the liquid-core
optical ring-resonator (LCORR).>**” As indicated in Fig. 4(a),
a coaxial flow of a coumarin 102 solution (5 mM) in benzyl
alcohol with ultrapure water through a single capillary device
was introduced into another flow-focusing capillary device,
where core-shell droplets were formed in a silicone oil carrier
phase via a hydrodynamic focusing mechanism (see Experi-
mental section for details). The aqueous droplets have an
outer diameter ~560 um and a shell thickness of ~10 pum.
The core-shell droplets were excited by the same Ti:sapphire
laser system (Coherent) with a repetition rate of 1 kHz and a
pulse duration of 100 fs at wavelength of 400 nm. In this
case, light is now confined as WGMs propagating at the inter-
face between benzyl alcohol (np = 1.54) and silicone oil (np =
1.40). Each droplet spent an average of ~0.2 s in the pump
spot and was excited ~200 times. Fig. 4(c) illustrates light lo-
calization and amplification at the circumference of the drop-
lets, highlighting the lasing droplet ‘skin’ in this case, in con-
trast to the embedded laser ‘spots’ above.

Fig. 5(a) shows typical PL spectra at pump fluence below
the lasing threshold and WGM-modulated emission spectra
when pump fluence exceeds the lasing threshold. There is a
clear spectral narrowing between 480-500 nm when droplets
were pumped above the threshold. However, due to the large
size of the droplets used here and the lower refractive index
contrast between the cavity (benzyl alcohol ny, = 1.54) and the
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surrounding medium (silicone oil n, = 1.40) as compared to
the previous case, the spectra do not clearly evince multi-
mode laser behavior; this is a straightforward consequence of
the fact that WGM mode spacing is inversely proportional to
droplet (cavity) diameter.>” Recall that the mode spacing was
2.5 nm for droplets of diameter ~20 um; in contrast, the
mode spacing in the shell around the large aqueous droplets
(diameter ~ 560 pm) now becomes comparable to the resolu-
tion of the spectrometer (0.13 nm). This was validated again
by calculating WGM spectra for a 560 um diameter droplet,
with the new refractive index contrast of the system used
here, where indeed a possible mode spacing of ~0.1 nm was
predicted. Fig. 5(b) shows the output intensities averaged
from 10 droplets as a function of pump pulse energy, which
clearly exhibits the threshold behavior of lasing, with a
threshold pump fluence of 250 nf mm™>.

As mentioned earlier, most of the spectra obtained in our
experiment do not clearly evince multi-mode lasing behavior
due to the narrow mode spacing, and instead, showed a spec-
trally wide modal gain profile (as shown in the 3.2 yj mm™
pump fluence case). However, the apparent single mode las-
ing profile at 960 nJ mm™ pump fluence in Fig. 5(a) is wor-
thy of note. This apparent mode selection process was ob-
served in a fraction (~10%) of the excited droplets at all
pump fluences above threshold, as seen in Fig. 6(a) and (b),
which are collections of PL spectra obtained at different pow-
ers. While a detailed investigation of this phenomenon is be-
yond the scope of this proof-of-concept demonstration, we
provide a tentative explanatory hypothesis here. The apparent
mode selection may be attributed to a unique hydrodynamic
feature of the flowing core-shell droplet configuration - as
the droplets flow, viscous forces move the inner droplet to-
wards the front stagnation point of the outer droplet,*® which
breaks symmetry, and causes one side of the shell to be
much thinner than the other (as indicated in the representa-
tive stereomicroscope images of Fig. 6(c) and (d)). The thick-
ness of the shell directly determines whether higher order
(radial) WGM modes (I > 2), which penetrate spatially in-
wards into the droplet, can be excited. Higher order modes
excite more of gain material, and can thus give larger lasing
signals despite having lower Q-factors;*® the attenuation of
these modes upon asymmetric thinning of the liquid shells
in our experiments directly explains the apparent mode selec-
tion process observed in our experiments. This phenomenon
was also studied by Lee et al.,>” who reported that in the case
of a thin glass ‘micro-bubble’ in air, with a wall thickness of
~0.5 pm, more than 96% of the higher order WGM modes
would effectively ‘leak into’ the micro-bubble bulk, which in
their case contained an aqueous solution of analyte. In their
case, only the first order (I = 1) radial WGM modes were con-
fined (~90%) to the thin glass wall of the microbubble. In
our experiments, since there was no gain medium inside the
central water droplet, the higher order modes are effectively
extinguished, and apparent mode selection is observed. Fur-
thermore, the somewhat probabilistic nature of this phenom-
enon in our experiments can be attributed due to the inher-
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ent stochasticity of the optical coupling in this system of
flowing droplets, and can be addressed by active synchroniza-
tion of the droplet position with the pump pulses.**

