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Water droplets, acting as natural bioreactors and optical whispering-gallery-mode
(WGM) resonators, hold the potential for laser-assisted analysis. However, water/aque-
ous droplet lasers can only survive in air with a limited lifespan (<100 s) due to rapid
evaporation, restricting their applications in bioreactions. To address this challenge, we
introduce laser-emitting aqueous bioreactors (LEABs) in fluorocarbon oils. These LEABs
enable stable laser emission and extend a droplet lifespan over 1,000-fold. LEABs enable
the encapsulation of bioactive materials for long-term analysis with unique lasing char-
acteristic fingerprints. The reactions within LEAB can interact with the most resonating
light, enhancing detection sensitivity by over 100-fold compared to conventional WGM
sensors. By integrating LEABs with microfluidic droplet technology, we demonstrated
their application in monitoring enzyme activity and cellular metabolism at single-cell
and multicellular levels. Furthermore, we showed the laser threshold-gated screening of
single yeast. This platform can bridge the gap between laser technology and biochemical
applications, broadening the scope of laser-based analysis.

microlaser | whispering-gallery-mode | aqueous droplet | optical resonator | bioreaction

Microfluidic droplet technology is a powerful tool for bioreaction analysis (1-4) that
enables the encapsulation of biomolecules, bacteria, and cells within individual droplets
for high-throughput analysis, typically using fluorescence as indicator signals. Most pro-
cesses rely on monitoring changes in fluorescence intensity triggered by bioreactions.
Consequently, it is intrinsically dependent on the weak interactions between fluorescent
probes and biomolecules, which can be interfered with by background noise.

Laser harnesses stimulated emission in an optical resonator to boost interactions between
fluorescent probes and biomolecules, offering high sensitivity to subtle changes, which
results in unique behaviors of laser spectrum, threshold, and other characteristic optical
fingerprints (5-11). These advances have driven significant progress in microscale lasers
for biological applications, including single-molecule analysis, cell tracking, cellular
mechanical measurement, and disease diagnosis (12-20).

Water droplets, naturally acting as optical whispering-gallery-mode (WGM) resonators,
possess the potential to integrate laser emission into droplets for bioreaction analysis
(21-23). However, the low refractive index (RI) of water has historically limited aqueous
droplet lasers to operation in air since their debut in the early 1970s (24-30). This limi-
tation presents two major challenges for bioapplications. First, the microdroplet lifetime
is typically less than 100 s owing to rapid evaporation (31), significantly restricting their
broader applications, such as long-term monitoring, which is a critical requirement for
biochemical analysis. Second, manipulating water droplets in air is inherently difficult,
posing significant obstacles to high-throughput analysis. To address this issue, Melikhan
et al. immersed the water droplets in oil and observed the WGM laser emission when the
droplets were mixed with 70% glycerol by weight (32). Although this was groundbreaking,
the high glycerol concentration required limits the applications in bioanalysis.

In this study, we present laser-emitting aqueous bioreactors (LEABs) encased in fluo-
rocarbon oil fluids (e.g., FC-84, FC-40, HFE-7500, etc.), commonly used as oil phase
in microfluidics (1) (Fig. 14). These bioreactors, containing organic dyes as the gain
medium, generate laser emissions when excited with sufficient pump intensity. The RI of
fluorocarbon oil, typically less than 1.29 (e.g., FC-84 ~1.26), enables efficient light res-
onance within the aqueous droplet bioreactors (RI = 1.33), resulting in the LEAB lasing
threshold of ~16.5 pJ mm™. Encasing LEABs in oil prevents evaporation, extending the
droplet lifespan to several days.

Building on advances in droplets, LEABs can encapsulate a diverse range of bioactive
materials, including biomolecules, hydrogels, bacteria, single cells, and even organoids
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Significance

