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There is a growing interest in using the nematic liquid crystals
(NLCs) in biological sensors as the medium that amplifies the
molecular- and submicron-scale reactions such as ligand-receptor
binding to the macro-scale accessible for optical detection [1-7].
Abbott et al. proposed a technique based on anchoring transition at
the nematic surface [1]. The liquid crystal is aligned in the cell
with substrates coated with gold films and surface-bound antigens
(receptors). If there is an antibody in the system that binds to the
receptors, the LC-receptor interface is replaced with the LC-antibody
interface at which the director orientation might be different from the
orientation at the LC-receptor interface. The changes in the director
configuration can be detected by optical means. There are two
limitations. First, the proper alignment of LC at the substrates with
receptors is challenging [5], as the receptors should function simul-
taneously as the antibody-specific sites and as aligning agents for
the LC. Second, the LCs capable of anchoring transitions are usually
of the thermotropic (solvent-free) oil-like type [8], practically immis-
cible with water which is the typical carrier of many biological
species. The thermotropic LCs are often toxic [9]. The alternative
class of LCs, the lyotropic LCs formed by aqueous solutions of amphi-
philic (surfactant) molecules [8] are hard to use, because, first, the
surfactants often alter the integrity of the antigen-presenting mem-
brane surfaces of cells, and second, the surfactant molecules prefer
to align perpendicularly to interfaces making the anchoring transi-
tions difficult to induce.

In this work we describe a physical background of a different sensor
technique, in which the director distortions occur in the bulk of the LC.
The antigen-bearing agents (particles or microbes) and the corre-
sponding antibodies are free to move in the cell filled with the
water-based but non-surfactant and thus non-toxic lyotropic chromo-
nic liquid crystal (LCLC). The LCLC molecules have a plank-like rigid
aromatic core and ionic groups at the periphery. Their face-to-face
stacking in water produces elongated aggregates-rods that form the
nematic phase [10]. Small and isolated particles do not disrupt the uni-
form alignment of LCLC (which is achieved by techniques [11] similar
to the LC display industry standards) but the formation and growth of
immune complexes trigger director distortions detectable by optical
means (Fig. 1).



Lyotropic Chromonic Liquid Crystals 261/[589]

LI i b p——

FIGURE 1 The scheme of the lyotropic chromonic liquid crystal biosensor
for the detection and amplification of immune complexes.



As the physical model, we consider a spherical particle embedded in
the LCLC bulk which sets a tangential orientation of n; this geometry
is studied much less than the case of normal anchoring [12-14]. Tan-
gential orientation of LCLC at most interfaces is caused by the ionic
groups at the lateral surface of the rods. We calculate the distortions
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FIGURE 2 Distortions around a spherical particle with tangential anchoring.

From the condition of minimum of g,k = 0 we obtain the equilib-
rium equation
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If the particle is small or the anchoring is weak, then § < 1 and the
problem can be linearized. The general solution of the linearized Eq. (4)
decaying at infinity is [12]:
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where Pi(cos ¥) are the associated Legendre polynomials. The bound-
ary condition at the particle surface selects the mode k = 2 with all
other coefficients zero, Cy,, = 0:
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where f is the amplitude of the distortions and ¢ = 2(K + Kz4)/W is
the anchoring extrapolation length for a spherical particle. The linear
approximation used in derivation implies that f, < 0.5, i.e.,, R <¢.



However Eg. (6) remains a good approximation even for strong anchor-
ing R > ¢ assuming that f, achieves the saturation value , /4.
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Calculation of light transmittance through the distorted sample placed






The energy of distortions around the particle is minimal if the par-
ticle is in the middle plane of cell [18].
Ifh>R, ©®,=0 and
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where AWy(z) = L7! [5 /1 + 2dZ s the phase retardation between the

waves with respect to the particle’s z coordinate. Expanding |t| with
respect to ¢ = fyR3Lsin2®p 4, one obtains |t| = cv*/ $#31T6.973800LE



variable thickness in the range 8-30 um; the specimens were sealed with
epoxy glue.

All samples were evaluated 30 min after the preparation under the
microscope BX-50 Olympus capable of two methods of observation, a
regular polarized microscopy to evaluate light transmittance I:(R)
and the fluorescence microscopy to identify the labelled beads, Figure
3A, C, E. The polarising microscopy of the same regions, Figure 3B, D,
F clearly demonstrated that the intensity of transmitted light I,
strongly depends on the size of complexes. The individual non-reacted
beads and antibodies and complexes smaller than 2 microns in diam-
eter did not cause any noticeable light transmission through the
crossed polarizers and the LCLC sample, I; =~ 0, Figure 2B. In con-
trast, complexes larger than d.~ 2um produced noticeable light
transmission, Figure 4, caused by director distortions in the surround-
ing LCLC matrix, Figure 2D, F, over the area much larger than the
complexes themselves (compare Fig. 2E and 2F). In control samples,
non-reacted antibodies and antigens did not cause noticeable light
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shape of complexes and the finite cell thickness that results in ®;, # 0
and finite limits of integration in Eq. (11).

The steep dependence Iy(d) allows one to introduce the critical
size d¢, below which Iy can be considered as negligible; d. depends
on material parameters ¢ and L, and on the cell thickness h,
Egs. (6, 10-13). The mechanism above fits the microbial detection
purpose if the immune complexes are larger than d; but the individ-
ual microbe is smaller than d.. In our experiments, d. ~ 2 um; most
likely, it can be tuned (for example, by tuning the anchoring length
¢) in the range of (0.1-10) um, which is the range of interest for
microbiological applications. In such a case, microbes and antibodies,
being individually too small to perturb



formation of immune aggregates as the director distortion at length





