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Abstract: Lasing of whispering-gallery modes in nematic liquid-crystal
microdroplets, floating in water, is demonstrated. It is shown that millimolar
concentrations of sodium dodecyl sulfate in water effect the orientation
of liquid-crystal molecules in the microdroplet, which changes the lasing
spectrum. The presence of targeted molecules in water can be monitored
by simply measuring and recognizing the spectrum of light, lasing from a
small liquid-crystal droplet in water.
© 2011 Optical Society of America
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1.

Introduction

Liquid crystals (LCs) are characterized by long-range orientational order [1], where the rod-like
liquid crystalline molecules are preferentially aligned along the direction, called the director.
This ordering makes liquid crystals optically uniaxial materials with very large birefringence
of the order of Δn ∼ 0.1 and large anisotropy of material properties, such as the dielectric or
diamagnetic susceptibility, elasticity and viscosity. Because of their anisotropy and soft nature,
liquid crystals show a large response to the external electric and magnetic fields by collectively
rotating into the direction of an applied field. In bulk, the director can point into an arbitrary
direction, and free energy of a liquid crystal does not depend on the orientation. However, in
the presence of confining surfaces, liquid-crystal molecules are locally forced into the direction, dictated by the local intermolecular forces at the interface. The overall LC alignment is
therefore very sensitive to the strength and type of local molecular anchoring at the interface
[2]. Because this surface anchoring of LC molecules strongly depends on the chemical composition of the interface, LC interfaces have successfully been used to detect, for example,
phospholipids at LC-water interface [3, 4], protein binding [5], viruses [6, 7], bacteria [7] and
pH measurements [8]. The long-range orientational order in LCs acts as a kind of an amplifier
of the local perturbation, caused by foreign molecules, adsorbed at the interface and disturbing
the interfacial ordering.
These orientational changes in the bulk liquid crystal, induced by the interfacial adsorption
of foreign molecules are usually detected by observing the optical appearance of a thin layer of
the liquid crystal under a polarized optical microscope [9, 10]. Typically, several micrometer
thick 100 μ m × 100 μ m layer of a liquid crystal with one surface in contact with water is used
as a sensor element. The water medium provides transport of foreign species to be detected via
their attachment to the LC-water interface. The reported sensitivities of such sensors are of the
order of 10 μ g/ml concentration in water, which corresponds to approximately one monolayer
coverage of the LC interface with targeted molecules.
A flat LC sensing interface can replaced by a curved one, and the sensor is in this case a
LC microdroplet dispersed in water [7, 11, 12]. Recently, it has been demonstrated that the
sensitivity of such a LC microdroplet sensor can be as high as 1 pg/ml [13], that is at least
a factor of a million better sensitivity compared to that of a flat sensing interface. It is conjectured that such an enormous amplification of the sensitivity is due to the localized binding
of the targeted molecules to the point topological defects in spherical LC objects. The point
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or loop-like defects must appear in curved geometry because of the topological conservation
laws [14] and it takes only a few molecules to occupy the area around the point defect. While
the LC microdroplets provide a new platform for ultra-sensitive biological sensors, the existing
methods of the sensor readout are still impractical and are based on the bare-eye observation
of the sensor under an optical microscope. We propose to use the whispering-gallery modes
(WGMs) as a versatile indicator of the internal structure of the LC microdroplet. WGMs are
optical eigenmodes in spherical or toroidal optical microresonators [15, 16], where the light is
trapped inside a high-refractive-index microresonator because of the total internal reflection at
the surfaces of the resonator. Light can be considered circulating inside the microresonator by
bouncing of the interface by subsequent total internal reflections. The resonant frequency of a
WGM depends on its optical path along the closed trajectory and is directly related to the profile of the refractive index along the path of the light. Any change in the profile of the refractive
index, which is caused by a change of the surface boundary conditions due to the attachment
of targeted molecules is therefore reflected in the spectrum of the WGMs. Since WGMs have
usually very high Q-factors, already very small changes in the refractive index can be detected.
The sensitivity of this method has been demonstrated by label-free, single-molecule detection
by measuring the shift in the resonant frequencies when a single molecule binds to the surface
of the optical microcavity [17].
In this paper, we present a new method of sensing small concentrations of targeted molecules
in water by monitoring the changes in the spectra of the WGMs in LC microdroplets [18].
The spectrum of WGMs in LC microdroplets depends on the type of ordering of LC in the
microdroplet and is to a larger extent determined by the orientation of liquid-crystal molecules
at the water-LC interface. Foreign molecules influence this surface anchoring, which in turn
changes the LC ordering inside the droplet and effects the eigenfrequencies of the WGMs. In
contrast to solid WGM microresonators the molecules that bind to the LC-water interface, do
not change refractive index just locally, but the perturbation is propagated into the bulk LC by
long range interactions. We demonstrate that the presence of 0.3 mM concentration of sodium
dodecyl sulfate (SDS) in water induces significant and clearly detectable changes in the lasing
spectrum from WGMs in micrometer-sized droplets of a nematic LC. Monitoring of WGM
spectra in LC microdroplets could be used as a versatile platform for easy and simple detection
of small concentrations of targeted molecules in water.
2.

