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We describe director distortions in the nematic liquid crystal (LC) caused by a
spherical particle with tangential surface orientation of the director and show that
light transmittance through the distorted region is a steep function of the particle’s
size. The effect allows us to propose a real-time microbial sensor based on a lyotro-
pic chromonic LC (LCLC) that detects and amplifies the presence of immune com-
plexes. A cassette is filled with LCLC, antibody, and antigen-bearing particles.
Small and isolated particles cause no macroscopic distortions of the uniformly
aligned LCLC. Upon antibody-antigen binding, the growing immune complexes
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INTRODUCTION

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 L.C.
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).
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FIGURE 1 The scheme of the lyotropic chromonic liquid crystal biosensor
for the detection and amplification of immune complexes.
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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
as the function of the particle’s size and the anchoring strength and
demonstrate that the transmission of polarized light through the sys-
tem increases dramatically with the particle size. This model describes
well the experimental data obtained with spherical antigen-coated
(streptavidin) latex beads that are aggregated into complexes by anti-
streptavidin antibodies.

THEORY
Structure

To find a director field around a spherical particle one should mini-

mize the Frank—Oseen free energy functional and the surface energy.
The Frank—Oseen energy of director distortions reads:

Ku (di 2 | Ky 2 | Ks 2

FFO:/ l 2L (div n)” + %2 (n curl n)” + %2 [n x curl n] av, (1)

—Kasdiv (n div n+ n x curl n)

where K11, Koo, K33, and Ko, are the Frank elastic constants. Note that
the divergence Ky term will give non-zero contribution.

The energy of the tangential anchoring at the particle surface is
calculated in the Rapini—Papoular approximation

F, = % / W(ny)ds, (2)

with y being the unit vector normal to the particle surface. An axial
symmetry allows us to describe the director field in the spherical coor-
dinate system {r,0, ¢} by the single distortion angle f(r,0) between
the director and undistorted direction, Figure 2. Note that in the
spherical coordinate system n = {cos(f + 0), —sin(f + 0),0}.

We use an approximation (K;; = K33 = K) and the Kgo term does
not contribute.

K Op\Z [10B\? [ sinp)\?
Fi/l(?) *(?%) +(rsin9> ]d"

1 K — 2Ky, [si
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FIGURE 2 Distortions around a spherical particle with tangential anchoring.

From the condition of minimum of 6F},;; = 0 we obtain the equilib-
rium equation

sin2f

2 _—_— =
Voh 2r2 sin 0

(4)

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]:

p= Z%Pﬁ(cos 0), (5)
Kk

where Plli(cos 0) are the associated Legendre polynomials. The bound-
ary condition at the particle surface selects the mode k = 2 with all
other coefficients zero, Cyo = 0:

3
p=(3)sin20 =g ©

c+8)
where f, is the amplitude of the distortions and ¢ = 2(K + Ko4)/W is
the anchoring extrapolation length for a spherical particle. The linear
approximation used in derivation implies that f, < 0.5, i.e., R < ¢.



264/[592] S. V. Shiyanovskii et al.

However Eq. (6) remains a good approximation even for strong anchor-
ing R > ¢ assuming that f;, achieves the saturation value /4.

Optics

Calculation of light transmittance through the distorted sample placed
between two polarizers is challenging as n changes with respect to the
polarization plane. We chose the Cartesian coordinate system {x,y,z}
with the origin at the particle center, z-axis normal to the substrates,
and x-axis along the rubbing direction at the plates, so that
= {cos B, —y/\/y% +22sin B, —z/1/y% + 22 sin B}. Although the ampli-
tudes of polar n, and azimuthal n, distortions are approximately
equal, their influence on the transmitted intensity is different, with
n, being a major factor, whereas n, causing only a slight change of
the effective extraordinary index. Therefore, we neglect the polar dis-
tortions and assume fi = {cos ®, sin ®, 0}, where the rotation angle ®
is derived from Eq. (6):

—Bop?R? sin 20
C 20—52§ (7)
(p2 +22) /

p=+/x2+y2 and ® = tan"!(y/x).