Laser emission enables strong
light-matter interactions,
providing distinctive signals for
analyzing biochemical reactions.
Water droplets, as natural optical
resonators, show great potential
for whispering-gallery-mode
(WGM) lasers. Owing to the low
refractive index (RI) of water,
conventional water droplet WGM
lasers are restricted to air
environments, suffering from
rapid evaporation. To address
this issue, immersing water
droplets in oil is a viable strategy;
however, it typically requires
dense glycerol in droplets for an
elevated RI. This hinders the
suitability for long-term
bioreaction monitoring. We
developed water/aqueous
droplet microlasers that can
operate stably in fluorocarbon
oils without additional RI-
boosting additives, enabling
long-term, high-throughput
analysis of bioreactions through
laser signals. Our platform paves
the way to leverage microlasers
in advanced bioactivity analysis.
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Concept of laser-emitting aqueous bioreactors (LEABs) in fluorocarbon oils. (A) Water-in-oil LEABs. The water droplets, doped with organic dye as the

gain medium, reside in fluorocarbon oil with surfactant for stability. The fluorocarbon oil has an Rl of <1.29, whereas the aqueous droplets containing bioactive
materials have an Rl = 1.33. Laser signals, modulated by internal reactions, provide real-time insights into reaction processes. In addition, the reactions inside the
droplets can interact with the primary resonating energy, promising an enhanced sensitivity. (B) LEABs can encapsulate various bioactive materials, functioning
as bioreactors. The microfluidic droplet technique facilitates the large-scale production of LEABs for high-throughput analysis. By preventing evaporation, this
setup enables monitoring of reactions over durations ranging from microseconds to several days, leveraging the unique behaviors of laser emission.

(Fig. 1B). This enables real-time and long-term monitoring of
bioreactions through distinct laser signals, such as spectral wave-
length shifts and lasing threshold behaviors. Additionally, the
strong interaction between bioreactions and the primary resonat-
ing energy enhances sensitivity by two orders of magnitude com-
pared to conventional WGM lasers. By leveraging microfluidic
droplet technology, LEABs can be mass-produced with uniform
lasing characteristics, facilitating high-throughput analysis at the
picoliter scale. We demonstrated their utility in enzyme evaluation
and metabolic analysis at single-cell and multicellular levels, as
well as laser threshold-gated screening for single yeast cells. This
study can potentially bridge the critical gap between laser tech-
nology and biochemical applications, significantly expanding the
scope of laser-assisted biochemical discoveries.

Results

Optical Characterization of Water-In-0il LEABs. Water-in-oil
LEABs can be generated via simple vortex emulsification or
microfluidic droplet techniques, enabling precise control over
droplet size (ST Appendix, Fig. S1 A-C). As a proof of concept,
fluorescein isothiocyanate (FITC) solution at a concentration of
3 mM was introduced as the gain medium. FC-84 (RI ~1.26) was
used as the oil phase with 2% surfactant to stabilize the droplets.
Droplet sizes can range from several micrometers to hundreds of
micrometers, with this study focusing on droplets around 100
pm in diameter.

When a droplet was illuminated by a pulsed laser at 480 nm
(SI Appendix, Fig. S2), laser emission was generated due to the
resonating of WGMs (Fig. 2 A and B and Movie S1). When
the central area was pumped, a bright lasing ring appeared at the
circumference of the droplets (Fig. 2 B, Inser and SI Appendix,
Fig. S34). Droplets generated via microfluidics exhibited uniform
size, ensuring consistent laser emission from each droplet (Movie
S2). When the edge was pumped, two bright lasing points were
observed at the circumference (S7 Appendix, Fig. S3B).
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As the pump intensity increased, a distinct lasing threshold was
observed (Fig. 2C). Typically, 100 pm LEABs containing dCIOIl—
ized water exhibited a uniform threshold of ~16.7 + 1.3 pJ mm™
(Fig. 2D and SI Appendix, Fig. S4 and Movie S$3). The spectrum
showed comb-like lasing peaks when the pump intensity exceeded
the threshold. The full width half maximum (FWHM) of the
lasing peaks was ~ 0.07 nm, corresponding to a Q-factor of 7986,
calculated using the equation Q = Ap/ Ay, where Ap is the
wavelength of the resonating peak and Agyyy, is the FWHM.
Even at larger diameters, such as ~200 pm, lasing emission was
still generated, with denser laser peaks (S7 Appendix, Fig. S5 A and
B). The minimum diameter of pure water LEABs that could sup-
port laser emission was ~65 pm (S/ Appendix, Fig. S5C). The lasers
remained stable within 15,000 pump pulses under 5x threshold
intensity (S Appendix, Fig. S5D).