Experimental setup

The experiments were performed using the nematic liquid crystal 4-cyano-4’-pentylbiphenyl
(5CB, Nematel) doped with 0.1 wt% fluorescent dye 7-diethylamino-3,4-benzophenoxazine-2one (Nile red, Sigma-Aldrich), which serves as a uniformly distributed light emitter. The microdroplets were produced by mechanically mixing 10 μ l of dye-doped 5CB and 1 ml of 4 mM water solution of sodium dodecyl sulfate (SDS, Sigma-Aldrich). In this solution, the 5CB droplets
obtain the radial distribution of the LC molecules and the SDS prevents from sticking of the
droplets to the walls of the microfluidic channels, used for the measurements. The measurements were performed in a T-shaped microfluidic channel (Fig. 1) made from PDMS (Sylgard
184, Dow Corning). The channels had a rather large cross section of 1 mm × 1 mm. The dispersion of 5CB droplets in 4 mM SDS water solution was introduced in the channel. A selected
5CB droplet was trapped with an infrared laser tweezers, operating at 1064 nm (Nd:YAG, Aresis) using 60x high numerical-aperture water-immersion objective. Because the 5CB droplets
could not be trapped in 3D, the droplet was pushed against the upper wall of the microchannel.
As low as possible power of the trapping laser was used, typically 70 mW, not to deform or heat
the droplet excessively. Further reduction of the required power was achieved by trapping the
droplet not in the main channel, where the flow and the drag force were strong, but in the side
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Fig. 1. The experimental setup. A selected 5CB microdroplet (blue dot, upper panel, top
view) was held by the infrared laser tweezers in a blind leg of a microfluidic channel.
Water with predetermined concentration of SDS was fed through the main channel at a
rate of 500 μ l/min. The optical setup is shown in a side view in the bottom panel. The
position of the focused infrared beam is controlled by two AODs, thus allowing for the
manipulation and tweezing of the 5CB droplets in water. The green pulsed beam from the
doubled Nd:YAG is used to induce the fluorescence of Nile red molecules, dissolved and
captured inside the 5CB droplet. The imaging spectrometer is used to measure the optical
spectrum emitted by the droplet. The CCD camera is used to take the photomicrographs of
the droplets.

blind leg of the the T-shaped channel, as shown in Fig. 1. In the case of non-radial director configuration in the droplet, the trapping laser rotated the droplet so, that the rotational symmetry
axis was lying in the plane of the microfluidic cell, perpendicular to the direction of the laser
beam. After trapping a droplet, a continuous flow of pure water was fed through the channel,
so that the SDS concentration was reduced to zero. The flow flushed most droplets out of the
channel except the trapped one. In pure water the droplet obtained the bipolar configuration.
After purifying the channels with water, the droplet was exposed to increasing concentrations
of SDS, which was fed through the main channel at a rate of 500 μ l/min. The droplet was
than illuminated through the same objective by an actively Q-switched doubled Nd:YAG laser
(532 nm, Alphalas, Pulselas-A-1064-500) with a pulse length of 1 ns and a repetition rate of
200 Hz. The laser light was focused to a waist diameter of ∼ 100 μ m, thus illuminating the
whole droplet uniformly and inducing fluorescence from the dissolved dye molecules. The
emitted fluorescent light is captured inside the microdroplet in a form of WGMs, because the
two refractive indices of a LC (no = 1.54 and ne = 1.71) are always higher than the refractive
index of water (n = 1.33). The spectra of the light, emitted by the droplet, was measured using
an imaging spectrometer with a 0.05 nm resolution (Andor, Shamrock SR-500i) and cooled
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Fig. 2. Fluorescence and lasing spectra of radial and bipolar nematic microdroplets. (a) At
the SDS concentration of 4 mM the 5CB droplet is in the radial configuration with a point
defect in the center. The lines inside the droplet indicate molecular orientation. The fluorescence shows characteristic spectrum of WGMs. (b) In pure water with no SDS added, the
5CB droplet is in the bipolar configuration. No modes are visible in the fluorescence spectra
of the microdroplet. (c) Above the lasing threshold of 0.25 mJ/cm2 , lasing of the WGMs
is clearly observable in the radial droplet configuration. (d) Above the lasing threshold of
0.7 mJ/cm2 several groups of lasing modes are clearly recognizable in the spectrum of 5CB
microdroplet with bipolar director configuration.

EM-CCD camera (Andor, Newton DU970N). The spectra were collected every 2 s from the
whole volume of the droplet.
3.

