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Lasing particles are emerging tools for amplifying light—matter
interactions at the biointerface by exploiting its strong intensity
and miniaturized size. Recent advances in implementing laser par-
ticles into living cells and tissues have opened a new frontier in
biological imaging, monitoring, and tracking. Despite remarkable
progress in micro- and nanolasers, lasing particles with surface
functionality remain challenging due to the low mode-volume
while maintaining a high Q-factor. Herein, we report the novel
concept of bioresponsive microlasers by exploiting interfacial
energy transfer based on whispering-gallery-mode (WGM) micro-
droplet cavities. Lasing wavelengths were manipulated by energy
transfer-induced changes of a gain spectrum resulting from the
binding molecular concentrations at the cavity surface. Both
protein-based and enzymatic-based interactions were demon-
strated, shedding light on the development of functional microla-
sers. Finally, tunable lasing wavelengths over a broad spectral
range were achieved by selecting different donor/acceptor pairs.
This study not only opens new avenues for biodetection, but also
provides deep insights into how molecules modulate laser light at
the biointerface, laying the foundation for the development of
smart bio-photonic devices at the molecular level.

1. Introduction

Since the first invention of lasers six decades ago, lasers have
advanced rapidly from fundamental physics to modern
technologies. An emerging class of lasers named biological
lasers, which utilize biological analytes or biological related
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materials as the gain medium, has shown promising potential
in biomedical applications.'® Laser emission-based detection
offers distinct advantages in terms of signal amplification,
narrow linewidth, and strong light-matter interactions.*’ >
The remarkably narrow linewidth of the lasing spectrum
further enhances the capability for multiplexing.”"*™°
Recently, several types of active resonators have been employed
as lasing particles,'”” " including Fabry-Pérot-based
nanowires,***! plasmonic nanolasers,® and whispering-gallery-
mode (WGM) microspheres.">?*° In particular, WGM micro-
laser particles are attractive candidates for sensing at the
biointerface, due to its high-Q factor, miniaturized size, and
potential for cellular and molecular analysis. For instance,
WGM lasers have been recently integrated into living cells and
tissues, opening a new frontier in biological imaging, monitor-
ing, and tracking.”>*?%?83%31 Nonetheless, the vast majority
of lasing particles rely on the changes of refractive indexes,
electrostatics, and surface physical properties to obtain
sensing functions.

To overcome the limitations, here we report the concept of
bioresponsive microlasers by exploiting the mechanism of
interfacial energy transfer.*” Lasing wavelengths were manipu-
lated by the energy transfer-induced changes of the gain spec-
trum resulting from the binding molecular concentration.
Fig. 1a illustrates the concept of a biofunctional microlaser,
where the exceptionally high concentration of dyes (donor)
inside the cavity triggers coherent-radiative energy transfer to
excite biomolecules (acceptor) binding to the cavity interface.
We surprisingly discovered that the lasing wavelength is deter-
mined by the acceptor/donor ratios (A/D) when different con-
centrations of acceptor molecules bind to the donor-droplet,
contributing to different energy transfer efficiencies at the
cavity interface. As presented in Fig. 1b, the fluorescence emis-
sion remains at a similar wavelength as the concentration of
the binding analyte (A/D ratio) increases. However, a slight
increase in the gain profile from the attached molecules
enabled the distinguishable lasing wavelength to shift accord-
ingly. The underlying principle of the bio-responsive laser is
depicted in Fig. 1c. The pump laser energy can be harvested by
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Fig. 1 (a) Top panel: Schematic diagram of the working principle of interfacial energy transfer laser. The substantial green droplet indicates the
liquid crystal microcavity doped with donor dye, while the red particles represent acceptor molecules with fluorescence emitting binding bio-
molecules at the droplet surface. Different acceptor/donor (A/D) ratios will result in different interfacial energy transfer and thus laser emission
wavelengths. Bottom panel: Principle illustrating the bio-responsive interfacial energy transfer laser, where donor and acceptor molecules are separ-
ated at the microcavity interface. Donor molecules will excite acceptor molecules to generate laser emissions at the interface upon biomolecular
interactions. (b) Comparison between fluorescence sensing and the proposed interfacial lasing bioanalysis as the analyte concentration (A/D ratio)
increases. Interfacial lasing wavelength appears redshifts as the analyte concentration (A/D ratio) increases. (c) Schematic diagram of interfacial
energy transfer laser. The black dash arrow represents the energy transfer between donor and acceptor molecules. The A/D ratio will affect the
lasing wavelength owing to the resonance energy transfer efficiency and re-absorption in the stimulated emission process. The inset CCD shows the