One can envision a version of the proof-of-concept demon-
stration in section I above applied to this configuration. In
such an application, the analyte would be a molecule in the
aqueous core that acts as an acceptor in an energy transfer
process, with the lasing gain medium in the shell acting as a
donor. Thus, the presence of analyte in the aqueous droplet
would either modify or shut down lasing in the shell. A fur-
ther and exciting advantage of the shell configuration is the
potential to achieve single mode lasing through a mode selec-
tion process by tuning shell thickness, as pointed out above.
Single mode emission would be desirable from several view-
points; it would have a more stable output by eliminating
mode competition, and would be much more amenable to
interrogation of subtle wavelength shifts due to the presence
of analytes in the aqueous core.’*™*

In summary, we have presented the first demonstration of
embedded dye-based liquid lasers within or around aqueous
microfluidic droplets, and have experimentally and theoreti-
cally characterized the lasing behavior in both cases. Such la-
sers greatly advance the functionality and information con-
tent of each flowing microfluidic droplet, which now
functions not only as an isolated experiment flask, but is also
capable of on drop sensing that exploits WGM-based lasing,
thus expanding the possibilities for online monitoring of bio-
physical/biochemical processes, sensitive detection of bio-
molecules and online spectroscopy. From the standpoint of
applications in sensing, this platform enables fundamentally
different capabilities that are not possible when analytes and
fluorescent reporters are present within the same droplet.
There is a substantial body of existing literature on WGM-
based sensing, with clearly established advantages over
fluorescence-based methods. WGM resonators have been
exploited for sensing environmental factors such as pressure,
temperature, and humidity, and for chemical and biomolecu-
lar sensing.***® However, this body of literature has hitherto
relied on solid, glass-based cavities external to the fluidics.
Our work brings fluidic WGM cavities in direct and intimate
contact with aqueous analytes, and therefore includes all
these previous demonstrations within its scope. Finally, our
work also points to interesting and very fundamental issues
at the interface of optics and microfluidics, such as the mode
selection behavior observed in the shell configuration, or op-
tical coupling in systems of flowing, closely packed droplets,
which are the topics of ongoing investigation in our
laboratories.

Experimental section
Materials

N,N-Dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl ~ chlo-
ride (DMOAP), poly(vinyl) alcohol (PVA) (M.W. - 67 000), cou-
marin 102 (99% dye content), span 80, benzyl alcohol
(99.5%), mineral oil (light), and silicone oil (10 cst) were
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purchased from Sigma-Aldrich (Singapore) and used as re-
ceived. Pico-Glide™ 1 was purchased from The Dolomite
Centre Ltd. Ultrapure water (18.3 MQ) obtained using a Milli-
pore Milli-Q purification system was used to prepare aqueous
PVA solution. Harvard PHD 22/2000 series syringe pumps
were used to dispense fluids into the emulsion generator.
Square and cylindrical glass capillaries of ID 1 mm and 0.7
mm respectively were purchased from Arte glass associates
Co. Ltd., Japan.

