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ABSTRACT: Advances in switchable microlasers have emerged
as a building block with immense potential in controlling light−
matter interactions and integrated photonics. Compared to
artificially designed interfaces, a stimuli-responsive biointerface
enables a higher level of functionalities and versatile ways of
tailoring optical responses at the nanoscale. However, switching
laser emission with biological recognition has yet to be
addressed, particularly with reversibility and wavelength
tunability over a broad spectral range. Here we demonstrate a
self-switchable laser exploiting the biointerface between label-
free DNA molecules and dye-doped liquid crystal matrix in a
Fabry−Perot microcavity. Laser emission switching among
different wavelengths was achieved by utilizing DNA con-
formation changes as the switching power, which alters the orientation of the liquid crystals. Our findings demonstrate that
different concentrations of single-stranded DNA lead to different temporal switching of lasing wavelengths and intensities. The
lasing wavelength could be reverted upon binding with the complementary sequence through DNA hybridization process.
Both experimental and theoretical studies revealed that absorption strength is the key mechanism accounting for the laser
shifting behavior. This study represents a milestone in achieving a biologically controlled laser, shedding light on the
development of programmable photonic devices at the sub-nanoscale by exploiting the complexity and self-recognition of
biomolecules.
KEYWORDS: DNA, switchable biointerface, tunable microlaser, liquid crystals, microcavity

INTRODUCTION

Switchable interfaces have offered tremendous opportunities
over the past decade, including bioelectronics,1−4 optical
devices,3,5,6 laser switches,7−10 biomedical sensors,11,12 and
fundamental biology.13−15 In particular, the concept of
“switchable biointerfaces” can be referred to as interfaces
that change their microscopic properties in response to
biological stimuli or biomolecular interactions. Contrary to
artificially designed interfaces, switchable biointerfaces that
take advantage of a biological system and biorecognition have
demonstrated high functionality far beyond that obtained from
nanomaterials.16−18 Among all biomolecules, DNA is one of
the most potent biomaterials known for its controllable
synthesis and specificity of base-pair interactions.19−21 Besides
biomedical applications, the programmability and self-assembly
of DNA structures offer versatile ways to construct DNA
biointerfaces and tailor optical responses.22−26 The stimuli-
responsive properties of DNA molecules thus enable the
development of program-switchable DNA interfaces.16,25

Recent developments in switchable DNA interfaces have
been widely explored in controlling light−matter interactions,
such as using fluorescently labeled DNA origami as modular
adaptors to control light-emitting sites and inten-

sities.2,3,22−24,27 One peculiar application is to incorporate
DNA with resonant structures to amplify its signal.8,20,26,28,29

In this frame, liquid crystals (LC) can be envisaged as the ideal
material for switching applications owing to their high
responsivity to electrostatic interactions upon DNA binding
events.30−33 Recently, a few groups have shown that the
binding activities of oligonucleotides (DNA) in the LC
interfacial layer could induce significant reorientation at the
aqueous interface.32−35 That includes DNA hybridization,
Watson−Crick base-pairing, and electrostatic interactions with
proteins or drugs. Light will be modulated by the induced
changes of refractive index or molecular orientation within the
LC matrix.36,37 As such, reflected light emissions or
fluorescence emissions could be switched upon stimuli-
response interactions at the biointerface by exploiting such
features. Nonetheless, small footprints in DNA conformation
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changes are often difficult to identify through conventional
approaches.
In this study, we demonstrate a self-switchable laser by

exploiting the interface between label-free oligonucleotides and
dye-doped LC matrix in a Fabry−Perot (F−P) microcavity, in
which the DNA interactions provide the switching power.
Taking advantage of self-recognition of DNA and reconfigur-
ability of liquid crystals (LC), laser emissions could be
modulated by DNA conformation changes at the biointerface.
The strong light−matter interaction induced by the micro-
cavity thus enables subtle changes to be amplified within the
cavity or liquid crystals.37−45 As shown in Figure 1a, LCs
change from homeotropic to planar alignment when single-
stranded DNA (ssDNA) is adsorbed on the cationic
monolayer of the matrix. The orientation changes of LC
molecules thus resulted in a blue shift of lasing wavelength
with pronounced signal amplification. DNA hybridization
occurs upon the binding of complementary DNA targets to
the single-stranded probes, which switches back the LC
alignment, as well as lasing wavelengths, toward its initial state.
Our results revealed that temporal shifting of lasing wavelength
could be triggered by ssDNA concentration as low as 1 nM
(approximately 9.6 × 108 bound targets per cm2 area).
Different concentrations of ssDNA lead to different temporal
switching of lasing wavelength and lasing intensities in real-
time. The kinetic fingerprints were unfolded for single- and
double-stranded DNA, enabling high accuracy identification of
the molecular binding affinities. The results may provide
inspiration for the rational design of switchable lasers with