microlaser doped with Coumarin 6 by adding different concentrations of Rhodamine 6G (A: acceptor, D: donor).

the donor to generate excited state molecules and transfer to
the acceptor through resonance energy transfer. The efficiency
of the resonance energy transfer and re-absorption in the
stimulated emission process will thus affect the output lasing
wavelengths. For instance, the CCD images of microlaser emis-
sion corresponding to different A/D ratios are shown in Fig. 1c,
changing from green to red. Simulations and experiments also
support the concept where the A/D ratio plays a crucial role in
modulating lasing wavelengths.

To demonstrate the potential of bioresponsive microlasers,
specific bindings of biomolecules were investigated by functio-
nalizing the surface of microdroplets. Different A/D ratios lead
toward different wavelengths upon molecule binding.
Microlaser particles were also demonstrated with various
donor-acceptor pairs, generating lasing emissions over a wide
range of wavelengths. Finally, we explored the possibility of
tuning laser emissions with biochemical reactions, including
protein-based and enzymatic-based reactions—narrow lasing
wavelengths redshift as the reaction concentration or reaction
time increases. The significance of this work represents a mile-
stone to achieve microlaser particles with controllable func-
tions, laying the foundation for tunable photonic devices and
bio-integrated sensing by means of laser emissions.

This journal is © The Royal Society of Chemistry 2021

2. Experiments and materials
Preparation of microdroplet cavities

To prepare dye doped liquid crystal (LC) microdroplets,
3.55 mg (10 pmol) of Coumarin 6 or 3.24 mg (10 pmol) of
Bodipy or 3.18 mg (10 pmol) of Nile Red was added to 500 pL
of 5CB LC and then mixed by vortexing for 10 minutes. The
final dye concentration in the LC is 20 mM. For preparing the
LC microdroplet aqueous solution, 28.8 mg (0.1 mol) of SDS
was added to 50 mL of PBS solution. The mixture was stirred
magnetically for about 20 minutes at 1000 rpm to obtain a
homogeneous SDS/PBS solution. To prepare the LC microdro-
plet emulsion, 10 pL of dye doped LC was added to 1 mL of
homogeneous SDS/PBS solution. The resulting mixture was
mixed by vortex for 1 minute to produce LC microdroplet
emulsion. For all the laser experiments in this work, a pre-
defined droplet size of 28 + 2 pm was used.

Fixing microdroplets onto glass slides

For the glass slides, we first cleaned the glass slides using
acetone before applying 2% v/v APTES/acetone for a period of
3 min. Then, we washed the slides with ethanol two times and
washed them with water. Next, we dried the slides at 25 °C for
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12 h. To obtain the solution, we added 30 mg (260 pmol) of
NHS and 30 mg (156 pmol) of EDC into 5 mL of PBS solution
and put glass slides into solution; we then added the solution
to a Petri dish and placed the glass slides into the solution. To
immobilize the LC microdroplets on APTES modified slide
cover glasses, the carboxylic groups of LC microdroplets were
activated by adding LC microdroplet emulsion into the Petri
dish, which contained NHS and EDC dissolved PBS solution.
Finally, the Petri-dishes were stored at room temperature for
12 hours.*

