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Liquid-crystal–based biosensors utilize the high sensitivity of liquid-crystal alignment to the presence of
amphiphiles adsorbed to one of the liquid-crystal surfaces from water. They offer inexpensive, easy optical
detection of biologically relevant molecules such as lipids, proteins, and cells. Present techniques use linear
polarizers to analyze the alignment of the liquid crystal. The resulting images contain information not only
about the liquid-crystal tilt with respect to the surface normal, the quantity which is controlled by surface
adsorption, but also on the uncontrolled in-plane liquid-crystal alignment, thus making the detection largely
qualitative. Here we show that detecting the liquid-crystal alignment between circular polarizers, which are
only sensitive to the liquid-crystal tilt with respect to the interface normal, makes possible quantitative
detection by measuring the transmitted light intensity with a spectrophotometer. Following a new
procedure, not only the concentration dependence of the optical path difference but also the film thickness
and the effective birefringence can be determined accurately. We also introduce a new “dynamic” mode
of sensing, where (instead of the conventional “steady” mode, which detects the concentration dependence
of the steady-state texture) we increase the concentration at a constant rate.
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I. INTRODUCTION

Liquid crystals (LCs) combine the long-range orienta-
tional order and fluidity that makes them the first choice in
the multibillion-dollar information display technology [1].
Because of the long-range orientational order [2], LCs can
transmit such order at a surface into the bulk, which results
in a change of the average liquid-crystal molecular ori-
entation (director) with respect to the surface [3] that can be
easily detected optically via the change of effective
birefringence. This property provides a quick and easy
way of detecting extremely small amounts of surface
molecules that affect the liquid-crystal alignment [4–9].
Surfactant-decorated LC surfaces have been developed to
detect competitive binding of cholic acid [10], specific
enzymatic reactions [11–13], bacterial catalase interactions
[14], heavy metals [15,16], DNA hybridization [17], and
DNA interaction with immobilized oligonucleotides [18].
Additionally, 4’-pentyl-4-cyanobiphenyl (5CB) laden with
polyacrylic acid block liquid-crystalline polymers have
been used to detect proteins [19]. Specific binding of
vesicles has been studied at liquid-crystal interfaces laden
with proteins [20]. Specific antibody interaction with
surface antigen immobilized at a LC interface has been
used for detection of hepatitis B immunocomplex [21].
Surfactants usually promote the alignment of the LC

director parallel to the surfactant chains and, thus, on
average, normal to the substrate (homeotropic), whereas

water promotes tangential (planar) alignment. A water-LC
interface is, therefore, very sensitive to the presence of
surfactants, such as the phospholipids that are found in
biological membranes. This sensitivity is the principle of
the LC-based chemical and biological sensing technique
introduced by Abbott and co-workers [8,12,22]. This
technique consists of a nematic liquid-crystal film
suspended in a grid, with one LC interface locked into
homeotropic alignment by a substrate and one interface
exposed to the aqueous solution [Fig. 1(a)]. The change in
the transmission of polarized light through the cell due to
the realignment at the aqueous interface and the subsequent
reconfiguration of the bulk LC provides an easily read
signal. Transmission electron microscope (TEM) grids
made of gold, copper, or nickel with a thickness of about
20 μm and a mesh size of a few hundred micrometers
provide a convenient, readily available support. Typically,
one interface of the grid filled with a nematic liquid crystal
is in contact with a solid substrate that promotes homeo-
tropic alignment, whereas the other interface is in contact
with water, which, in the absence of surfactants, promotes
planar alignment [Fig. 1(a)]. Most of the previous studies
used the well-known liquid crystal 5CB and the homeo-
tropic alignment coating octadecyltrichlorosilane (OTS),
although, recently, a wider range of liquid crystals and
alignment coatings have been tested also [23]. The LC
interface with air also promotes homeotropic anchoring,
and, thus, a sensor with air replacing the solid homeotropic
alignment layer has been tested recently [11]. The advan-
tage of using air as a substrate is that air very consistently
reproduces homeotropic alignment at any level of humidity,
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while the quality of alignment at a solid substrate must be
carefully controlled [11,24]. The textural changes in bulk
LC induced by the interaction of the LC at the aqueous
interface can be easily detected optically using polarizing
optical microscopy (POM). The transmitted light through a
LC slab between crossed linear polarizers is sensitive to
both the LC director tilt with respect to the surface normal
and to the LC in-plane orientation. The transmitted light
intensity is given by the following formula [25]:

IðλÞ ¼ I0 ×
1

2
× sin2ð2φÞ × sin2

�
π

λ
× Δn × d

�
; (1)

where φ is the angle between the local in-plane LC director
orientation and the light polarization direction, d is the
thickness of the LC slab, Δn is the effective birefringence
which is given by the LC director tilt with respect to the
surface normal, λ is the wavelength of the light, and I0 is the
intensity of the incoming unpolarized light.

Water imposes random planar orientation: the two LC
configurations illustrated in Fig. 1(a) yield the same IðλÞ
under crossed linear polarizers, while configurations
rotated by an angle 1°–44° with respect to the plane of
the figure are all equally likely and give different IðλÞ.
Indeed, the tangential component of the director changes
spatially, as can be seen in the typical “brushes” observed in
Fig. 1(b). The darkest regions correspond to sin2ð2φÞ ¼ 0,
while the brightest regions correspond to sin2ð2φÞ ¼ 1.
Usually, one averages IðλÞ over a large number of cells,
assuming completely random planar orientation, but flow
and other unwanted factors impose some partial and
unpredictable orientation. This makes the observations at
best semiquantitative and requires large surface areas.
Typically, only an average intensity IðλÞ is measured
through an average gray level, which restricts the obser-
vations to the range where the effective birefringence is
small so that Δn × d=λ ≪ 1. In sum, the use of linear
polarizers mixes information on the relevant LC director tilt
with respect to the surface normal with information on the
irrelevant component along the interface. The irrelevant
information impedes the quantitative analysis of the influ-
ence of the biomolecule of interest.
The substitution of circular polarizers for linear ones

selects the information of interest for diagnosing the
presence and conformation of molecules at the LC surface
[Fig. 1(c)]. Like linear polarizers, circular polarizers have
also been widely used in optical applications, such as in
photography to eliminate unwanted glare [26] and in 3D
glasses to produce stereoscopic effects in movies that
support the 3D technology [27]. In combination with linear
polarizers, they also have been used in photoelasticity
measurements of transparent solid materials [28,29]. They
also have been utilized in LC-based microsensors to detect
localized changes in the spatial distribution of pointlike
tracers [30], although, to the best of our knowledge, so far
they have not been used to determine the global orientation
in LC-based sensors.
The transmitted intensity IðλÞ between the left and right

circular polarizers is

IðλÞ ¼ I0 × sin2
�
π

λ
× Δn × d

�
; (2)

which does not depend on φ, so it does not contain
information about the uncontrolled azimuthal orientation
of the LC director, as can be seen in Fig. 1(c).
This paper studies the liquid-crystal orientation in

response to surfactants with a pair of left and right circular
polarizers. We show that the use of circular polarizers
eliminates the need of averaging over large areas and
separate detection in each cell in the grid becomes possible.
In addition to this simple but important change, we also
demonstrate that measuring the spectral distribution IðλÞ
with a spectrophotometer allows quantitative and accurate

FIG. 1. Illustration of the principle of liquid-crystal-based
biosensors. (a) Cross section of two possible evolutions of the
liquid-crystal director (arrows) consistent with the boundary
conditions imposed by air above and the aqueous solution below.
Any configuration with this same structure at an arbitrary angle
with respect to the plane of the figure is also consistent with the
boundary conditions. (b) Typical texture of the liquid crystal in a
TEM grid seen between crossed linear polarizers (polarization
directions illustrated by white arrows). (c) Texture of the liquid
crystal in the TEM grid seen between the left and right circular
polarizers (indicated by white circle). The diameter of the
hexagonal cells is 0.5 mm.
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determination of the retardation of the LC sensor. Finally,
by combining measurements for three different interfacial
conditions, the film thickness and the effective birefrin-
gence can be determined separately. We test this sensor
against three representative types of molecules: an anionic
surfactant, a nonionic surfactant, and a phospholipid. This
approach and methodology offers a wide range of appli-
cations in chemical and biological sensors.