The minimum lasing size of LEABs is significantly influenced
by their RI. Typically, the RI of biological aqueous solutions ranges
from 1.33 to 1.40 (33, 34). We investigated the minimum lasing
diameter of the LEABs in fluorocarbon oil (FC-84) as a function
of varying Rls (Fig. 2E). To adjust the RI of the LEABs, we utilized
common aqueous solutions, including cell culture medium,
Poly(ethylene glycol) (PEG) solutions, and glycerol. LEABs with
RlIs between 1.33 and 1.34 (e.g., DMEM with 10 vol% fetal
bovine serum) exhibited a minimum lasing diameter of 50 to 65
pm (87 Appendix, Fig. SSE). As the Rl increased, the minimum
lasing diameter gradually decreased. For instance, LEABs contain-
ing 50 vol% glycerol (RI ~1.405) showed a minimum lasing
diameter of 18 pm, with fewer lasing peaks and a free spectral
range of ~2.88 nm (SI Appendix, Fig. S5F).

LEABs containing other organic dyes, such as Rhodamine B,
exhibited similar lasing performance under appropriate pump
intensity, with corresponding laser peaks occurring between 600
and 650 nm (S] Appendix, Fig. S6). LEABs maintained stable
lasing performance even when the RI of the fluorocarbon oil
increased to 1.29 (e.g., FC-40) (S/ Appendix, Fig. S7 A and B).
Notably, conventional aqueous WGM droplet lasers typically
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Fig. 2. Characterization of the LEABs in fluorocarbon oil (FC-84). (A) Fluorescence image of the LEABs with uniform size generated by microfluidic droplet technique.
(B) Laser emission image of the droplets. Each droplet can generate the laser emission under the same pump intensity owing to its uniform size. The pump light
was removed in this image. The inset is a laser emission image with the pump light. The red color of the laser emission is the false color for visualization. (Scale
bar, 50 pm.) (C) Laser spectra when the pump intensity increased. (D) Spectral integrated intensities as a function of pump intensity. A clear threshold behavior
was observed. () Minimum lasing diameter of the LEABs when the refractive index (RI) of the aqueous phase increased.

survive for less than 100 s in air due to rapid evaporation. Although
adding glycerol can extend their lifetime to a few minutes,
long-term monitoring remains challenging. However, their
lifespan is extended to several days by encasing droplets in fluo-
rocarbon oil, representing a more than 1,000-fold increase

(SI Appendix, Fig. S7C).

Lasing Performance in Double-Emulsion LEABs. The water—
oil emulsion also forms double-emulsion droplets, such as the
water-in-oil-in-water (W/O/W) and oil-in-water-in-oil (O/W/O)
configurations. We investigated the lasing performance of LEABs
under these conditions. W/O/W droplets were fabricated with the
inner aqueous phase containing FITC (Fig. 34). The thickness
of the oil shell was ~13 pm. When illuminated, a bright lasing
ring appeared along the circumference of the inner aqueous
core. Additionally, W/O/W droplets containing two or three
aqueous cores were produced, with each core supporting lasing
emission when the entire droplet was pumped. However, lasing
only occurred in the noncontacting regions due to the disruption
of light resonance at the interface contacts. Similarly, O/W/O
droplets with a FITC aqueous shell also supported laser emission
(Fig. 3B and SI Appendix, Fig. S8). However, in this case, only
two lasing spots were observed at the circumference.

We compared the laser thresholds for three configurations:
water-in-oil, W/O/W, and O/W/O (Fig. 3C). For similarly sized
aqueous cores, water-in-oil droplets exhibited the lowest threshold
(~16.7 u] mm™), whereas W/O/W droplets had a threshold
approximately 3.6 times higher (~60.3 pJ mm™). O/W/O drop-
lets showed an intermediate threshold of ~33.6 1] mm ™. The shell
thickness significantly influenced lasing behavior. The shell refers
to the oil layer in W/O/W droplets and the water layer in O/W/O
droplets. With increasing RI of the aqueous part, the minimum

PNAS 2025 Vol. 122 No.34 2425829122

shell thickness enabling laser emission decreased (Fig. 3D). For
example, with pure water as the aqueous part, the minimum shell
thickness was ~12 pm. When the Rl increased to ~1.4, the min-
imum oil shell thickness in W/O/W droplets was ~6.1 pm,
whereas the minimum aqueous shell thickness in O/W/O droplets
reduced to ~2.5 pm. This relationship was tested with an inner
core diameter of ~100 pm. Furthermore, increasing the RI of the
aqueous core allowed for a smaller overall droplet size. For instance,
the O/W/O droplet diameter (including the aqueous shell) could
be reduced to ~30 pm when the RI of the aqueous part reached
~1.4 (Fig. 3E).