Preparation of PLL-modified or streptavidin (SA) coated LC
microdroplets

First, 5CB microdroplets (10 pL) were prepared in the 1 mL
SDS/PBS solution and subjected to sonication for 5 min.
Second, the solution was replaced by 0.01% poly-L-lysine (PLL)
solution following centrifugation at 5000 rpm for 4 min. Here,
PLL was used to fix the droplets due to the positively charged
property. Then, we incubated the product at room temperature
for 30 min.** Following incubation, the LC microdroplets were
washed by adding PBS solution and performing centrifugation.
Regarding the streptavidin (SA)-coating process, 500 pL of SA/
PBS solution with a 0.1 mg mL™" concentration was added to
LC microdroplets before it was subjected to slow mixing for a
period of 1 h. Finally, the microdroplets were washed with PBS
solution twice to remove the unbound SA in the surrounding
medium. To prepare the dye-labeled biotin incubated LC
microdroplet, we applied SA coated LC microdroplets into the
different concentrations of dye-labeled biotin/PBS solution for
1 hour. For specific binding on the microdroplet surface, dro-
plets were washed with PBS solution to remove unbound dye-
labeled biotin in the surrounding medium.

Preparation of LC microdroplets for enzymatic reactions

To prepare suitable dye doped LC microdroplets, we chose
Bodipy for the donor inside the LC microdroplet, and the final
dye concentration in the LC is 20 mM. For the blocking process,
we added 500 pL of BSA/PBS solution with a concentration of
10 mg mL ™" to the SA coated LC microdroplets after the
washing process; this was used to prevent non-specific protein
binding. Following 30 minutes of incubation, LC microdroplets
were washed with PBS solution and centrifugation. Then, the
biotin-HRP diluted to different concentrations was added to the
LC microdroplets and incubated for 1 hour. The microdroplets
were then washed with PBS solution twice to remove the
unbound biotin-HRP in the surrounding medium. The working
substrate solution was prepared based on the manufacturer’s
manual at room temperature. The ratio of three substrate com-
ponents, QuantaRed ADHP concentrate : QuantaRed enhancer
solution : QuantaRed stable peroxide solution = 1:10:10. For
enzymatic-reaction characterization, we mixed LC microdroplets
and enzyme-substrate solution with a ratio of 4:6 on the glass
slide for one reaction site, which was optically pumped with the
pulse laser. For the identical biotin-HRP concentration, several
reaction sites with different beginning times could be measured
on one glass slide.

1610 | Nanoscale, 2021, 13, 1608-1615
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Optical system setup

For the excitation of the LC microdroplet and the collection of
laser emission, an inverted microscopic system (Nikon Ti2)
with a 20x 0.4 NA objective was used. Optical pumping was
achieved using a pulsed ns-laser (EKSPLA PS8001DR) inte-
grated with an optical parametric oscillator with a repetition
rate of 50 Hz and a pulse duration of 5 ns. According to the
respective absorption wavelength of fluorophores, the pump
laser was tuned to 450 nm for Coumarin 6, 488 nm for Bodipy,
532 nm for Nile Red. The beam diameter at the objective focal
plane was ~16 pm wide. The collected light was sent into a
charge-coupled device camera or an imaging spectrometer
(Andor Kymera 328i and Newton 970 EMCCD). For measure-
ments of the fluorescence image, an integrated LED was used
as the excitation source and imaged using a color CCD (Basler
acA1600-20uc) mounted on the inverted microscope.