performances based on the characteristic of organic and
biological optoelectronic materials.

RESULTS AND DISCUSSION

Lasing Characteristics of PSS-Loaded Liquid Crystal
Microlaser. We begin with the formation of the switchable
microlaser by introducing liquid crystals inside a F−P
microcavity formed by highly reflective dielectric mirrors.
The experimental setup is provided in Supporting Information
Figure S1. The orientations of liquid crystals are driven by the
long-chain surfactant molecules (octadecyltrimethylammo-
nium bromide, OTAB), in which OTAB is exploited to attract
anionic molecules through electrostatic interactions. Assuming
that all the OTAB molecules were adsorbed at the LC
interface, the average surfactant is approximately four times
more than the close-packed molecular area (0.83 molecule/
nm2). A monolayer of OTAB molecules was formed between
the LC and water due to its amphiphilic nature. The alignment
of LC matrixes, therefore, changes upon the binding of
polyanionic molecules to the OTAB monolayer. As a proof-of-
concept, we first investigated the lasing behavior by using
poly(sodium 4-styrenesulfonate) (PSS) molecules as an analog
to the DNA molecule for its polyanionic chain structure and
the hydrophobic moieties. Herein PSS was first selected as the
target molecule to stimulate the birefringence changes of LC
matrixes. The polyanion PSS molecules were absorbed on the
LC surface by electrostatic interactions with the OTAB
cationic headgroups. As a control group, lasing was tested
with an unperturbed LC cavity by inserting pure water.

Figure 1. (a) Transitions of liquid crystal (LC) orientation during DNA hybridization. The center figure shows the optical setup of a LC
matrix sandwiched in a Fabry−Perot microcavity. LC matrix orientations change from homeotropic to planar when ssDNA comes into
contact with the LCs. The orientations are recovered to homeotropic after DNA hybridization. (b) Lasing spectra of liquid crystal matrix
interacting with PSS solution under various pump energy densities. The inset shows a CCD image of the laser mode when above threshold.
Scale bar represents 10 μm. (c) Comparison of the lasing threshold when DCM doped LC matrix interacted with PSS (1 μM) and water.
Cavity size for all experiments was fixed at 150 μm. Excitation wavelength = 470 nm.
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Without LC interactions, a broad lasing spectrum with
multiple modes was observed (Supporting Information Figure
S2a). After PSS molecules infiltrated into the cavity, a narrow
lasing spectrum emerged, as shown in Supporting Information
Figure S2b. The full width half-maximum (fwhm) is about 1.28
nm. However, the F−P cavity gave rise to a significantly lower
lasing threshold when filled with PSS molecules than that with
pure water. The lasing spectra under various pump energy
densities are provided in Figure 1b. The threshold difference
presented in Figure 1c is mainly due to the LC cell orientations
as a consequence of dye absorption. Since the maximum
absorption occurs when the incident light is linearly polarized
along the molecular axis, the homeotropically aligned LC cell
possesses a higher threshold than that in planar align-
ment.33,34,46 Note that the overall fwhm and threshold of
lasing emissions are relatively large. Due to the huge cavity
length between the two mirrors, additional loss and misalign-
ment may be induced in the cavity. However, both issues could
be improved if a smaller spacer and smaller volume of LC
matrix were fabricated.
Figure 2a explicitly presents the change of the DCM-doped

