RAPID COMMUNICATIONS

Real-time microbe detection based on director distortions around growing immune complexes
in lyotropic chromonic liquid crystals

PHYSICAL REVIEW E 71, 020702ZR) (2005

S. V. Shiyanovskiil,’2 T. Schneidef, . I. Smalyukh} T. Ishikawa! G. D. Niehau$ K. J. Doan€’
C. J. Woolvertor? and O. D. Lavrentovich®*
lLiquid Crystal Institute, Kent State University, Kent, Ohio, 44242, USA
Chemical Physics Interdisciplinary Program, Kent State University, Kent, Ohio, 44242, USA
3Department of Biological Sciences, Kent State University, Kent, Ohio, 44242, USA
4Department of Physiology, College of Medicine, Northeastern Ohio Universities, Rootstown, Ohio 44272, USA
5Department of Anatomy, College of Medicine, Northeastern Ohio Universities, Rootstown, Ohio 44272, USA
(Received 26 May 2004; published 18 February 2005

We describe director distortions in the nematic liquid crystal) 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
nontoxic lyotropic chromonic LGLCLC) that detects and amplifies the presence of immune complexes. A
cassette is filled with LCLC, antibody, and antigen-bearing particles. Small and isolated particles cause no
macroscopic distortions of the LCLC. Upon antibody-antigen binding, the growing immune complexes distort
the director and cause detectable optical transmittance between crossed polarizers.
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There is a growing interest in using liquid crystfl<Cs)  lecular stack in which the molecules are arranged face-to-
in biological sensor$1-5|. Abbott et al. proposed a tech- face with ionic groups at the water-aggregate interféde
nique based on the anchoring the transition at the nematic Each microbe has characteristic molecular groups-
surface[1]. The LC is aligned in the cell with substrates antigens at the surface, to which the corresponding antibody
coated with gold films and surface-bound antigdigands. can bind, thus “recognizing” and “detecting” [iL1]. The
If there is an antibody in the system that binds to the ligandgroblem is to amplify this highly selective binding. We pro-
at the surface, the LC direct@rmight change its orientation pose to use the LCLC medium with the dissolved antibody
at the surface and thus in the bulk. Director changes thuthat targets the microbe of interest, say, anthrax. When the
detect the antibody-antigen binding. There are three areas fonicrobes are present, the antigen-antibody binding causes
improvement.(1) Alignment of LC at the substrates with their aggregation into the immune complexeach antibody
receptors is challenginigt], as the receptors should function molecule has two binding sitefl1] that grow in the LCLC
simultaneously as the antibody-specific sites and as aligningulk. Physically, an increase in the sizeof the foreign
agents for the LC(2) The LCs capable of anchoring transi- inclusion should trigger director distortions ondeexceeds
tions are thermotropi¢solvent-fre¢ and oil-like [6], practi- some critical sized.~K/W because the elastic energy
cally immiscible with water, which is the typical carrier of around the inclusion scales Ksl and the surface anchoring
biological species(3) The thermotropic LCs are often toxic energy scales a&/c? [6]. HereK is the Frank elastic constant
[7,8]. The standard lyotropic LCs formed by amphiphilic in @ one-constant approximation, awdis the polar anchor-
(surfactank molecules[6] are hard to use, because the sur-ing coefficient at the LC particle interface. The casesd,
factants(a) alter the integrity of the antigen-presenting cel- (1=cons} andd>d. [("=0(r)] can be made optically dis-
lular membranes, antb) prefer to align perpendicularly to tinct by placing the sample between two crossed polarizers.
interfaces making the anchoring transitions difficult to in- The intensity of light transmitted through the distorted region
duce. around a complex of sizé>d, depends on the details of the

We describe a physical background of a different sensowlirector patterm(r). So far,n(r) has been calculated only
Fig. 1, suitable for real-time detection of microbes in whichfor the case wheti is perpendicular to the particle surface
(1) the director distortions occur in the Liaulk triggered by  [12-14. Our case is different as LCLCs prefer tangential
antibody-antigen binding and formation of an immune com-orientation at most surfaces. The associated optical effects
plex; (2) we use lyotropic chromonic LC4.CLCs) that are  have never been calculated before; the problem is challeng-
water-based but nonsurfactd® and nontoxid8]; (3) sur- ing as the geometry might imply twist deformations and
face alignment of LCLC is achieved in a standard fashionwaveguiding regimes. We find the solutions below and dem-
say, by rubbed polyimide filmg10]. The LCLCs are com- onstrate that the increasedrdoes indeed cause a substantial
posed of planklike molecules with a polyaromatic centrallight transmittance around a sufficiently large inclusions.
core and hydrophilic ioni¢or hydrogen-bondinggroups at

the periphery. The basic building block of LCLCs is a mo- THEORY
Structure
Consider a sphere of radi&sin the nematic slab of thick-
*Electronic address: odl@lIci.kent.edu nessh>R. The cell plates set a unidirectional planar align-
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g(r)sin 26

= tan————,
A arca1+g(r)c03219

(4)

which satisfies boundary conditions for both wegiR)
=Bp<1 and strongg(R)=1 anchoring. Equatior{3) is a

f good approximation even f&> &, with 8, being a constant.
%
Alignment Optics

<4— Analyzer—p [ layers . . . ..