When pure water is used as the aqueous phase, the minimum
shell thickness observed (~12 pm) is much larger than the typical
range of the evanescent field (a few micrometers). We believe that
this is due to the following reasons. In O/W/O droplets, thinner
shells contain less fluorescent dye, leading to an increased lasing
threshold. Similarly, in W/O/W droplets, thinner shells also raise
the lasing threshold, likely due to energy loss from light absorption
by the outer aqueous phase, which contains the surfactant SDS
(sodium dodecyl sulfate). SDS can absorb light (35), contributing
to this threshold increase. All our measurements were done using
pump energies below ~352.7 pJ mm ™, as higher energy can cause
the double-emulsion droplets unstable or even collapse.
Consequently, under this energy constraint, the observed mini-
mum shell thickness tends to be larger.

LEABs for Ultrasensitive Sensing of Bioreactions. The water—oil
emulsion also forms double-emulsion droplets. LEABs facilitate
bioactivity analysis through their unique laser spectrum. The
sensing mechanism of WGM sensors typically employs the resonant
wavelength interrogation technique (36). Conventional WGM
sensors utilize the beads (such as polystyrene beads, glass beads, etc.)

https://doi.org/10.1073/pnas.2425829122 3 of 8
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Fig. 3. Characterization of laser behaviors in double-emulsion LEABs. (A) Laser emission in W/O/W droplets. Laser emission was observed in droplets with
single, double, and triple aqueous cores. The pump light was removed in this image. (Scale bar, 50 pm.) (B) Laser emission in O/W/O droplets. Droplets with a
single aqueous shell exhibited laser emission. (C) Laser threshold comparison among the single-emulsion (W/O) droplets, W/O/W droplets, and O/W/O droplets.
(mean + SD, statistic number N = 8, 8, 7) (D) Minimum shell thickness required for laser emission as the Rl of the aqueous phase increased. Insets illustrate the

shell thickness. The investigation was conducted under pump energies below ~352.7 ) mm

2, (E) Laser spectrum of an O/W/O droplet with a 32 pm diameter

and a 1.4 Rl in aqueous shell. The inset illustrates the diameter of the O/W/O droplet.

or glass capillary as the resonators, which are filled with biological
solutions around the beads or within the capillary (19, 37, 38)
(Fig. 4 A, Iand 1I). Biological activities or reactions in these aqueous
solutions cause perturbations in the net optical path length or the
electromagnetic boundary conditions, resulting in a shift in the
resonant spectrum. This shift can be described by the equation (39):

Ak _Arg AR
A ng R (1]

where A is the resonate wavelength, and R is the radius of the
resonator. Part of the mode extends outside the resonator as an
evanescent field, leading to the effective RI given by (39):

_ In(r)E(r)zdr
"o | E(r)2dr ’ [21

where 7 is the Rl along the radius, and E'is the electric field. Changes
in the RI due to biological activities in the solution will alter Mofrs
enabling the analysis of bioactivities within the droplets.

Using the 100 pm diameter resonator as an example, we
employed finite element analysis to investigate the electric field
distribution in polystyrene (PS) WGM lasers, glass capillary
WGM lasers, and LEABs (Fig. 44 and SI Appendix, Fig. S9A).
For the glass capillary, the thickness was set to 1 pm. The results
revealed that the laser mode volume was almost entirely confined
within the WGM resonators. In conventional WGM lasers (Fig. 4
A, Iand 1), bioreactions occurring in water interact only with the
evanescent component of the mode (38, 40). Conversely, in

water-in-oil LEABs, the mode volume almost completely overlaps
with the biological phase (Fig. 4 A, II]). According to Eq. 2, this

https://doi.org/10.1073/pnas.2425829122

configuration can significantly enhance the effective RI change
(SI Appendix, Fig. SIB), theoretically resulting in a larger wave-
length shift.