LC device before and after interaction with PSS molecules
under an optical microscope. Before addition of PSS solution,
the grid appears uniformly dark, demonstrating that LC cells
remained in a homeotropic alignment. When PSS comes in
contact with LC matrixes, the hydrophobic interaction
between the PSS side groups and liquid crystals promotes
the intercalation of the polymer chain into the LC matrix. After
PSS adsorption, the grid turned bright, indicating that the
alignment of liquid crystals is in the same direction as the
analyzer. Such changes of the liquid crystal orientation were
also verified under the polarized optical microscope in
Supporting Information Figure S3. (The mechanism of liquid

crystal orientation is provided in Supporting Information).
Figure 2b further presents the dynamic lasing profile after the
infiltration of PSS solution into the F−P cavity, where the top
panel shows the spectral output of the lasing emission. The
bottom panel of Figure 2b shows the temporal profiles of the
lasing emission, where the lasing peak wavelengths and
intensities vary accordingly. Figure 2c confirmed such a
phenomenon with CCD images, where the lasing modes act
as a flashlight switching back and forth in numerous cycles.
The lasing hot spot first appears in the center, then slowly
decays and reappears again.
To further explore the lasing characteristics after PSS

adsorption, different concentrations of PSS solution (0.1, 0.25,
0.5, 0.8, 1 μM) were injected into individual LC cells,
respectively. To our surprise, the results show that the
switching rate of laser mode varies with PSS concentrations.
When the PSS concentration increases, temporal switching of
the laser modes increased accordingly, as shown in Figure 2d.
Higher PSS concentrations resulted in larger tilted angles and
birefringence, hence generating a larger switching rate.
However, the switching rate reaches its maximum when the
PSS concentration approaches 0.8 μM (Figure 2d). Further
loading of PSS molecules will increase the surface viscosity and
thus cannot reflect additional disturbance (Supporting
Information Figure S4).

Laser Switching upon ssDNA Interaction. Next, we
employed single-stranded DNA (ssDNA) as the target analyte
to study its laser switching behavior. It is noteworthy that
ssDNA has a similar structure as PSS in terms of a polyanion
and hydrophobic side groups. Additionally, its physical
properties could be altered by hybridization to its comple-
mentary bases, which provides an ideal platform to revert the
switching of lasing wavelength. The schematic concept of

Figure 2. (a) Schematic of the LC matrix filled in microgrids. The right panel shows the polarized optical microscopic image before and after
PSS sample injection. Dark state indicates that liquid crystals are in homeotropic alignment. Bright state reveals the change of liquid crystal
alignment. The photos show a grid length of 200 μm. (b) Lasing spectrum of the LC matrix after infiltration of 1 μM PSS solution. The top
image indicates the blue-shifting behavior of the lasing peak. The bottom image shows the periodic shifting behavior of laser emissions. (c)
Lasing modes captured by CCD at different time periods with switching behavior. Scale bars represent 10 μm for all photos. (d) Summary of
lasing wavelength shifting rates under different PSS concentrations. For each concentration, the error bars and statistics were based on three
individual measurements. Cavity size, 150 μm. Excitation wavelength = 470 nm.
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Figure 3. (a) Illustration of the ssDNA surface coverage with increasing concentrations. At the biointerface, the LCs change their
homeotropic orientation and affect the bulk alignment of the LC matrix. (b) Three-dimensional plot of the lasing spectrum when 1 μM
ssDNA solution was applied to the LC cell. The shifting of the lasing spectrum is periodic. (c) Time trajectories of lasing peak wavelengths
(blue shift) when LC interacted with different ssDNA concentrations (0.1, 0.25, 0.5, 0.8, and 1 μM). (d) (left) Summary of the wavelength
shifting rate under different ssDNA concentrations extracted from panel c. (right) Summary of the wavelength shifting rate under different
cDNA concentrations. Five different concentrations were applied (0.1, 0.25, 0.5, 0.8, and 1 μM). (e) Summary of the wavelength shifting rate
at extremely low ssDNA concentrations. All data were averaged from 3 individual measurements. Cavity size of 150 μm. Excitation
wavelength = 470 nm.