Several approaches have been used to describe light propagation
through inhomogeneous birefringent media. If the azimuthal angle
of the optical axis © is constant, then there is no interaction between
ordinary and extraordinary waves and the transmitted intensity is
determined by the well-known expression for polarized light
microscopy, see, e.g., Ref. [8]. When the director rotation in the xy
plane is slow, one can describe the light propagation with ordinary
and extraordinary waves in a rotating frame O¢nz (€,1n) and consider
the wave transformation as a perturbation caused by the frame
rotation with a perturbative parameter u=L0O’, where
L = J/(2rn|An|) is the retardation length, An = n, — n, is birefringence,
/ is the wavelength in vacuum, and prime means the z derivative
[15,16]. We use an alternative approach, taking the exact solutions
of the wave equation in a cholesteric-like helical structure with a
homogeneous rotation ® = const as the non-perturbed solutions. In
the rotating frame O¢&nz such a solution for the forward waves reads:

E= Aj(cosoe; +isinoe,) exp{i¥i} (8)
+ Ay (isinage; + cos oge,) exp{i¥s}

where W;(z) = [7 q;dZ is the phase of the jth wave with the wave-

vector ¢; and the ellipticity «; that depend on @', and z is the
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coordinate of the input boundary of the LC layer. The inhomogeneity
of rotation is a perturbation that affects the amplitudes A;. Assuming
that the rotation inhomogeneity is smooth, |®'|1 < 1, one can neglect
the coupling between forward and backward waves and derive the
following equations:

cos(ay — o)A} = sin(og — )0} A1 — i exp{—iAV¥(2) }ayAq (9)
cos(og — o)Ay = sin(ag — aq)upAg — i exp{iAW¥(z) o} A1

where A¥(z) = W1(z) — Wa(2) is the phase retardation between the two
waves. The relative Dbirefringence is small, 6= (n,—n,)/
(ne + n,) = —0.006 for a LCLC used in this work [17]. Thus when
|@'|2 <1, we can use the approximate expressions for ¢; ~ rk+«k
O0v/1+p2 and oy~ o = %tan_1 win Eq. (10) with accuracy better than
1%. Here k = n(n, +n,)/A and u = ©'/(k|d|) coincides with the defi-
nition above. The effect of deviation of the light propagation direction
from the normal on integrated transmitted intensity I;, caused by
distortions around a particle, is negligibly small. Thus,

00 2n
I, =1, / pdp | dojt (10)
R 0

is expressed through the transmittance coefficient ¢ = P, - S;1TS1Pp,
where PP(A) is the unit vector defining the orientation of polarizer
(analyzer), T is the 2x2 transmission matrix in the LC, so
that A, (2o + k) = TjjAj(20), where A;(z) = A;(z) exp{i¥;(2)}, and S, =

cos o®) —isin ol
( —isina®  cosa®
ation between tangential components of the electric field, which are

k)
) is the matrix that determines the transform-

parallel and perpendicular to the director, and Aj at the boundaries
between LC and input (k = 1) or output (k = 2) substrates; here o(*
is the ellipticity at the kth boundary.

To increase the signal/background ratio we use the scheme with
crossed polarizers where the polarizer is along easy axis at the sub-
strates. For this scheme || at the first perturbation order reads.

. 1 zo0+h
lt| = |®1 — O exp{iAV} +7 tan~! /1 + p2
20
x exp{iA¥(z)}dz|. (11)
where ©,(y) is the angle between n and the easy axis at the input (out-
put) boundary.
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The energy of distortions around the particle is minimal if the par-
ticle is in the middle plane of cell [18].
Ifh > R, @1,2 =0 and

2 o0
) = 1_;/ tan uy/T 1 12 sin AW, (2)dz, (12)
0

where AWy (z) = L' [; \/1 + u2dZ is the phase retardation between the
waves with respect to the particle’s z coordinate. Expanding |¢| with
respect to ¢ = f,R3L sin 2®/p*, one obtains |¢t| = cv*/3(Ky(v)), where
v = p/L and K,,,(v) is the modified Bessel function of the order m. Sub-
stituting |¢| in (11) we obtain the final expression:

- 2p2 6
P K (0)Ks(a) ~ K@) (13)

where a = R/L. The dependence I;(R) is steep: I;(R) < R® for weak
anchoring at the particle’s surface and I;(R) « R* for strong anchoring
when f, is constant.