II. MATERIALS AND METHODS

The chemical structures of the materials and the picture
of the TEM grid held by tweezers used in this study are
shown in Figs. 2(a) and 2(b). The room temperature
nematic liquid crystal is 5CB. For surfactants, nonionic
tetra(ethylene glycol)monooctyl ether (C8E4) and ionic
sodium dodecyl sulfate (SDS) are used and obtained
from Sigma Aldrich (St. Louis, MO). We also study a
biologically more relevant phospholipid, 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC) from Avanti Polar
Lipids, Inc. All chemicals are used without further
purification.
The water we use in all experiments is purified using a

PureLab Plus system (18.2 MΩ cm). We purchase copper
square 75 mesh and nickel hexagonal 50=100 mesh Veco

folding TEM grids from Ted Pella, Inc. Both types of grids
are 20 μm thick and have a diameter of 3.05 mm.
A 35-mm glass-bottom microscope dish from Azzota

holds the solution. Before each experiment, the TEM grid
and microscope dish are cleaned in hexane and then in
methanol with an ultrasonic cleaner (Branson B200). In all
measurements, the TEM folding grid contains two twin
halves as shown in Fig. 2(b). One of the halves (“sensing
part”) is required for hosting the sensing LC, while the
other one (“holding part”) is simply used for holding by
tweezers. The sensing part is adjusted to be parallel to the
solution surface by rotating the holding part until the
sensing area can be focused uniformly. The LC suspended
in the grid is found to be stable for weeks either in water or
in air. The water always stays in contact with the LC
because it is pinned on the rim of the metallic grid, as
illustrated in Fig. 2(c). Because of this pinning, the level of
the water may vary up to 5 mm without losing contact with
the LC. The rate of increase of the surfactant concentration
due to the water evaporation is found to be negligible
during the sensing measurements.
To measure the birefringence, the liquid-crystal film

suspended in the TEM grids is illuminated with a colli-
mated white light, and the wavelength dependence of the
transmitted light intensity is measured with an Ocean

FIG. 2. Chemical structures of the materials and sketches of the experimental setup. (a) Molecular structures of the sensing liquid
crystal 5CB, a nonionic detergent C8E4, an ionic detergent SDS, and a phospholipid DLPC. (b) Image of the folding grids held by
tweezers. (c) Sketch of the experimental setup including the light beam, circular polarizers, water with surfactant in contact with the
TEM grid supporting the sensing LC, and the detections using a CCD camera and an OceanOptics spectrophotometer.
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Optics HR2000þ spectrophotometer. The transmittance
sin2ðπ × Δn × d=λÞ shows maxima and minima when
Δn × d=λ ¼ 1=2þm and Δn × d=λ ¼ m (where m is a
positive integer), respectively. Provided we know the film
thickness, we obtain Δn by measuring the wavelengths of
the maxima and minima. The larger the number of maxima
and minima, the larger the birefringence; we can determine
Δn at all maxima and minima, which gives information
about the wavelength dependence of the birefringence
(dispersion) ΔnðλÞ of the material.
As thebirefringencedecreases, thenumberofmaximaand

minima decreases, too, but we can still get Δn at smaller
wavelengths from the position of amaximumorminimumas
long as there is at least one. For the d ¼ 20 μm film, the
lowest value of the birefringence that we can get from the
position of the last maximum is Δnm ¼ 0.4=ð2 × 20Þ ¼
0.01.WhenΔn < Δnm, one should compare the transmitted
light intensity to that at maxima using Eq. (2).
For such low birefringence values, it is particularly