Figure 4. (a) Interaction between liquid crystal molecules (5CB) and DCM dye molecules. Weak absorption occurs when the electric vector
(E) of incident light is perpendicular to the major axis of the dye molecule; strong absorption occurs when the electric vector (E) of incident
light is parallel to the major axis of the dye molecule. The bottom panel shows the switching of DCM−LC orientation when ssDNA
molecules are added in a F−P cavity. (b) Absorption cross sections measured from DCM−LC under different incident light polarization. (c)
Fraction of DCM molecules in the excited state required at lasing threshold based on different absorption cross sections in panel b. (d)
Absorption cross sections measured at different times after applying ssDNA molecules in the DCM−LC matrix. (e) Fraction of DCM
molecules in the excited state required at lasing threshold based on different absorption cross sections in panel d after applying ssDNA. Note
that the emission cross section of DCM (dashed curves) and effective refractive index of LC (n = 1.6) were fixed for the calculations in
panels c and e.
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applying ssDNA for laser switching is shown in Figure 3a. A
similar laser switching phenomenon was obtained when
ssDNA interacts with the biointerface of LC matrixes, as
presented in Figure 3b. The appearance of the lasing peaks
blue shifts periodically with a gradually decreasing lasing
intensity. However, the shifting behavior reaches a dynamic
equilibrium after several cycles when LC molecules become
stable in the cavity. By application of different ssDNA
concentrations (0.1, 0.25, 0.5, 0.8, 1 μM), the laser mode
trajectories between 620 and 612 nm were extracted and
plotted in Figure 3c. In particular, the trajectories of laser
modes showed a linear relationship through time, while the
offsets remained similar at each concentration. The left panel
of Figure 3d summarizes the laser switching rate under
different ssDNA concentrations. The increase of ssDNA
molecules at the LC interface resulted in larger ssDNA surface
coverage and stronger LC−ssDNA interactions. As such, more
liquid crystals will transform into planar alignment at a faster
pace, thus changing the laser modes. Note that a similar trend
was also found by exploring its complementary single-stranded
DNA (cDNA) under different concentrations (the right panel
of Figure 3d). The findings here demonstrate that any
sequence of ssDNA possesses the ability to trigger such laser
switching. To demonstrate that the proposed laser is not
limited to a specific dye, LC matrix was doped with green
emission dye to show similar lasing capability (Supporting
Information Figure S5).
Lastly, in Figure 3e, we accessed the threshold limit of

ssDNA concentration by analyzing the switching rate at lower
concentrations. As the disturbance at lower concentration is
gentler, the detectable ssDNA motion depends on the surface
coverage of ssDNA molecules and the induced liquid crystal
zenithal tilt. Figure 3e plots the average switching per second
for ssDNA at 0.01 μM, 0.008 μM, 0.005 μM, 0.002 μM, and
0.001 μM. The average switching rate becomes very small
when the concentration approaches 1 nM. Eventually, the
minimum concentration to obtain laser switching is approx-
imately 1 nM, which is about 9.6 × 108 nucleotides per cm2

area.
Mechanism of Laser Switching Behavior. To elucidate

the underlying mechanism of laser switching behavior, different
lasing threshold conditions caused by the optical properties of
DCM and LC matrix were evaluated. When PSS or ssDNA
molecules interact with LC matrix, the orientation of liquid
crystal molecules (5CB) will also cause a significant impact on
the surrounding dye molecule orientations. Previous studies
have mentioned that doping dyes into liquid crystals creates a
guest−host complex, in which the permanent dipole moment
of LC molecules generates an induced dipole moment on the
dye molecules (Figure 4a).47,48 The alignment of dye
molecules will thus change with the directional change of
liquid crystal mesogens. Herein, the DCM dye molecules align
their major axes according to LC molecule orientation in the
matrix, resulting in possible changes of optical density,
absorption, and emission intensity. In particular, our findings
demonstrated that absorption strength plays a dominant role in
laser switching, as depicted in Figure 4a. When the major axis
of the dye molecule is parallel to the electric vector (E) of
incident light, there is strong absorption. In contrast, when the
major axis is perpendicular to the electric vector of incident
light, only weak absorption exists. The bottom panel of Figure
4a illustrates the orientation changes of DCM dye-doped liquid

crystal (DCM−LC) matrix when ssDNA molecules are added
in a F−P cavity.
To demonstrate that the absorption strength of the DCM