For 100 pm dlameter resonators, the sensitivity to RI changes
was 373.0 nm RIU for the water-in-oil LEABs, ompared
to 1.9 nm RIU™" for the PS bead laser and 3.1 nm RIU™ for the
glass capillary laser (Fig. 4B). This represented a sensitivity
enhancement of 196-fold and 120-fold, respectively. Typically,
smaller PS beads or glass capillaries can release a stronger evanes-
cent field in aqueous environments, thereby enhancing sensitivity.
For instance, 10 Hm PS microlasers can achieve a sensitivity of
~ 23.3 nm RIU™" (18). This demonstrates that the proposed
LEAB:s still exhibit more than an order of magnitude improvement
in sensitivity compared to smaller conventional microlasers. With
a spectral resolution of approximately 1 pm, the RI resolution
achieved by LEABs can be 2.7 x 10°°. It is important to note that
the 1 pm resolution is obtained after performing Gaussian peak
fitting on the initial resolution of 40 pm from the spectrometer
(18). This substantial enhancement was also observed in resonators
with other sizes (SI Appendix, Fig. S9 C and D). Consequently,
LEABs present as effective bioreactors for ultrasensitive analysis
compared to conventional WGM sensors.

As a proof of concept, we utilized this tool to evaluate enzyme
activities in a label-free manner (Fig. 4C). Trypsin and Bovine
serum albumin (BSA) were encapsulated inside the droplets to
monitor BSA hydrolysis by trypsin, with FITC added as the gain
medium. The hydrolysis of BSA into smaller fragments increased
the RI of the aqueous solutions, shifting the laser spectrum wave-
length (Fig. 4C). Due to the higher density of fluorocarbon oils
compared to water, we designed an inverted microwell array to
localize the LEABs and ensure their complete immersion in oil

pnas.org
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Fig. 4. LEABs for ultrasensitive enzyme evaluation. (A) Configurations of WGM lasers as biosensors and their distribution of basic-mode electrical field: PS bead
laser (1), glass capillary laser (Il), and the water-in-oil LEAB (lll). The thickness of the glass capillary was set as 1 pm. The reaction in the LEABs can interact with
most of the resonant energy, effectively inducing changes in the laser spectrum. (Scale bar, 1 pm.) (B) Theoretical analysis of wavelength shift versus Rl change
in aqueous solutions. The resonator diameter was set to 100 pm. (C) Microwell array for high-throughput evaluation of enzyme effects on proteins. Green
spheres are the fluorescence images of the LEABs captured in the microwells. (D) Wavelength shift during the reaction of trypsin and BSA. (E) Visualization of
wavelength shift of the droplet lasers in the microwell array. (F) Statistical analysis of the wavelength shift during the enzyme reaction over 70 mins. The shift

started to saturate at ~70 mins (mean + SD).

(Fig. 4Cand SI Appendix, Fig. S10 A-D). This configuration ena-
bles high-throughput analysis and accommodates variations across
biological samples effectively. After approximately an hour of
reaction, we observed a significant red shift (~6 nm) in the laser
spectrum (Fig. 4D). Variations in reaction rates were also observed
among droplets (Fig. 4E). Statistical analysis indicated that the
wavelength shift saturated after ~70 mins, with an average shift
of ~6.4 nm. In WGM lasers, wavelength shifts are influenced by
changes in RI, variations in dye concentration (e.g., due to pho-
tobleaching), and droplet size (41). In our experiments, droplet
size remained constant, and its impact on the spectral shift was
negligible. To eliminate the influence of dye concentration, we
conducted control experiments. Droplets lacking either trypsin
or BSA showed no significant spectral shift (Fig. 4F and
SI Appendix, Fig. S10E), confirming that the observed shift was
not caused by photobleaching. High-temporal-resolution spectra
confirmed a continuous red shift in the laser peaks (SI Appendix,
Fig. S10F). Following the above result, the BSA hydrolysis by
trypsin induced an RI change of 0.017, aligning well with meas-
urements obtained using a commercial refractometer (ORF 1RS,

KERN OPTICS) (SI Appendix, Fig. S10G).