critical to know the parasitic light intensity (light leakage),
which may arise from slight deviations from normal
incidence, from alignment defects at the boundary of
the grid and from nonperfect polarizers. The effect of
parasitic light is minimized by the following procedure:
First, light is collected from the center of a single grid
cell, as shown in Figs. 3 and 4. The transmitted light
intensity is measured in the presence of the LC cell in
contact with air at both interfaces, providing homeotropic
alignment which is dark either between the left and right
circular polarizers or between the crossed linear polar-
izers. This signal is saved as the dark state signal Dλ.
Then the top polarizer is removed so that all of the light
goes through the homeotropically aligned 5CB. This
signal is saved as a bright reference state Rλ. The resulting
signal Sλ is then transformed to the percent transmission
Tλ by the formula

Tλ ¼
Sλ −Dλ

Rλ −Dλ
× 100%. (3)

This transmission is then used to determine the birefrin-
gence and its dispersion relation.
Based on these considerations, all measured Tλ spectra

are fitted by the formula

IðλÞ ¼ I0 × sin2
�
π

λ
×
ΔnðλÞ × d

S

�
þ Ip; (4)

in which I0 is the incoming light intensity, α, β, γ are the
Cauchy coefficients for dispersion of the nematic LCs,

ΔnðλÞ ¼ αþ β

λ2
þ γ

λ4
; (5)

Ip is the additional parasitic light intensity, and S is a
scaling parameter. For 5CB, α ¼ 0.1569, β ¼ 0.0029 μm2,
and γ ¼ 0.0016 μm4 according to Li et al. [31]. The
parameter S scales the 5CB birefringence depending on
the angle between the LC director and the LC-water
interface plane:

ΔneffðλÞ ¼
ΔnðλÞ
S

: (6)

In Eq. (4), the variable is the wavelength λ, the fitting
parameters are I0, Ip, S, and α, β, γ, d are held fixed. The
scaling parameter is introduced to reduce the number of
fitting parameters and improve the stability of this non-
linear fit. It assumes that the dispersion does not change
with variations in molecular tilt through the cell.
The measured IðλÞ gives the birefringence only if we

know the film thickness; it is crucial to determine the film
thickness precisely. This is difficult, because the thickness

FIG. 3. Comparison of transmission signals obtained when using linear crossed polarizers (green dashed curve and right cell both
marked with LP) and circular polarizers (red solid curve and left cell both marked with CP) with water and air interfaces. (a) An evenly
filled cell. (b) An underfilled cell exhibiting interference rings due to a meniscus. (c) Texture of a cell array between circular polarizers.
(d) Texture of a cell array between crossed linear polarizers. The diameter of the hexagonal cells is 0.5 mm. Spectrophotometer
measurement is collected only from within the dashed blue circles and not from entire cells.
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of the grid can vary and because the grids can be
underfilled or overfilled. The first case usually leads to
a variation of the film thickness; the liquid crystal wets the
grid causing a meniscus. As we will discuss, this can
easily be identified by the spatial variation of the bire-
fringent color. However, it is also possible that the liquid
crystal can have an extra layer that spans the entire film
including the grid area. This results in uniform birefrin-
gence, which cannot be identified by the varying bire-
fringence color and leads to an overestimate of the
birefringence. To exclude this error, we also measure
IðλÞ when the cell is completely immersed underwater,
which orients 5CB molecules parallel to the interface, so
Δneff ¼ Δn, i.e., S ¼ 1. Therefore, the fit to Eq. (4) with
S ¼ 1 is used to accurately determine the film thickness d,
which was observed not to change when the upper layer of
water evaporates and the surfactant is added to the lower
layer of water. By this procedure, therefore, we are able to
measure Δneff accurately.