molecule is highly polarization-dependent on incident light, we
altered the polarization of the excitation beam and measured
its absorption. As illustrated in Figure 4b, the absorption cross-
section of DCM−LC matrix was measured by tuning the
incident polarization from 90° to 0°, which corresponds to an
electric vector (E) perpendicular and parallel to the major axis
of DCM molecule. Apparently, the absorption becomes larger
as the incident polarization changed from 90° to 0°. By
adopting a laser rate equation model, the fraction of excited
DCM molecules can be expressed by nex/nt, where nt is the
total concentration of DCM and nex is the concentration of
DCM in the excited state. Details for the theoretical calculation
can be found in the Supporting Information. As such, the
required population inversion (nex/nt) corresponding to
different polarization was derived (Figure 4c). From Figure
4c, we can clearly see that the lasing wavelength blue shifted as
the polarization changed from 90° to 0°. It is also noteworthy
that the required lasing threshold (nex/nt) increased as the
lasing peak blue shifted. This indicates that the lasing intensity
should decrease as the lasing blue shifts under a fixed pump
energy density. Both above-mentioned phenomena agree well
with our experimental results and assumption.
On this basis, next, we experimentally measured the

absorption cross-section of DCM−LC matrix when it
interacted with ssDNA molecules. Figure 4d presents the
absorption cross-section of the DCM−LC matrix obtained at
different times after addition of ssDNA molecules. When
ssDNA interacts with LC molecules, the LC will alter the
orientation of the DCM dye molecules, resulting in different
absorption cross sections through time. Here we can clearly
observe that the absorption gradually increases through time.
Considering the Q-factor and dye concentration used, we
calculated the required population inversion in Figure 4e based
on the absorption cross sections in Figure 4d. The dashed lines
in Figure 4e represents the minimum required lasing threshold
(nex/nt) corresponding to the respective time (and absorption
strength). To our surprise, a significant blue shift of lasing
wavelength was observed. Consequently, the required lasing
threshold increased as the lasing peak blue shifts, which is
consistent with our observation in Figure 3.
Besides the contribution of DCM dye absorption, we also

investigated the impact of effective refractive indices and
fluorescence emission intensity in Supporting Information
Figure S6. The Q-factor of F−P cavity should be consistent
during the sample infiltration since the cavity was carefully
fixed with a magnetic spacer. While the cavity length and the
polarization of pump are fixed throughout the experiment, the
reorientation of the liquid crystals gives rise to change of the
effective refractive indices. Again, we used the rate equation to
study the lasing output by considering n = 1.52−1.71 in the
DCM−LC matrix (corresponding to ordinary and externally
refractive indices). After performing the theoretical calculation
in Supporting Information Figure S6a,b, we concluded that the
rise of the medium effective indices of liquid crystals only
changes the lasing threshold (and intensity). It has negligible
effect on the lasing wavelength shift.
Lastly, we considered the fluctuation of the DCM

fluorescence emission intensity when ssDNA interacted with
the DCM−LC matrix. The emission intensity was measured at
different times and converted into emission cross sections in
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Supporting Information Figure S6c. By adoption of the rate
equation model, the required population inversion was derived
and plotted in Supporting Information Figure S6d. Similar to
refractive indices, only lasing thresholds will be affected;
however, no shifting behavior was found. In summary, our
findings demonstrate that absorption is the key mechanism
that determines the laser shifting behavior. In contrast, the
fluctuations of effective refractive indices and fluorescence
emission intensity will only lead to the changes of lasing
threshold (and intensity).
Laser Switching upon DNA Hybridization. One of the

most interesting properties of liquid crystals is that the LC
reorients from homeotropic to planar upon ssDNA adsorption
and reverts upon DNA hybridization when the ssDNA binds to
its complementary partner. The hybridization process folds the
hydrophobic base pairs of single-strand DNA inside the double
helix, which leads to more efficient packing. Since DNA
hybridization can revert the liquid crystal orientation, we
hypothesized that the lasing switching rate could be modulated
by DNA hybridization in real-time. To investigate the impact
of hybridization on lasing behavior, we prepared LC samples
coated with 1 μM ssDNA as a probe and injected different
concentrations of cDNA (0.1, 0.25, 0.5, 0.8, 1 μM). The
concept is illustrated in Figure 5a−c, where the nucleation of
the homeotropic domain (Figure 4a) will grow and coalesce as
the cDNA concentration increases. By fixing the amount of
ssDNA on the LC interface, more dsDNA pairs will be formed
when a higher concentration of cDNA is applied. As a proof-of-
concept, Figure 5d clearly shows that before adding cDNA
(only ssDNA), the lasing peak blue shifts through time. When
cDNA binds to ssDNA, the specific binding causes the lasing
peak to red shift toward its initial wavelength. The same
phenomena were discovered for all cDNA concentrations
applied, where Figure 5e shows the red-shifting behavior after
different cDNA concentrations bind to ssDNA. Before binding