= We use the Cartesian coordinafgsy, z} with the origin

at the particle center; the axis is normal to the substrates,
d>d .. ~
e . and thex axis is alonga, so that
d<d, " A -y _
N=19CoSB,=—— sinﬁ,ﬁ sinBr.
Vy2 + 22 VY2 + 7
n / @ The polar distortions'n, do not rotate the polarization and
‘ 3 cause only a negligible change of the effective extraordinary
o & index; thus we assume thatis confined to theOxy plane:
Virus or n={cos®,sin®,0}, where the rotation angl® is derived
Bacteria from Eq.(3)
- — B 2R3 si
Glass 0= Y B= B02R35I5r)22¢' (5)
VY2 + 22 (p*+2)
_ p=\x2+y?, and®=tar }(y/x).
:?u':t:e When rotation offi around thez axis is slow, one can
describe the light propagation with ordinary and extraordi-

nary waves in a rotating fram@é7z (e, L i) and consider
FIG. 1. (Color onling The scheme of the LCLC biosensor for the wave transformation as a perturbation caused by the

the detection of immune complexes. frame rotation with a perturbative parameterL®’, where

L=N(27An) is the retardation lengtly\n=n,—n, is birefrin-
ment. In the axial symmetry approximation, director aroundgence\ is the wavelength in vacuum, and prime means the
the particle depends only on the angle, 6) betweemi and  z derivative[15,16. We use a more advanced approach, tak-
the alignment directiord at the bounding plates, and writes ing the exact solutions of the wave equation for a helical
in the spherical coordinate$r,6,¢} as A={cogB+6),  Structure with a homogeneous rotati®r=const as the non-
—sin(B+ 6),0}. The equilibriumA is found by minimizing the ~ perturbed solutions. In the rotating frar@&#z such a solu-
sum of the elastic energy and the Rapini-Papoular anchoringon for the forward waves reads

term[6] ~ A .
E =Aj(cosa;&; +isina;e,)expfiv,}
K aB\%2 (1B\?> [ sinp\? L. . .
Fiot= 5 o + Py + Tsing dv + Ay(i sinay; + cosaye, ) expfiv,}, (6)
1 K — 9K where\lfj(z):fioqjd"z is the phase of th¢th wave with the
+ = j [Wcosz (B+0)+ B wave vectorg; and the ellipticitya; that depends of’, and
2 Z, is the coordinate of the input boundary of the LC layer.

Si
X (ﬁcoiﬂ’f 0) + Py (1) the amplitudes\;. Assuming that the rotation inhomogeneity
is smooth,|®’|]\ <1, one can neglect the coupling between
whereK,, is the saddle-splay constant, from the equation forward and backward waves. By substituting E@) in
. Maxwell equations we derive the following equations using
Vg - sin2p _ _ (2)  MATHEMATICA 5.0:
2r2sin 6

ing aﬁﬂ The inhomogeneity of rotation is a perturbation that affects
= ||ds,

coqa; — a)A; = sin(ay — an)a A — i exp{—iIAT(2)}asA
For weak anchoringR< &, whereé=2(K+K,,) /W, one can e o 2

use the linearized solutigi2] Cota; — ap)A = SiN(ap — ay)abh, — | expliAT (2} alA,,
R 3
B%(—) sin 20, 3 @
r where AV (z2)=V¥1(2)-W¥,(2) is the phase retardation be-
where 8,=R/2[ £+ (R/7)]. tween the two waves. The birefringence of LCLCs is small:
For R> ¢, we use the ansatz 6=An/(ng+n,)=-0.006 for the LCLC used in this work
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FIG. 3. Normalized light transmission|y, through a
15-um-thick LCLC sample in the polarized light microscopy mode
vs the average diameter of the immune complexes. Light transmis-
sion was determined in the polarizing microscope mode while the
complex’s size was determined in the fluorescent mode. The inset
shows the signal intensity created biy=4 um complex over a
50X 50 um area of LCLC. The theoretical curves are calculated
according to Eq(11) with |L|=5.65 um: the solid line corresponds
to the strong anchoring3y=const, and the dashed line to the weak
anchoring, in which casgy«d, Eq. (3).

FIG. 2. (Color online Effect of immune complex size on the
director distortions. Two images in each row represent the same

portion of the sample viewed either in fluorescefiiedt) or polar- |t| =| 01— O expgiAv}

izing (right) mode. (a) Individual beads or their small complexes

with d<<2 um causgb) no detectable director distortion&) com- 1 (%*h R

plexes with sized=2 um give rise to(d) minimal distortions;(e) + f tant uvl +u? expliAv(2)}dz|, (9)
large compexesi=5 um, causgf) significant director distortions )

over a scale much larger thah where®,,, is the angle between the perturbednda at the

input (outpud boundary.