Materials and chemicals

The dyes used in this study were purchased from Sigma
Aldrich, Tokyo Chemical Industry, and Thermo Fisher
Scientific, including Coumarin 6 (C6) (Sigma-Aldrich
#442631), 1,3,5,7-tetramethyl-8-phenyl-4,4-difluoroboradiazain-
dacene (Bodipy) (Sigma-Aldrich #793728), Rhodamine 6G
(R6G) (Sigma-Aldrich #83697), Streptavidin Alexa Fluor 514
conjugate (Thermo Fisher Scientific #S32353), Streptavidin
(Tokyo Chemical Industry #S0951), Atto 520-Biotin (Biotin 520)
(Sigma-Aldrich #01632), Atto 550-Biotin (Biotin 550) (Sigma-
Aldrich #28923), Atto 590-Biotin (Biotin 590 M, 1001.62 g
mol ™) (Sigma-Aldrich #43208), and Atto 655-Biotin (Biotin
655) (Sigma-Aldrich #06966). The chemical (3-aminopropyl)
triethoxysilane (APTES) we used for glass cover slides saline
coupling modified was purchased from Tokyo Chemical
Industry (#A0439) (M, 221.37 g mol™"). For preparation of
liquid crystal droplets, 4-cyano-4'-pentylbiphenyl purchased
from Tokyo Chemical Industry (#C1550) as the nematic liquid
crystal (5CB) and sodium dodecyl sulfate (SDS) (Sigma-Aldrich
#L3771) as the surfactant. N-Hydroxysuccinimide (NHS)
(Sigma-Aldrich#130672) and N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDC) were purchased from
Sigma Aldrich (Sigma-Aldrich #03450). For the surface modi-
fied LC microdroplet, we used the poly-i-lysine solution (PLL
M,, 150000-300000 g mol™") which was purchased from
Sigma Aldrich (#P4832). Bovine serum albumin (BSA) was pur-
chased from Sigma Aldrich (#P5396) as a surface blocking
buffer. Biotinylated peroxidase (biotin-HRP) was purchased
from Thermo Fisher Scientific (#432040). The chemifluores-
cent substrate (QuantaRed Enhanced Chemifluorescent HRP
Substrate Kit) was purchased from Thermo Fisher Scientific
(#15159). The microwell array used in the previous section was
purchased from Microsurface (#MGA-050-01), AU.

3. Results

In this study, lasing particles were formed by taking advantage
of WGM microcavities composed of nematic liquid crystals.*®

This journal is © The Royal Society of Chemistry 2021
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The WGM cavity relies on the total internal reflection at the
droplet interface to provide optical feedback. Fig. Siaf plots
the electric field distribution in 10 pm diameter microsphere,
showing the symmetrical electric field distribution. As a proof-
of-concept, lasing was conducted by using a fixed Coumarin 6
(C6) microdroplet by applying Rhodamine 6G (R6G) molecules
to the cavity interface as shown in Fig. 2. Interfacial lasing
based on coherent-radiative energy transfer was therefore gen-
erated. We first investigated the role of coherent-radiative
energy transfer and nonradiative Forster resonance energy
transfer (FRET) by conducting time-resolved fluorescence life-
time measurements in Fig. S1b.t The donor lifetime, in the
absence and presence of an acceptor, is 2.08 ns and 2.05 ns,
respectively. The extremely low FRET efficiency (~1.5%) shows
that radiative energy transfer plays a dominant role in such an
interfacial laser. As a control group, Fig. S2} confirms that the
lasing from R6G originates from the cavity energy transfer
from the Cé6-donor (not from direct 450 nm pump excitation).
It is noted that almost all the obvious peaks are the transverse
magnetic (TM) mode. The reason for this phenomenon is due
to the fact that the TM modes possess higher refractive index
contrast than the transverse electric (TE) modes in the radial
LC microdroplet. Normally, TM modes and TE modes in WGM
polarizations correspond to the electric field oscillating in par-
allel and perpendicular to radial orientation, respectively.*®
Besides, the parallel and perpendicular to radial orientation
denote the extraordinary and ordinary refractive index in the
radial LC microdroplet, in which the extraordinary refractive
index is higher than the ordinary refractive index. According to
WGM theory, the free spectral range (FSR) can be calculated
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using the formula: FSR = 1*/ne¢ D, where 1 is the wavelength,
neg. is the effective refractive index, and D is the WGM cavity
diameter. To emphasize the effect of cavity energy transfer, we
compared the lasing threshold of R6G molecules excited by
the emission from C6 donor-droplet and excited directly by
using a 532 nm laser beam (Fig. 2a). At a fixed R6G concen-
tration, Fig. 2b and c presented significantly higher lasing
intensity and lower lasing threshold with the existence of the
donor-droplet, indicating the critical role of the donor-droplet.
By changing the Cé6-donor concentration in the droplet (with
fixed acceptor concentration), the lasing wavelength shows a
redshift as the A/D ratio increases (Fig. S3at). The required
lasing threshold for the respective C6-donor concentration to
achieve interfacial lasing was also studied (Fig. S3b¥), demon-
strating the significance of the donor-droplet.