to cDNA, one can observe that the average switching rate for
pure ssDNA (1 μM) is about 1.0 nm/s (blue-shifting);
however, the rates begin to differentiate after binding the
different concentrations of cDNA (during DNA hybrid-
ization). As shown in Supporting Information Figure S7, the
appearance of the lasing peaks red shifts periodically with a
gradually increasing lasing intensity. However, the shifting
behavior reaches a dynamic equilibrium after several cycles.
This may be the result of photobleaching and hence fewer gain
molecules can be stimulated. Overall, we summarized the
average switching rate of ssDNA before and after binding with
respective cDNA concentrations (0.1, 0.25, 0.5, 0.8, 1 μM) in
Figure 5f. The switching rate was found to be proportional to
the binding cDNA concentrations.
As a control group, we prepared five ssDNA (1 μM) samples

and mixed them with 0.1, 0.25, 0.5, 0.8, and 1 μM cDNA in
individual tubes. The samples were preannealed before the
lasing experiments. Thus, we could have a mixture equivalent
to 0.1 μM dsDNA, 0.25 μM dsDNA, 0.5 μM dsDNA, 0.8 μM
dsDNA, and 1 μM dsDNA, respectively. Then we infiltrated
the preannealed dsDNA samples into the LC cells. Since the
intercalation of DNA strands in the LC matrix plays an
essential role in the switching process, an opposite trend was
found in Supporting Information Figure S8 as compared to
Figure 4f. Since preannealed dsDNA cannot intercalate into
the LC matrix without hydrophobic interaction, the highest
preannealed dsDNA concentration (or lowest ssDNA)
produced the lowest switching rate, whereas in Figure 5f,
ssDNA was first intercalated into the LC matrix before
hybridization, folding the hydrophobic moieties inside the
resulting dsDNA. Consequently, the highest switching rate
occurred at the highest hybridized dsDNA concentration.

Figure 5. (a−c) Illustration of the interfacial interactions between DNAs and liquid crystals. A fixed concentration of ssDNA was adhered to
the interface where different concentrations of cDNA were applied. LC matrix tends to form planar alignment in the ssDNA region and
homeotropic alignment in dsDNA regions. (d) Laser switching before and after adding cDNA onto ssDNA-probed LC matrix. The shifting
direction reverts upon DNA hybridization. (e) Time trajectories of lasing peak wavelengths of ssDNA-probed LC cells before (blue shift)
and after (red shift) adding cDNA solutions. Five different concentrations of cDNA (0.1, 0.25, 0.5, 0.8, and 1 μM) were applied to ssDNA-
probed LC matrix (1 μM). (f) Summary of the wavelength shifting rate extracted from panel e after adding different cDNA concentrations.
All data in panel f were averaged from 3 individual measurements. Cavity size of 150 μm. Excitation wavelength = 470 nm.
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CONCLUSION

In this study, we introduced the concept of a switchable
biolaser by taking advantage of the organic biomolecule DNA
hybridization process. By exploitation of the electrostatic forces
between ssDNA and surface-modified LC matrix, the structural
changes of unlabeled DNA trigger the azimuthal rotation of
liquid crystals, resulting in laser mode switching. Our findings
revealed that different ssDNA concentrations cause average
temporal switch at a different rates, which are proportional to
the ssDNA concentration. Interestingly, the laser switching
process could be reverted by binding with its complementary
partner (cDNA) through the DNA hybridization process.
The significance of this study is to introduce the concept of