Lasing characteristics

The spectrum, emitted from a 13.7 μ m 5CB microdroplet in 4 mM SDS solution, when the
droplet is in the radial nematic configuration, is shown in Fig. 2(a) and (c). At low intensity
of the pumping light, sharp resonances of the WGMs in radial nematic droplets are clearly
visible (Fig. 2(a)). By increasing the intensity of the pumping light, the light emission changes
from the fluorescence into lasing (Fig. 2(c)). Here, some of the TM modes in Fig. 2(a) start
lasing, because the light amplification is stronger than the losses of the microcavity. A similar
behavior is observed for the bipolar configuration of the nematic microdroplets, which is shown
in Fig. 2(b) and (d). The difference here is, that below the lasing threshold, no WGM resonances
are observed (Fig. 2(b)), whereas above the lasing threshold, several groups of the WGMs are
clearly observable (Fig. 2(d)). The mode splitting within each group is of the order of 0.5 nm
and the width of the lasing lines is 0.05 nm, limited by the spectrometer resolution.
In spherical WGM microcavities with isotropic and uniform refractive index, the modes with
different azimuthal mode numbers are degenerate. But as soon as the optical path is different in
different planes of light circulation, the mode splitting occurs. The optical path difference can
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Fig. 3. The intensity of the laser line as the pump laser intensity is increased, for (a) radial
5CB nematic microdroplet and, (b) bipolar 5CB nematic microdroplet, both 13.7 μ m in
diameter. The lines are drawn as a guide for the eye. In both cases a clear threshold for
lasing is observed.

either be a consequence of droplet deformation to a non spherical shape, or a consequence of
slightly different refractive indices in different planes of circulation. From the optical micrographs of the droplets, we do not see any deformation, therefore the mode splitting can only
be explained by the refractive index spatial non-uniformity. In bipolar droplets with the two
defects located exactly at the interface, all orbits of light circulation very close to the interface
have the same optical path. However, the difference in the optical paths emerge, as soon as the
point defects (boojums) are located outside the droplet. This is possible, when the interfacial
anchoring of the LC is weak. In this case, the elasticity of the distorted LC in the interior of the
droplet ”pushes” the two boojums out of the droplet. As an approximation to calculate the corresponding mode splitting, we used the equation for mode splitting in isotropic ellipsoids [19].
We find that the mode splitting in bipolar droplets with boojums outside the droplet corresponds
to the optical path difference of 8% between the two perpendicular planes. As a comparison,
the difference between the ordinary and extraordinary refractive index in 5CB is 10%.
The thresholds for lasing in the radial and bipolar configuration of a 13.7 μ m 5CB microdroplet are shown in Fig. 3(a) and (b), respectively. The threshold for the radial configuration
is 0.25 mJ/cm2 and is approximately three times higher then for the bipolar configuration, that
is 0.7 mJ/cm2 . The slope above the lasing threshold compared to the slope below the threshold is much steeper for radial droplets than for bipolar droplets, which agrees with the lower
threshold for the radial configuration. The lasing in bipolar case is also less stable, which can
be seen by scattered points above the threshold. The lasing thresholds in the WGM mode of
operation are somewhat lower compared to the lasing in cholesteric droplets with Bragg-onion
configuration, which is of the order of 1.2 mJ/cm2 , as demonstrated recently in the first 3D
cholesteric liquid-crystal microlaser [20].
4.