Next, we explored the lasing spectra at various A/D ratios
when different concentrations of acceptor molecules bind to
the surface of the donor droplet (fixed concentration) in
Fig. 2d. As one can see, the original lasing from the microdro-
plet (C6, donor) is located at 538 nm (A/D = 0). The lasing
wavelength starts to redshift as we increased the analyte (R6G,
acceptor) concentration, resulting from A/D = 0.00025 to A/D =
0.0375. At lower A/D ratios, fewer molecules were excited; thus,
a smaller redshift was obtained. At higher A/D ratios, a huge
amount of R6G molecules binding the droplet were excited,
hence generating lasing at longer wavelengths. Fig. 2e demon-
strates the relationship between the lasing peak wavelength
(560 nm to 630 nm) and energy transfer ratios (A/D) extracted
from Fig. 2d. The slope of the fitted line (wavelength shifting
rate) becomes lower at relatively high A/D due to the saturation
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Fig. 2 (a) Schematic diagram of cavity radiative excitation of Rhodamine 6G (R6G) and direct excitation of R6G. The highly concentrated Coumarin

6 (C6) acts like a light-harvesting antenna to excite a low concentration of acceptor molecules. The red particles represent the acceptor molecules
(R6G). (b) Lasing spectra of R6G under cavity radiative excitation (A/D = 0.005) and direct excitation at a relatively low pump energy density; the
curves have been vertically shifted for clarity. (c) Spectrally integrated laser output as a function of pump energy density, and the solid line denotes a
linear fit; the lasing threshold is approximately 11 pJ mm~2 and 19 pd mm™2. Red line and violet line represent the cavity radiative excitation (light-
harvesting excitation) and direct excitation, respectively. (d) Lasing spectra of the Coumarin 6 (C6) microdroplet with various analyte concentrations
(A/D ratio); the curves have been vertically shifted for clarity, and the background fluorescence has been subtracted from the spectra. (e) Lasing
output wavelength as a function of the A/D ratio extracted from the spectra in (d), the solid lines are the linear fit. (f and g) The fraction of R6G mole-
cules in the first excited states needed at the laser threshold for various representative R6G concentrations based on eqn (3). As the A/D ratio
increases, the wavelength which requires minimum excited molecules fraction appears red shifted. Diameter of droplet = 28 pm. Donor-droplet
concentration = 20 mM. The A/D ratio represents the acceptor concentration/donor concentration.
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of molecules on the microdroplet surface. To elucidate the
underlying mechanisms for the redshift of laser emissions, we
carried out the laser rate equations based on acceptor mole-
cules in eqn (1):

dga _ NaCqa oe(l) — (Na — na)cqaﬁ
de¢ m m

a(’l) - qa ) (1)
Teavity
where N, is the total concentration of acceptor molecules, and
n, is the concentration of excited state acceptor molecules.
0e(4) and o4(4) are the acceptor emission and absorption cross-
sections. g, is the acceptor emitted photon number density in
the cavity. ey is the lifetime of the photons in the cavity
which is equal to nQA/2mxc. m and c represent the refractive
index of the surrounding medium (~1.33) and light speed in
the vacuum. # means the fraction of mode energy in the eva-
nescent field. Under steady-state conditions, we can obtain

eqn (2):
2nm

“ae =

From eqn (2), we can derive the fraction of acceptor mole-
cules at the excited state under the threshold condition:"®