LEABs for High-Throughput Cellular Metabolism Analysis.
LEABs have significant potential in high-throughput cell analysis
at single-cell and muldicellular levels. Here, we employed the
LEABs for cellular metabolism analysis as a proof of concept.
Typically, tumor cells exhibit rapid glucose consumption, with
most of the glucose-derived carbon being secreted as lactate, a
phenomenon known as the Warburg effect (42) (Fig. 5A4). This

can lead to a decrease in pH within the droplet when a cell is

PNAS 2025 Vol. 122 No.34 2425829122

encapsulated inside. Therefore, the pH in the droplet can reflect
the metabolism state of the cell. We adjusted the cell concentration
to ensure that most droplets contained a single cell, facilitating
single-cell level analysis (Fig. 5B).

We introduced the FITC as the gain medium of LEABs, with
each droplet containing ~ 0.5 nL of solution. The lasing threshold
of LEABs containing single cells showed no significant difference
compared to that of empty LEABs when the cells were initially
encapsulated (87 Appendix, Fig. S11A4). FITC, being a pH-sensitive
dye, exhibits reduced fluorescence intensity at lower pH and
increased intensity at higher pH (43) (Fig. 5C), which can also
influence the laser signals. We examined the laser emission across
a pH range of 3 to 9 under a fixed pump intensity set close to the
lasing threshold of pH 3 droplets. Under these conditions, the
laser emission intensity gradually increased with rising pH
(Fig. 5D and SI Appendix, Fig. S11B). From pH 5 to pH 7, the
laser intensity increased by 2.39-fold, whereas fluorescence inten-
sity only increased by 0.08-fold. The difference in laser intensity
was ~ 30 times greater than that in fluorescence intensity, attrib-
utable to the strong light—matter interactions within the laser
cavity that amplify subtle changes.

Leveraging this feature, we investigated the single-cell metab-
olism of normal human dermal fibroblasts (NHDF) and lung
tumor A549 cells. After 4 h incubation, we measured the laser
intensity of LEABs containing single cells under the same pump
intensity. The NHDF cells, with an average diameter of 13 to 15
pm, had a laser intensity centered around 0.58. Conversely, A549
cells, with a larger average diameter of 17 to 19 pm, exhibited a
laser intensity centered around 0.43 (Fig. 5E). Based on the cor-
relation between pH and laser intensity, the average pH in NHDF
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Fig. 5. Cell metabolism analysis via LEABs. (A) Schematic of pH change in LEABs induced by cell consumption of glucose and generation of lactate. (B) Single-cell
encapsulation in LEABs. The inset is the merged laser emission image with the fluorescence image of the single cell. The cell was stained with cell tracker deep
red. (Scale bar, 50 pm.) (C) FITC fluorescence in droplets at pH of 3, 5,7, and 9. (D) Laser emission spectrum at pH of 3, 5,7, and 9. The pump intensity was adjusted
close to the threshold of pH 3 droplet. (£) Laser intensity versus diameter of the NHDF and A549 cells (N = 125 for NHDF and 158 for A549). (F) Bright-field image
and laser image of droplets containing multicellular A549 aggregates. (Scale bar, 50 pm.) (G) Comparison of laser intensity of droplets containing single cell, 30
pum multicellular aggregates, and 50 pm multicellular aggregates (mean + SD, N =11, 11, 11, *P < 0.1, ***P < 0.001).

droplets and A549 droplets was determined to be 6.7 and 6.1,
respectively. Additionally, we observed a size-dependent correla-
tion of laser intensity, particularly in A549 cells. Some droplets
containing larger cells (~24 pm) had a laser intensity of ~ 0.37,
corresponding to a pH of 5.9; this revealed significant metabolic
heterogeneity.

We further explored the laser emission of LEABs containing
multicellular aggregates, focusing on their potential applications
in in vitro models like spheroids and organoids. Multiple A549
cells were encapsulated in LEABs. After ~4 h of incubation, the
cells formed multicellular aggregates (spheroids) within the drop-
lets. By applying the appropriate pump intensity, laser emission
was successfully achieved (Fig. 5F). The laser intensity results
indicated a lower pH in droplets containing multicellular aggre-
gates, exhibiting size-dependent behavior (Fig. 5G). For instance,
LEABs with 30 pm aggregates showed an average intensity of 0.33,
whereas those with 50 pm aggregates exhibited an average inten-
sity of 0.29; this revealed the strong metabolic activity within the
multicellular aggregates.