[17]. Thus when®’|]x <1, we can use the approximate ex- If h>R, then®,,=0 and

pressionsq; =~ x+ k&\1+u? and ajz%tan‘lﬂ in Eq. (7)

with accuracy better than 1%. Here=mw(n.+ny)/\ and u It =
=0'/(kd) coincides with the definition above. The effect of

deviation of the light propagation direction from the normal whereAW,(z)=L"1f%\1+4%d% Expandingt| with respect to
on integrated transmitted intensity caused by distortions c=pByR5L sin 20/p*, one obtains|t|=(cv*/3)K,(v), where

(10)

2(” — .
Lf tan ! vl + u? sinAWy(2)dz| ,
0

around a particle, is negligibly small. Thus, v=p/L and;(v) is the modified Bessel function of the order
i. Substituting|t| in (8) we obtain the final expression
=1 Kl = K3l = | = K5 =] (- 11
|t:|0f pdpf dd|t|? (8) 70 g6 { ! L 2L (13
R 0

The dependenck(R) is steepi,(R) « R® for weak anchoring
at the particle’s surface ang(R)=R* for strong anchoring

is expressed through the transmittance ~coefficient when j, is constant.

—PAS‘lTSPp, where Pp is the unit vector defining the
orientation of the polarlzefanalyze}, T is the 2X 2 trans-

mission matrix in the LC, so tha(zo+h)=T;A (o), where Solutions of disodium cromoglycattbSCG, Spectrum
Z\i(z):Ai(z)exp[i\Ifi(z)}, ands is the matrix that determines Chemical Manufacturing Corpin deionized water served as

: . the nematic LCLC matrix to study the effects of immune
the transformation between tangential components of th‘éomplex formation. We used fluorescent-labek@agon

electric field andA at the boundaries between LC and sub-Green fluorochrome antigen-coated(streptavidin latex
strates. When the cell is viewed between two crossed polabeads (Bangs Laboratories, Ing. d=0.56um. An anti-
izers, one of which is along, then in the first perturbation streptavidin antibody(1.0 mg/mL; Rockland, Ing. con-
order, tained the a second fluorescent label. The béedscentra-

EXPERIMENT
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tion 16°—10 per mL) and the antibodie®.01-1.0 mg/mh  =1gH? sir? 20, sir’(h/2L) =~ 71 um?. Thusly is normalized
were added to the LCLC so that the final concentration oby the uniform bright field and reflects the relative amplitude
DSCG in water was 13 wt %; it corresponds to the nematidangleg) of director distortions. _
phase of LCLC. The LCLC mixtures with beads only and The experimental and theoreticgEq. (11) with |L|
antibodies only served as control samples. The glass platés.65um] dependenciefy(d) show a similar behavior. The
coated with rubbed polyimide SE-751Nissan Chemical solid line (strong anchoringB,=consl fits the data better
set the planar alignment of LCLE10]. The samples were of than the dashed linpveak anchoring, is determined by
thickness 8—3m and sealed. Eq.(4_)]. The fitting coefficient for sqlld line is appromm_ately
The samples were evaluated 30 min after the preparatiofioUr times larger that the value estimated from Ed,) with
under the microscope BX-50 Olympus, in two complemen o=m/4. The dlscrepanc_y is caused by a nonspherlcal shape
tary modes:(1) fluorescence microscopy to identify the la- Qf_con_qp!exes_and th_e f|r_1|te that results in®, ,+0 and
belled beads and their complexes and to determine the si{g“teh“m'ts of :jntegr%tlon deq("Q). ntrod h
of complexes, Figs.(2), (c), (e); and(2) polarized light mi- T e s_teep epen enm( ) allows one t(_) introduce t e
croscopy(of the same area of sample evaluate director cpncal sized;, below whichly can be considered as negli-
distortions and corresponding light transmittance, Figis),2 9ible; dc depends ort, L, andh, Egs.(3) and (8)(11). In
2(d), and Zf). The individual beads and antibodies in control Principle, d. can be tunedfor example, by tuning the an-
samples and complexes with< 2 xm did not cause notice- C€horing lengthé) in the range of 0.1—1@m, which is the
able light transmission, Fig.(B). In contrast, complexes @N9e of interest for microbiological applications. In such a
larger thand,~2 um produced noticeable light transmis- €2S€ microbes and antibodies, being individually too small
sion, Fig. 3, caused by director distortions over the ared® Perturbn, will remain invisible,” while immune com-
much larger than the complexes themself@smpare Figs. plexes will be amplified by distortions and brought into evi-
2(e) and 2f)]. In Fig. 3, the polarized microscopy mode was dence by optical transmission. The biological selectivity of
used to measure the transmittance of lightr laser A detection is guaranteed by the selectivity of antibody-antigen
=0.568.m) passing through Bl X H=50x 50 xm area nor- binding. The biosensor would function in real time as deter-
malized asl N=(It—lb)/(l_b—lb). Herel, is the light intensity mined by formation of immune aggregates.
transmitted through the area with the compligxs the light ACKNOWLEDGMENTS
intensity transmitted through the uniform part of the same The work was supported by NSF/ITIC Grant No. DMR-

sample, and is the transmittance through the same uniformp346348, by MicroDiagnosis, Inc., and by the donation from
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