Na ; o 2nm
T = N, T o) + oul) { 2@+ Nazno} ! ®)

nao'e(ﬂ) - (Na - na)aa(/l) (2)

According to eqn (3), different R6G acceptor concentrations
(A/D ratios) will give rise to yth values at respective wave-
lengths. Fig. 2f and g plots the yy, values for various A/D ratios
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based on eqn (2), in which the quality factor (Q) is equal to 5 x
10° and 7 is equal to 0.1.%

The dashed curves in Fig. 2f and g represent the fraction of
acceptor molecules at the excited state at fixed pump energy
density. When the pump energy reaches a specific molecule
fraction (ye), lasing will start to emerge at a particular wave-
length (the lowest point in the curve). According to the simu-
lation results, the wavelength corresponding to the minimum
fractional acceptor molecules redshifts as the acceptor concen-
tration increases around the cavity surface. The above
equations did not consider the effect of donor molecules in
the interfacial laser. As such, we also calculated the lasing
wavelength based on the different A/D ratios after we consider
the effect of donor molecules (ESI Note 1} section 1). Fig. S3ct
plots the yy, values for various A/D ratios (various donor con-
centrations). The lasing wavelength blue shifts as the donor
concentration increases (A/D ratio decreases). The overall trend
of simulation results is in good agreement with the experi-
mental results for A/D ratios. However, owing to the compe-
tition between various modes, this model is not sufficient
when the pump energy is far beyond the lasing threshold.

By labeling target biomolecules with suitable fluorophores,
a similar concept can be applied to different molecular inter-
actions. As such, in the following sections, we systematically
demonstrated how protein-based and enzymatic-based inter-
actions could adjust the lasing wavelengths. In Fig. 3a, we
show the design for protein-based interactions. Herein, a
monolayer of streptavidin (SA) molecules was coated on the
surface of the microdroplet. To prevent nonspecific bindings,
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Fig. 3 (a) Schematic diagram of specific binding at the surface of the Coumarin 6 (C6) microdroplet. Streptavidin (SA) molecules were coated on
the microdroplet surface (top configuration), and then biotin molecules were bound to SA (middle configuration). The bottom configuration shows
the Streptavidin-Alexa Fluor 514 (SA-AF514) coated microdroplet binding with Atto 550-biotin (Biotin 550) incubation. (b) Violet line: lasing spectra
of C6 microdroplet laser; green line: lasing spectra of surface-specific binding C6 microdroplet laser. (c) Lasing spectra of the C6 microdroplet with
various Biotin 520 concentrations (A/D ratio). (d) Top: Schematic illustration of energy transfer from C6 to SA-AF514 and finally to Biotin 550;
bottom: fluorescence image showing the binding of Biotin 550 and SA-AF514 on the plain LC microdroplet surface. (e) FRET lasing spectra of the
SA-AF514 coated microdroplet when binding with different Biotin 550 concentrations (A/D ratio); the curves have been vertically shifted for clarity,
and the background fluorescence has been subtracted from the spectra. Diameter of droplet = 28 pm.
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blocking and washing steps have been conducted to ensure
the binding event between SA and biotin molecules. As shown
in Fig. 3a, laser emission is expected to change when biotin
molecules (labeled with Atto520) bind to streptavidin. Fig. 3b
presents the lasing spectra of C6 microdroplet coated with SA
(green curve), before and after binding to Biotin 520 (purple
curve). The enormous redshift is mainly due to the extremely
high binding affinity between biotin and SA, therefore absorb-
ing most of the energy (photons) emitted by C6. Based on the
same concept, we investigated the lasing spectra at various A/D
ratios, in which Biotin 520 serves as the acceptor, and the C6-
droplet serves as the donor. As expected, the lasing peak red-
shifts as the A/D ratio increases, as shown in Fig. 3c, where a
linear relationship was also found between the peak wave-
length and biotin concentrations (Fig. S4at). Fig. S5at presents
the laser emission spectra of Biotin 520 binding to SA (on LC
microdroplets) at various pump energy densities, where
Fig. S5bf shows a lasing threshold of 12 pJ mm™>,