LEABs for Cellulase Analysis at the Single Yeast Level. We
further showcased the laser threshold-gated cell screening based
on LEABs. As a proof of concept, we assessed P-Glucosidase
(BGL) secretion by a single yeast (S. cerevisiae) (44). We
encapsulated individual yeast in reactors with saccharose and
Fluorescein Di-p-D-Glucopyranoside (FDGlu). FDGlu, a
nonfluorescent substrate for glucosidases, can be hydrolyzed into
fluorescent fluorescein, which becomes the gain medium (Fig. 6
A and B and SI Appendix, Fig. S12). Protected by fluorocarbon
oil, the droplets underwent long-term incubation. Over time, the
droplets gradually exhibited fluorescence with varying intensities

(ST Appendix, Fig. S134). At 24 h, some droplets displayed

https://doi.org/10.1073/pnas.2425829122

highly bright fluorescence (Fig. 6C). The fluorescence intensity
exhibited significant variation due to the heterogeneity among
the yeast cells.

We tested the laser emission from the droplets and successfully
achieved laser emission under proper pump intensity (Fig. 6 D-E).
The different concentrations of fluorescein induced by heteroge-
neous enzyme activity resulted in various laser thresholds for the
droplets. Some droplets with weak fluorescence could not generate
laser emission (SI Appendix, Fig. S13B). Consequently, the drop-
lets exhibited varying laser thresholds due to yeast heterogeneity.
For instance, droplets I, IT, and III in Fig. 6C exhibited thresholds
of 35.5, 47.6, and 78.8 1] mm, respectively (Fig. GF), even
though the fluorescence in droplets I and II showed no obvious
difference (87 Appendix, Fig. S13C). The statistical analysis of the
LEABs (SI Appendix, Fig. S4) reveals that the slight size variations
among the droplets have a negligible impact on the threshold.
Consequently, the substantial fluctuations in threshold energy are
primarily attributed to variations in fluorescein concentration.

We demonstrated threshold-gated screening of single yeast
cells by adjusting the pump intensity. For instance, at a pump
intensity of 55.6 pJ mm™, droplets I and II generated laser
emission, whereas droplet I1I did not. When the pump inten-
sity was reduced to 45.1 pJ mm 2, only droplet I produced
laser emission (Fig. 6G). This approach enabled the small flu-
orescence difference between droplets I and II (4.5% difference,
SI Appendix, Fig. S13C) to be translated into an off-on
distinction, enabling high-precision screening. As a control
experiment, we designed droplets containing various FITC
concentrations. The results demonstrated that with small dif-
ferences in fluorescence, lasing threshold-gated screening could
distinguish droplets with significantly higher precision
(ST Appendix, Fig. S13 D-E).
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respectively. The pump light was removed in this image. (Scale bar, 50 pm.)

Discussion

Laser emission holds significant potential in biological and bio-
chemical applications. In this study, we proposed microfluidic
LEABs in fluid environments, offering several key advantages.
First, LEABs function as laser emitters and biological microreac-
tors, enabling long-term incubation and analysis with stable laser
output, thereby overcoming the rapid evaporation issue faced by
aqueous droplet lasers in the air. Second, bioreactions within
LEABs directly interact with the majority of resonating light,
resulting in ultrasensitive laser signal responses to changes inside
the droplets; this contrasts with conventional WGM sensors,
where the sensing relies on the evanescent field, a small fraction
of the resonating light. Third, compared to fluorescence signals,
laser emission offers multiple unique features, including spectral
shift, nonlinear lasing threshold, and lasing images. Fourth,
by integrating microfluidic techniques, LEABs enable high-
throughput analysis at single-cell and multicellular levels.

The integration of microlasers with microfluidic droplet reactors
opens up a wide range of applications. For instance, LEABs could
enable the development of laser-emitting flow cytometry with
improved precision, providing imaging and spectral information
in a high-throughput format using high-speed spectrometers and
cameras. This advancement could extend laser technology to areas
such as digital analysis and PCR. Furthermore, LEABs could ana-
lyze the water-solvent catalytic reactions, offering an ultrasensitive
tool for real-time monitoring via laser signals.