III. EXPERIMENTAL RESULTS

Figure 3 shows the textures and the corresponding
wavelength dependence of the transmitted light intensities
seen in between the linear and circular polarizers.
Figure 3(a) compares the textures and the wavelength
dependence of the transmitted light intensity for a well-
filled individual cell. The texture seen between the
circular polarizers is fairly uniform with a green bire-
fringence color, whereas the same area looks inhomo-
geneous with dark brushes when viewed between the
crossed linear polarizers. The corresponding spectra show
the maxima and minima at the same wavelengths (indi-
cating nearly the same birefringence), but the intensity is
much larger between the circular polarizers. Figure 3(b)
shows the textures and the corresponding transmission
spectra for one example of an underfilled grid. In this
case, a centered defect line with strength þ1 with four
brushes is seen between the linear polarizers, but it
appears only as a small dark dot between the circular

FIG. 4. Illustration of optical textures, the wavelength dependence of transmitted intensities between circular polarizers in different
LC-water-air-surfactant combinations. The size of the square cell is 250 μm. Top row: Textures between crossed linear polarizers.
Second row: Textures between circular polarizers. Spectrophotometer measurement is collected only from within the dashed blue circles
and not from the entire cell. Third row: Wavelength dependences of the transmitted intensities measured on single cells between circular
polarizers together with the nonlinear fit using Eq. (4). Bottom row: Illustration of the substrateless configurations. (a) Water-water
interfaces using S ¼ 1 and finding d ¼ 23.53� 0.02 μm. (b) Water and air interfaces S ¼ 2.355� 0.001. (c) Solution (C ¼ 2.5 mM
C8E4) and air interfaces S ¼ 4.298� 0.008. (d) Solution (C ¼ 4.5 mM C8E4) and air interfaces S ¼ 12.58� 0.04.
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polarizers. In addition, the images with the circular
polarizers show circular rings with decreasing birefrin-
gence colors, revealing that the thickness of the liquid
crystal decreases toward the center of the grid. The
appearance of defects is uncontrolled, and they do not
always appear when the circular meniscus rings are
present, as evidenced by the top-right images of
Figs. 3(c) and 3(d). Films without a meniscus provide
a determination of the cell thickness in the water-water
case, following the procedure above. A correct value of
the effective birefringence can be readily determined from
the data in Fig. 3(a), while the data from Fig. 3(b) first
require that we determine the thickness distribution. It is
much less time consuming to simply choose cells without
a meniscus.
In the air-air mode, when 5CB molecules are arranged

perpendicular (homeotropic) with respect to the grid plane,
the texture appears homogenously black across the entire
cell, except at the boundaries of the grid; the LC
molecules within several microns of the boundary are
mostly aligned parallel to the grid plane. Gold, nickel, and
copper grids are all found to produce this short-range
homeotropic anchoring. It is important to emphasize that
the measured spectra are not collected from the entire cell
area. The inner diameter of the hexagonal cell is 0.43 mm,
while only the area of a circle with diameter of approx-
imately 0.4 mm is used to collect the spectra, as shown in
Figs. 3 and 4 by the dashed blue circles. In this way, it is
possible to avoid the light leakage that comes from the
anchoring of LC to the metal grid.
Figures 3(c) and 3(d) show a number of cells between the

circular and linear polarizers, respectively. The images with
circular polarizers in Fig. 3(c) show some cells (in the
bottom-left of the image, about 1=3 of the whole area) that
exhibit circular ring patterns indicating they are underfilled.
We observe that this large percentage of underfilled cells is
quite typical even when one side of the film is in contact
with air, and it becomes even worse in the traditional
homeotropic substrate and water configuration because
during immersion underwater, some of the LC tends to
wash away. This illustrates the importance of identifying
and excluding underfilled cells from the birefringence
measurements to achieve precise sensing.
In Fig. 4, we compare the textures between the crossed

linear polarizers (top row) and between the circular polar-
izers (second row) and show the wavelength dependences
of the transmitted intensities measured between the circular
polarizers by using Eq. (3) together with the nonlinear fit
using Eq. (4) (third row) in four different configurations
illustrated in the bottom row. Figure 4(a) represents a cell
that is completely immersed underwater. As explained
above, here we set S ¼ 1 in Eq. (6) to obtain an accurate
value of the film thickness, which presumably will not
change upon the evaporation of the top water layer.
Although it is rare, due to the hydrophobic nature of the