Sensing characteristics

We first observed the texture of the LC droplets under an optical microscope, and the SDS concentration was varied in steps of 0.1 mM. The panels in Fig. 4 show the schematic structure of
the droplet (Fig. 4(a)), non-polarized microscopic images (Fig. 4(b)) and microscopic images
between crossed polarizers (Fig. 4(c)) of selected 17 μ m 5CB droplets at various SDS concentrations, ranging from 0 to 2 mM. By increasing the concentration of the surfactant, the surface
anchoring continuously changes form planar to completely homeotropic [9], influencing the
bulk orientation of the LC director in the droplet. At zero SDS concentration, the structure of
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the droplet is bipolar, as shown in the schematic drawing in Fig. 4(a). The observed WGM
splitting suggests that the LC surface anchoring is not completely planar (i.e.with molecules
parallel to the curved droplet interface), but slightly tilted, so that the boojums are not on the
surface, but pushed outside the droplet. The two surface boojums are indeed rarely observed in
the experiment (Fig. 4(b) and (c)). By increasing the SDS concentration to 0.2 mM, the bipolar
configuration transforms into a single defect loop, encircling the microdroplet at the equator
(the second panel in Fig. 4(a)). After increasing the SDS concentration to 0.3 mM, the ring becomes asymmetrically positioned, shrinking first into the radial hedgehog point defect (fourth
panels in Fig. 4(a), (b) and (c)). This point defect, which is located at the surface of the microdroplet then sinks into the center of the microdroplet at 2 mM concentration of SDS. The
director configurations in LC droplets at different SDS concentrations match the configurations
reported in previous studies [11]. The changes induced by different surfactant concentrations
are completely reversible, since the surfactant molecules on the interface are in thermodynamic
equilibrium with the surrounding water solution [21] and can therefore adsorb and desorb from
the surface.
We have measured the concentration dependence of the light emission from 5CB microdroplets in water solution. The corresponding changes in the WGM spectra are quite significant, as shown in Fig. 4(d) and (e). For bipolar and radial droplets we have proven lasing by
measuring the threshold characteristics, but for intermediate droplet configurations, the spectral lines may not always be lasing. For the bipolar droplet configuration and the inner-ring
configuration up to the SDS concentration of 0.2 mM, the spectra show characteristic bandstructure with a group of up to 10 lasing lines, separated by 0.5 nm. At the SDS concentration of
∼ 0.2 mM, the band structure of the spectral lines starts to change. Some of the lines disappear
and above 0.3 mM concentration, the lines previously forming a band, merge into a single line.
The position of these merged lines shift strongly in the range of SDS concentration between
0.3 mM and 0.4 mM, and the spectrum looks quite chaotic. This chaotic spectrum changes when
the droplet obtains the radial director configuration above 0.6 mM SDS concentration, and the
spectra clearly shows stable lasing WGM lines, characteristic for the radial droplet structure.
For the concentration range between 0.3 − 0.4 mM, where the ”chaotic” change in the spectral
features occurs, a more detailed measurement was performed on a 16 μ m droplet by changing the concentration in 0.02 mM steps (Fig. 4(e)). Wide lines are still observed in this range,
however, they change the position and width in a quite unpredictable way, not following monotonically the increasing SDS concentration.
At this stage, it is not clear how to determine the exact concentration of SDS just by
measuring the spectrum in this interval of chaotic spectra. However, the lasing spectrum is
sensitive to a very small variation of SDS concentration, which could potentially lead to high
sensitivity. On the other hand, we can clearly distinguish the situations, where the concentration
of SDS is either bellow 0.2 mM or above 0.6 mM. We expect that this concentration ”window”
could be pushed to significantly lower values for some targeted molecules (of the order of one
millionth), such as the endotoxins. It was recently demonstrated for endotoxins [13], that already very small concentrations can induce the change from bipolar to the radial configuration.
Using our WGM lasing detection technique we could in this case determine the presence of
toxins in the picogram per milliliter concentrations. The LC microdroplet sensors can be also
used in non-lasing regime, that is below the lasing threshold. In this case, at low surfactant
concentrations, no distinct spectral lines are present, but above SDS concentration of 0.5 mM,
characteristic WGM lines appear serving as an indicator for the presence of the surfactant.
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Fig. 4. Changes of the structure of a small droplet of the nematic liquid crystal at increasing
concentrations of SDS. (a) The lines represent the orientation of the long axes of the LC
molecules. The dots are point defects, where the orientation is not defined. In pure water,
the LC molecules align parallel to the water-LC interface and the structure is bipolar. By increasing the SDS concentration, the surface anchoring of LC molecules gradually changes
towards the perpendicular molecular orientation, obtained at 2.0 mM of SDS and beyond.
(b) Non-polarized optical microscope images of ∼ 17 μ m diameter microdroplets of 5CB
in water and SDS. The ”inner” ring is observable at 0.2 mM of SDS. The point defect
evolves at the surface and sinks into the center at 0.8 mM concentration of SDS. Scale bar
10 μ m. (c) The same images as in (b), taken between crossed polarizers. (d) The spectrum
of laser light, emitted from a 13 μ m 5CB droplet in water with various concentrations of
SDS added. (e) Part of the lasing spectrum in the ”chaotic” regime of intermediate SDS
concentrations (0.3 − 0.4 mM) of a 16 μ m droplet.
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5.

Conclusion

Our results demonstrate that lasing from LC microdroplets provides for a versatile and simple method of monitoring the internal orientational structure of LC microdroplets. Because
the orientation of LC inside the droplet critically depends on the anchoring of the LC at the
surface of microdroplets, the lasing spectra provides direct information on the molecular adsorption/desorption processes at the surface of microdroplets. The developed sensing method
could be easily integrated into existing microfluidics chips. Monodispersed LC droplets could
be formed within a microchannel [22] and the excitation and detection of fluorescent light could
be achieved through the integrated optical fibers [23]. Monitoring and automated recognition of
the lasing spectra from LC microdroplets has therefore a clear advantage in comparison to the
conventional observation of individual droplets under an optical microscope and could provide
efficient and automated readout of the presence of targeted molecules in water, surrounding the
LC microdroplet sensor.
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