Materials and Methods

Water-In-Oil Droplet Generation. The water-in-oil droplets were fabricated with
the direct vortex method and microfluidic droplet technique. The oil phase was
tested by fluorocarbon oil including FC-84 (RI ~1.25), FC-40 (Rl ~1.29), and HFE-
7500 (RI ~1.29) (3 M, China suppliers). To stabilize the droplets, 2 wt% surfactant
(008-FluoroSurfactant, RAN Biotechnologies) was added into the oil phase.

PNAS 2025 Vol. 122 No.34 2425829122

For the vortex method, 100 puLaqueous solution with ~3 mM FITC (fluorescein
sodium salt, Sigma) was added into the 1 mL oil phase in a 2 mL tube. Then,
the solution was vortexed for ~20 s to achieve the water-in-oil droplets. For the
microfluidic droplet technique, the aqueous phase and oil phase were introduced
into a flow-focusing droplet chip. By adjusting the size of the junction and the flow
speed, the droplets size can be adjusted. The generated droplets were collected
into the oil phase in the microtube.

W/O/W Double-Emulsion Droplets Generation. First, water-in-oil single-
emulsion droplets were generated with uniform size via the microfluidic
droplet technique. Then, 100 pL droplet solution was added into 1.5 mL
water, which followed the vortex to form the W/O/W double-emulsion drop-
lets. 2 wt% Tween 20 was added into the outside water solution to stabilize
the system.

O/W/0 Double-Emulsion Droplets Generation. Similarly, the oil-in-water
single-emulsion droplets were generated with uniform size via the microfluidic
droplet technique. Then, 100 uLdroplet solution was added into 1.5 mLoil solu-
tion, which followed the vortex to form the W/O/W double-emulsion droplets.
Both inner and outer oil phases were added 2 wt% surfactant.

Laser Characterization. All components were integrated into a Nikon Ni-E
upright confocal microscope. A 10X objective was used for excitation and sig-
nal collection. The pulsed laser (EKSPLA NT230, 50 Hz, 5 ns pulse width) with a
parameter oscillator (OPO) was used as an optical pump. The excitation was set
at 480 nm for FITCand 550 nm for Rhodamine B.The laser emission was split by
abeam splitterand sent to a spectrometer with 40 pm spectral resolution (Andor
Kymera 328i with 1800 lines per mm grating and Newton 970) and a camera
(Photron, FASTCAM Mini UX 50) for spectrum and image.

Microfluidic Chip Fabrication. The fabrication of the microfluidic droplet chip
and the microwell chip followed a conventional lithography process, as outlined
in our previous works. The microstructures were projected on SU-8 layer by a UV
lithographer (UV Litho-ACA, TuoTuo Technology Pte. Ltd.). When the SU-8 mold
was ready, Polydimethylsiloxane (PDMS) was used to fabricate the microfluidic
chip, followed by the bonding with glass slides to form the sealed microfluidic
channels.

https://doi.org/10.1073/pnas.2425829122 7 of 8
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Cell Culture. The A549 and NHDF cells from ATCC were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 100 U mL™" penicillin/
streptomycin. Cells were incubated in a standard incubator with 5% CO, at 37 °C.
The cells were used after 3 to 4 passages.

Single-Cell Encapsulation and Multicellular Aggregate Formation. Forsingle—
cell encapsulation, the final cell concentration was adjusted to 2 x 10°. For the mul-
ticellularaggregate formation, the final A549 concentration was adjusted to 2 x 10”.
After the encapsulation, the droplets were immediately transferred into an incubator.
After 4 hincubation, the cells formed the aggregates inside the droplets.

Cell Metabolism Experiment. Before encapsulation, the cells were cultured in
DMEM without D-glucose. For encapsulation, the cell suspension and a 20 mM
glucose solution containing 3 mM FITC were simultaneously introduced into two
inlets on the microfluidic chip ata 1:1 flow ratio. After emulsification, the droplet
suspension was incubated for 4 h.

Yeast Culture, Encapsulation, and Laser Characterization. Yeasts from S. cerevi-
siae (YSC2, Sigma) were cultured in the 50 mg mL™" saccharose solution at 30 °C. For
single-yeast analysis, the yeast concentration was adjusted to 3 x 10°in the solution
containing 50 mg mL~" saccharose and 3 uM FDGlu. The droplets in the oil were
introduced in a microfluidic chip for long-term incubation at 30 °C. After incubation,
the droplets were pumped by 485 nm light to investigate the laser emission.
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