Moving a step forward, streptavidin labeled with AF514
(SA-AF514) and biotin-labeled with Atto550 (Biotin 550) were
selected as donor and acceptor molecules, respectively. The
bottom panel of Fig. 3a presents a schematic diagram of FRET
interaction between SA-AF514 and Biotin 550 on the cavity
surface. Fig. 3d shows that interfacial lasing could be gener-
ated when pump energy is absorbed by SA-AF514 and sub-
sequently transferred to Biotin 550. To confirm the binding of
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FRET interactions, the corresponding fluorescence micro-
scopic images are shown in Fig. 3d as well. Fig. 3e presented
the lasing spectra excited by SA-AF514 upon different A/D
ratios. For droplets under predefined size and conditions, the
lasing wavelength redshifts as the A/D ratios increase. Sharp
lasing modes were observed due to relatively low spectral
overlap between C6 emission and Biotin 550 absorption. A
linear relationship between the peak wavelength and biotin
concentrations was studied as shown in Fig. S4b.T In order to
confirm FRET lasing, a microdroplet coated with pure SA was
used as a control experiment. Fig. S67 shows the microdroplets
coated with pure SA and binding with Biotin 550 on the cavity
surface only. In Fig. S7, we compared the lasing threshold
between SA-AF514/Biotin 550 and pure-SA/Biotin 550 at the
same pump wavelength. The lasing threshold for SA-AF514/
Biotin 550 was two times lower than the direct excitation of SA/
Biotin 550, demonstrating the existence of FRET.

Next, we further explore the possible implementation of
interfacial microlaser in enzymatic reactions, as illustrated in
Fig. 4a. The lasing wavelength is adjusted by the reaction time,
which is the result of a different A/D ratio. As the product con-
centration increases with the reaction time, the A/D ratio
increases, and hence the lasing wavelength redshifts accord-
ingly. To validate our concept, a monolayer of SA molecules
was coated on the microdroplet (BODIPY) and incubated with
biotinylated peroxidase (biotin-HRP) after blocking with

a b
i __ [100ugmi 10ug/ml 1ug/ml 0.1pg/ml
o p® ;: | omif ), | 19min | 62 min|
\
. > I <
;.Biotin-HRP‘f. 2 ! L Z | s5mi | 17min | ssmin
e - ] ! 5]
R - o 1 2
oy oy = : ! z | ‘ l o
L 2 |l l 7 min n 14 min i
[l B
1 ; E l L Smin il 12 min ] 46 min
i S
z
%‘ | 4 min| 7 min| {185 | 43 min
@ 580 600 580 600 580 600 580 600
£ Wavelength (nm) ~ Wavelength (nm)  Wavelength (nm) ~ Wavelength (nm)
L J JA

(¢}

c d .
- Biotin- Biotin- Hotin- ¥ Biotin-
Atto520 Atto550 J Atto590 Atto655

c6 Bodipy Nile Red

= e ]

Wavelength (nm)

Intensity (nor.)

o
[
_—

T
‘l . )M

30 40 50 60 540
Time (min)

i
560 580 600 620 640 660 680 700
Wavelength (nm)