Methods

Embedded laser droplets. O;/W/O, emulsions were gener-
ated using a glass capillary microfluidic setup. A schematic
of the experimental setup is provided in Fig. 1(a) (details of
the assembly of capillary microfluidic devices are included in
the ESIT). The setup consists of two axisymmetric coaxial glass
capillary devices in series, with one flow-focusing device to
generate O;/W emulsions followed by one co-flow device to
generate O;/W/O, double emulsions. The glass capillary de-
vices were both assembled using a square and a round capil-
lary with a tapered end.*”~*° For the flow-focusing device, the
surface of the round capillary was hydrophilized by treatment
with oxygen plasma (Harrick, 100 W) for 120 s. For the co-flow
device, the surface of the round capillary was made hydropho-
bic by coating with DMOAP. The round capillary was first
treated with oxygen plasma (Harrick, 100 W) for 90 s then
continuously flushed with a 0.2 vol% DMOAP aqueous solu-
tion for 30 min. Afterward, the round capillary was washed
with ultrapure water to remove the excess DMOAP and blown
gently with a nitrogen gas stream to dry. The round capillary
was then left in a 100 °C oven for 1 hour to complete the
DMOAP treatment. The inner phase (O;) was a solution of
coumarin 102 in benzyl alcohol (5 mM or 2.5 mM). The mid-
dle phase (W) used was a 0.5 wt% PVA aqueous solution. The
continuous phase (O,) was a 0.5 wt% span 80 in mineral oil
(light) solution. All three phases (O,/W/O,) were infused from
the two ends of the square capillary through the outer coaxial
region using syringe pumps (Harvard PHD 22/2000 series) at
flow rates of 0.15, 3 and 50 uL min™" respectively for genera-
tion of double emulsions with inner droplet diameter ~19 pm
and 0.15, 2 and 50 uL min~" for generation of double emul-
sions with inner droplet diameter ~38 pm.

Wrapped laser shells. W/O,/0, emulsions were generated
using a glass capillary microfluidic setup consists of two
round capillaries with tapered end and one square capil-
lary*®° (a schematic of the experimental setup is provided in
Fig. 4(a)), where the aqueous inner phase (W) used was
ultrapure water, middle phase O, was a solution of coumarin
102 in benzyl alcohol (5 mM) and continuous phase O, was
silicone oil. The aqueous inner phase W was infused through
a tapered round capillary tube, and the middle phase O, was
infused from one end of the square capillary (made hydro-
phobic by coating with DMOAP) through the outer coaxial re-
gion, which forms a coaxial flow with W at the exit of the ta-
pered round capillary. The outermost fluid was pumped
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through the outer coaxial region from the opposite direction,
and all fluids are forced through the tapered end of the sec-
ond round capillary, which was treated with Pico-glide™ 1
(protocol provided by Dolomite Microfluidics) to make it
fluorophilic. W/O,/O, emulsions were generated by hydrody-
namic focusing of the coaxial flow. All three phases (W/O,/
0,) were infused using syringe pumps (Harvard PHD 22/2000
series) at flow rates of 5, 0.5 and 100 pL min " respectively.

Optical excitation and measurements. A schematic of the
optical setup comprising the excitation and detection systems
is depicted in Fig. 7. The pump laser was a Ti:sapphire laser
system (Coherent) with a repetition rate of 1 kHz and a pulse
duration of 100 fs at wavelength of 400 nm tuned by an opti-
cal parametric amplifier. The pump beam was coupled into a
10x microscope objective (numerical aperture NA = 0.3) and
focused at the microfluidic emulsion generator, with a beam
spot diameter ~600 um. The laser signal was collected using
an output multimode fiber and analyzed by a spectrometer
(Princeton Imaging Spectrograph, resolution 0.13 nm). The
pump power was measured by a power meter (FieldMate, Co-
herent) with a high-sensitivity optical sensor (OP-2 Vis,
Coherent).

TCSPC measurement. Emission signals were routed from
the above setup using a multimode output fiber and recorded
by a time-correlated single photon counting (TCSPC) module
(PicoQuant PicoHarp 300), at a count interval of 0.08 ns, with
excitation at 400 nm and monitoring at 500 nm.
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