thermotropic LC, underfilled cells with ring pattern may
appear, as seen in Fig. 3(b) and in the top corner of
Figs. 3(c) and 3(d). Ring patterns never develop during the
experiment but only at the moment when the LC is filled
into the grid or at the moment of complete immersion into
water, suggesting that once formed, the film thickness
remains constant in time.
In Fig. 4(b), the cell is in contact with water at the bottom

(planar alignment) and with air on top (homeotropic
alignment). This results in a hybrid alignment exhibiting
a smaller effective birefringence, which is evidenced by the
reduced number of maxima (3) and minima (2). The scaling
parameter for Cauchy coefficients is S ¼ 2.355� 0.001.
The situations when 2.5 and 4.5-mM surfactant C8E4 are
added to the water are shown in Figs. 4(c) and 4(d),
respectively. As evidenced by the decreased number of
maxima [two for Fig. 4(c) and one for Fig. 4(d)] and
minima [one for Fig. 4(c) and zero for Fig. 4(d)], the
birefringence further decreases upon addition of surface-
active molecules to the water. In spite of the small number
of extrema, the scaling parameters can be still determined
from the fitting Eq. (4). The scaling parameter in Fig. 4(c) is
S ¼ 4.298� 0.008, and it is further increased in Fig. 4(d)
to S ¼ 12.58� 0.04 due to the C8E4 increased con-
centration.
The dark brushes that appear even at zero surfactant

concentrations in between the crossed linear polarizers are
due to the azimuthal orientation of the director either
parallel or perpendicular to the linear polarizers, as evi-
denced by the uniform birefringence color seen between the
circular polarizers. This demonstrates the advantage of the
circular polarizers. Additionally, they are easier to use,
since they do not need to be precisely oriented with respect
to each other, in contrast to linear polarizers that need to be
set perpendicular to each other. The inhomogeneous areas
seen in between the circular polarizers in the second row of
Fig. 4 are steady at a given concentration, thus, indicating
inhomogeneous surfactant distribution. The reasons for this
inhomogeneous distribution are unclear, but their nature
depends strongly on the surfactant, its concentration, and
addition history; these would be interesting to study further.
Figure 5 qualitatively compares the effect of C8E4 [the

critical micelle concentration ðCMCÞ ¼ 8.5 mM] nonionic
surfactant with the ionic SDS (CMC ¼ 8.2 mM). Although
the induced textures seen by POM are very similar, the
concentration ranges are very different; about 6 times more
C8E4 is needed to drive the hybrid geometry completely
into a homeotropic state. Since the CMC values for both
surfactants are almost the same, we attribute this difference
to a better affinity to 5CB of SDS compared to C8E4.
In Fig. 6, we show the results of quantitative birefrin-

gence measurements using the circular polarizers of the
water-air system for the surfactant SDS added to the water.
In Fig. 6(a), the wavelength-dependent effective birefrin-
gences are plotted with standard deviation bands. Similar to
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the observation shown in Fig. 4, we find that the dispersion
decreases with increasing concentration. We also see that
the standard deviation increases toward higher concentra-
tions, because the number of peaks decreases and the fit
becomes less sensitive. Figure 6(b) shows the dependence
of the SDS concentration on the effective birefringences at
three wavelengths. As the concentration increases, the
effective birefringence decreases, and the dispersion van-
ishes. The typical textures seen between the circular
polarizers are also shown in Fig. 6(b). The results are
consistent with the work reported by Iglesias et al. [23] in
the sense that the SDS concentration needed to switch to
homeotropic state is the same, but the birefringence values
are slightly higher here. This is partially due to the lower
homeotropic anchoring energy at the LC-air interface than
at the LC-polymer interface used in an earlier study and