using organic biomolecules to switch coherent light sources at
different wavelengths. By exploiting the complexity and self-
recognition of DNA sequences, laser light could be fully
manipulated and programmed. The ability for specific
molecular recognition could be potentially suitable for
applications such as information encoding and data storage
with laser light in the future. On the other hand, stimuli-
responsive biointerfaces have played an essential role in light−
matter interactions and integrated photonics. We believe this
work represents a milestone in achieving biological-controlled
laser, offering critical insights for switchable devices that take
advantage of the self-recognition or self-regulation of
biomolecules to modulate light at the sub-nanoscale.
Finally, we would like to point out that the hybridization

process could also be implemented in molecular detection. We
admit that the current settings are not sensitive enough for
ideal sensing applications (∼1 nM). As mentioned, the current
cavity length (spacer) is exceptionally large. The sensitivity
could be significantly improved if a smaller spacer is used in
the future. The thinner the DCM−LC matrix (smaller
volume), the lower amount of ssDNA molecules are required
to trigger the switching of laser emissions (surface to volume
ratio will increase significantly).

MATERIALS AND METHODS
Preparation of Microcavity and Liquid Crystal Cells. The F−

P microcavity was formed by two customized dielectric mirrors with
high reflectivity from 550 to 650 nm. The bottom mirror was cleaned
by immersing it in a mixture of DI water, reagent alcohol, and KOH in
the ratio of 1:5:1. Then the mirror was immersed in a mixture of
toluene and trichloro(octyl)silane (OTS) (in the ratio of 10:0.003 at
50 °C. After 1 h, the mirror was rinsed first with toluene, followed by
acetone, ethanol, and DI water, and dried in nitrogen. Before
introducing the liquid crystals into the cavity, we examined the
contact angle of the OTS-coated mirror under a microscope to ensure
that the mirror surface was sufficiently hydrophobic to promote
homeotropic alignment of liquid crystals. We then used the mirrors
for the preparation of liquid crystal cells.
The mixture of nematic liquid crystal (4′-pentyl-4-biphenylcarbo-

nitrile, 5CB, Tokyo Chemicals), 0.3 wt % laser dye (4-(dicyano-
methylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran, DCM),
and 100 μM octadecyltrimethylammonium bromide (OTAB) was
immersed in an ultrasonic bath for 15 min to form a homogeneous
liquid crystal solution. Then a piece of copper TEM grid was placed
on the OTS-treated mirror. After that, 1.5 μL of liquid crystal solution
was dripped onto the grid. The excess liquid crystal solution was
removed using a 20 μL capillary tube. After that, 150 μm spacers were
placed near the edges of the bottom mirror. Finally, the cell was
covered with the top mirror. All chemicals were purchased from
Sigma-Aldrich unless specified.
Preparation of DNA Materials. The DNA sequences used were

16-mer ssDNA, 5′-AGAAAAAACTTCGTGC-3′, and 16-mer cDNA,

5′-TCTTTTTTGAAGCACG-3′, both purchased from Sigma-Al-
drich. For experiments without annealing (either ssDNA or cDNA
only), the ssDNA was injected directly into the microcavity to interact
with the LC matrixes. For hybridization (with annealing) experiments,
five tubes of 1 μM ssDNA and 1 tube each of 0.1, 0.25, 0.5, 0.8, and 1
μM cDNA solution were first prepared. Then the ssDNA was mixed
with the respective cDNA solution in the tube. The five tubes were
placed in a 95 °C hot bath. After 2 min, they were taken out and
cooled to 25 °C. All the dsDNA samples were ready for use after 45
min and subsequently injected into the microcavity.

Optical Measurements and Setup. The bright field polarized
optical images were taken with a Nikon-E200 polarized microscope.
For all the lasing measurements, an inverted microscopic system
(Nikon Ti2) with 20×, 0.4 NA objective was used to excite the
microcavity and collect laser emission. A pulsed nanosecond-laser
(EKSPLA PS8001DR) integrated with an optical parametric oscillator
was used to achieve optical pump (repetition rate 50 Hz; pulse
duration 5 ns). The excitation wavelength set for DCM was 470 nm.
The pump energy density was adjustable by a continuously variable
neutral density filter. The pumping beam diameter at the objective
focal plane was ∼16 μm wide. The emission light was collected
through the same objective, then separated by a beam splitter, and
sent into a charge-coupled device camera and imaging spectrometer
(Andor Kymera 328i and Newton 970 EMCCD), as plotted in Figure
S1.
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