Fig. 4 (a) Conceptual illustration of enzymatic-responsive laser based on the interfacial laser. Enzyme—substrate reaction, which occurs at the

surface of the microdroplet produces the fluorescent products acting as the interfacial laser gain medium. Lasing peak appears redshifted with time
as the product concentration (A/D ratio) increases. (b) Reaction time-dependent enzymatic normalized lasing spectra by changing the biotin-HRP
concentrations (0.1, 1, 10, and 100 pg ml™). (c) Statistics of lasing peak wavelength as a function of reaction time based on different biotin-HRP con-
centrations (0.1, 1, 10, and 100 ug ml™). (d) Top: Schematic diagram of 4 different microlasers originating from specifically designed donor/acceptor
pairs: Coumarin 6 (C6) droplet with the Biotin 520 molecule; C6 droplet with the Biotin 550 molecule; Bodipy droplet with the Biotin 590 molecule;
Nile Red (NR) droplet with the Biotin 655 molecule. Normalized laser emission spectra extracted from the four donor/acceptor pairs whereby
different A/D ratios are applied. The color bar on top represents the increase of the A/D ratio for each droplet pair.
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bovine serum albumin (BSA). Subsequently, enzyme-substrate
solution was applied to the droplet. When binding between
biotin-HRP and SA molecules occurs on the cavity surface, the
reacted enzyme-substrate then serves as the interfacial laser
gain medium (Fig. S87). Herein, we first investigated the lasing
spectra versus reaction time based on the same microdroplet
in Fig. S9,7 where the lasing spectrum was collected at
different time slots. As expected, the lasing peak shifts to
longer wavelengths as the reaction time increases (increased
A/D ratio). Fig. 4b further shows the analysis of the time-
dependent lasing spectra at different biotin-HRP concen-
trations (0.1, 1, 10, and 100 pug ml™"). To further attest to the
reproducibility of such discovery, a large number of data is
provided in Fig. 4c. It was found that at higher biotin-HRP con-
centrations (higher A/D ratios), lasing peaks also shift faster
due to accelerated substrate reaction rate, resulting in larger
slope efficiency.

Finally, by choosing suitable donor/acceptor pairs that have
spectral overlap between donor emission and acceptor absorp-
tion, the proposed interfacial laser could be achieved at desir-
able wavelengths. Shown in Fig. 4d are the schematic diagrams
of the interfacial laser platform based on 4 different donor/
acceptor combinations by separating at the cavity interface.
The corresponding fluorescence emission/absorption spectra
of various donor/acceptor pairs are plotted in Fig. S10.T7 Other
details of the spectrum (laser and fluorescence) can be found
in Fig. S11 and S12.f As a proof-of-concept, biotin molecules
conjugated with different fluorophores were utilized as accep-
tor molecules in the four models. By varying the A/D ratios,
the normalized laser emission spectra from four different
donor/acceptor pairs are demonstrated in Fig. 4d. The selec-
tion and design of the donor/acceptor fluorophore also play a
significant role in interfacial laser efficiency. The higher the
overlap between the donor emission spectrum and acceptor
absorption, the higher the energy transfer efficiency.

4. Discussion

In this study, we proposed a biological responsive microlaser
particle in which the laser emission wavelengths are modu-
lated by surface molecular interactions. Taking advantage of
interfacial energy transfer at the cavity biointerface, the con-
centration ratios between the analytes (acceptor) and the
droplet (donor) resulted in different lasing wavelengths. Both
protein-based and enzymatic-based reactions were demon-
strated. This work not only demonstrated the potential for
laser-based detection but opens the roadmap to achieve bio-
functional microlasers. In this work, we used the liquid crystal
as the material of mircodroplets owing to its biocompatible,”
extraordinary processability,”® and intriguing optoelectronic
properties.>® However, it is also noteworthy that the microdro-
plet material is not only limited to the liquid crystal but can be
any biocompatible material that allows fluorophore doping
inside to form the microlaser. By changing to higher refractive
index materials, the required size to achieve lasing could also

1614 | Nanoscale, 2021, 13, 1608-1615
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become smaller and, therefore, will be more biocompatible for
biological detection. Additionally, the improvement of the
cavity Q-factor is also necessary to achieve better stability and
precision control. In a nutshell, we envisage that this novel
concept may deepen insights into how molecules interact with
and modulate laser light, laying the foundation for the devel-
opment of tunable photonic devices at the molecular level,
such as highly selective laser devices, laser-emission imaging,
and bio-inspired sensing.
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