partially because here we have averaged the effective
birefringence only over carefully selected cells and not
the entire grid.
The dynamics of the sensor and, in particular, the time to

reach equilibrium of surface-active molecules with the LC-
solution interface, depends on the concentration of the
surfactant: the lower the concentration, the more time is
needed. For this reason, although typically a 30-min
waiting time is sufficient, the data points of Fig. 6(b) are
obtained after a 60-min waiting time. With insufficient
waiting time, the graph in Fig. 6(b) will exhibit a plateau for
low surfactant concentration and the biosensor will be
regarded as insensitive in that range.
Although the response time of a LC-based biosensor can

be shortened by either decreasing the thickness of the LC
films or by increasing the temperature, in some cases, it still

FIG. 6. (a) Solid curves: Effective birefringence dispersion of 5CB bounded by air and solution at different SDS concentrations. The
curves are plotted with dashed uncertainty bands. (b) Effective birefringence vs SDS concentration for different wavelengths with
textures obtained using circular polarizers. Red curve with squares 650 nm, green curve with circles 510 nm, purple with triangles
400 nm. These measurements are obtained in an experiment using six individual cells.

FIG. 5. Comparison of the effect of SDS and C8E4 on the alignment of the liquid crystal 5CB. Top row: Ionic surfactant, SDS. Bottom
row: Nonionic surfactant, C8E4. Textures are obtained using linear crossed polarizers.
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can be too slow. For example, in case of the phospholipid
DLPC (CMC ¼ 90 nM), even the lowest 0.02-mM con-
centration we use is about 200 times higher than the critical
micelle concentration of the DLPC. The director orienta-
tion transitions completely to the homeotropic state given
enough time, but this transition takes about one day. For
this reason, instead of studying the concentration depend-
ence after very long waiting times, we study the concen-
tration dependence of the texture (and birefringence) after
constant (30 min) increments of waiting times. The
qualitative POM results are shown in the top row of
Fig. 7. The texture changes by the nucleation and growth
of domains when the lipid concentration is increased slowly
and reaches the dark state only at a 0.24-mM concentration.
When we add DLPC at a 0.24-mM concentration initially,
no nucleating domains appear and the texture becomes
uniformly darker with time, reaching a nearly homeotropic
state in about 50 min (see Fig. 7 bottom row). These clear
differences between the different concentrations indicate
that, depending on the dynamics and concentration range of
the surfactant, one may use the LC-based biosensor in a
“steady” mode, which was studied by Kinsinger et al. by
depositing the lipid Langmuir monolayers at a fixed density
[32], or switch to a “dynamic” mode, where the sensing
range depends on the rate of the concentration change. A
fast rate can distinguish between large concentrations with
low concentrations hardly registering, while a slow rate can
distinguish between low concentrations with higher ones
saturating the signal. For very small amphiphile concen-
trations, one should change the concentration at a low rate,
while for larger concentrations, a higher rate can be used.
The introduction of this new dynamic mode, therefore,
allows setting the range of the sensitivity, although further
studies are needed to fully utilize the capabilities of
this mode.
In summary, we demonstrate two features of LC-based

sensors: (i) More precise measurements can be done even
on single grid cells if we use left and right circular
polarizers instead of the traditional crossed linear

polarizers; this opens up the possibility of multiplexing
by varying the LC or surface composition from cell to cell.
(ii) Using circular polarizers makes possible, if desired, a
new measurement procedure which gives not only the
optical path difference Δneffd but separately both Δneff and
d, thus, allowing more surfactants to be distinguished. Note
that in some cases, linear polarizers can give interesting
additional information, for example, when one is interested
in defect structure and dynamics.
In addition to the conventional static mode in which the

steady-state birefringence is monitored as a function of the
surfactant concentration, one may use a dynamic mode in
which the concentration is changed at a constant rate, and
the time dependence of the birefringence is used to measure
the concentration of the surfactant. This way, not only the
concentration-dependent birefringence but also the time
dependence of the birefringence can be used to specify the
type of the surfactant we want to sense.
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