I, =1

EXPERIMENT

The nematic LCLC was formed by (12-14.5) wt.% solutions of diso-
dium cromoglycate (DSCG, Spectrum Chemical Mfg Corp) in deio-
nized water. We evaluated the toxicity of LCLC with respect to the
bacterium E. coli. Live bacteria were placed in the LC samples for
15-60 min, then washed, sub-cultured onto nutrient agar, incubated
24-48 hr and then evaluated for growth. The treatment with DSCG
had no effect on viability of the bacteria. In contrast, E. coli ceased
to grow after the similar treatments with surfactant lyotropic LC
formed by the mixture of cetylpiridimium chloride (2.5-12.5wt%),
hexanol (2.5-12.5 wt%) and brine (95-75 wt%).

We used fluorescent-labelled (Dragon Green fluorochrome), antigen-
coated (streptavidin) latex beads (Bangs Laboratories, Inc.) of diameter
d =0.56 ym. An anti-streptavidin antibody (1.0 mg/mL; Rockland, Inc.)
contained the fluorescent label. The beads (concentration 10°~107 per
mL) were added to the LCLC so that the final concentration of DSCG
in water was 13wt%. In a similar way, the antibodies were added
(0.01-1.0 mg/mL) to LCLC. The two mixtures were combined in equal
proportions to create immune complexes in 13 wt% solution of DSCG.
The LCLC mixtures with beads and antibodies only served as control
samples. The glass plates coated with rubbed polyimide SE-7511
(Nissan Chemical, Japan) set a planar alignment of LCLC. The sample
was formed by two such plates separated by Mylar spacers (3M) of
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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
transmittance in polarising-microscope observations.

Figure 3 demonstrates that the intensity of transmitted light
increases with the radius of complexes once the complexes become lar-
ger than R, ~ 1 um. Each data point represents an immune complex
that was first detected and characterised by fluorescence microscopy.
The (average) complex diameter was measured using an eyepiece
micrometer. Then the polarising-microscope mode was used to mea-
sure and normalise the intensity of light of Kr laser / = 0.568 pym pass-
ing through a H x H = 50 pm x 50 um area of LCLC cassette with the
identified complex at the centre of it.

The normalised light intensity was determined by the formula
Iy = (I, - 1)) /(I, — I;), where I, is the light intensity transmitted
through the area with the director distortions caused by the complex,
I, is light intensity transmitted through the same area of an unper-
turbed (uniform) part of the same sample, and I} is the transmittance
through the same uniform area rotated by ®, = 5° with respect to the
polarizer; I, — I, = IoH? sin? 20 sin®(h/2L) ~ 71 pm?. The quantity
Iy is normalised by the uniform bright field and reflects the relative
amplitude (angle f3) of director distortions.

The experimental data for Iy are fitted with two theoretical curves
calculated according to Eq. (13) with L = 5.65 um. The solid line that
corresponds to ‘strong’ anchoring, where 5, = const¢, produces much
better fit than the dashed line calculated for ‘weak’ anchoring, in
which case f, is determined by Eq. (6). The fitting coefficient for solid
line is approximately four times larger that the value estimated from
Eq. (13) with fy = n/4. The discrepancy is caused by non-spherical
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Fluorescence PM

FIGURE 3 The left column shows the fluorescence confocal microscopy tex-
tures and the right column shows the corresponding polarising microscopy tex-
tures of ligand-coated latex beads (0.56 um). Small aggregates (A) with
d < 2pm did not cause detectable director distortions (B), aggregates of size
d ~ 2um (C) gave rise to minimally detectable distortions (D), whereas aggre-
gates exceeding 2 um, (E) caused substantial director distortions readily visua-
lised by polarising microscopy (F).
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FIGURE 4 Normalised light transmission, I, through a 15 pum thick LCLC
sample in the polarising-microscope mode as the function of the average diam-
eter of the immune complex. The inset shows the signal intensity created by
the d ~ 4 um aggregate in a 50 um x 50 um area of LCLC. The signal ampli-
tude is an order of magnitude higher than the background. The theoretical
curves are calculated according to Eq. (13) with L = 5.6 pm: solid line is for
‘strong’ anchoring, f, = const, and the dashed line is for ‘weak’ anchoring, in
which case f, «x d, Eq. (6).

shape of complexes and the finite cell thickness that results in ®; 2 # 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 A,
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 n, will remain invisible, while
immune complexes will be amplified by distortions and brought into
evidence by optical transmission. The biological selectivity of detec-
tion is guaranteed by the selectivity of antibody-antigen binding.
The biosensor would function in real time as determined by
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formation of immune aggregates as the director distortion at length
scales (0.1-10) um, occur faster than 0.1s.
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