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Optical Amplification of Ligand-Receptor surfaces level or mesoscale can be designed structure such of a that surface, the 

Binding Using Liquid Crystals binding of both macromolecules and small 
molecules is amplified and transduced into 

Vinay K. Gupta,* Justin J. Skaife, Timothy B. Dubrovsky,? optical signals. 

Nicholas L. AbbottS We designed surfaces with nanometer- 
scale topographies that could be erased by 
the specific binding of proteins to surface- 

Liquid crystals (LCs) were used to amplify and transduce receptor-mediated binding of immobilized ligands (Fig. lA),  thus lead- 
proteins at surfaces into optical outputs. Spontaneously organized surfaces were de- ing to macroscopic changes in the orien- 
signed so that protein molecules, upon binding to ligands hosted on these surfaces, tations of LCs supported on these surfaces. 
triggered changes in the orientations of 1- to 20-micrometer-thick films of supported First, we prepared thin films of polycrys- 
LCs, thus corresponding to a reorientation of -1 O5 to 1 O6 mesogens per protein. Binding- talline gold (Fig. 1B) with roughnesses 
induced changes in the intensity of light transmitted through the LC were easily seen with characterized by a maximum amplitude of 
the naked eye and could be further amplified by using surfaces designed so that -2 nm and a maximum wavelength of 
protein-ligand recognition causes twisted nematic LCs to untwist. This approach to the -50 nm (Fig. 1C). The deposition of the 
detection of ligand-receptor binding does not require labeling of the analyte, does not gold films was controlled so as to intro- 
require the use of electroanalytical apparatus, provides a spatial resolution of microme- duce an anisotropic roughness within the 
ters, and is sufficiently simple that it may find use in biochemical assays and imaging of films (hereafter called "anisotropic gold 
spatially resolved chemical libraries. films") (7). Although subtle, the aniso- 

tropic roughness was easily detected by 
observing the orientations of supported 
LCs (7). Second, we formed mixed, self- 

Detection of the binding of ligands to re- mesogens permits ligand-mediated bind- assembled monolayers (SAMs) from bio- 
ceptors forms the basis of methods to screen ing of proteins to surfaces to be amplified tin-(CH2)2[(CH2)20]2NHCO(CH2)1 ,SH 
for the presence of narcotics in blood and into changes in the orientations of 1- to (BiSH) (8) and CH,(CH,),SH (C8SH) 
hair (I ), biomarkers in food products (2), 20-pm-thick films of supported LCs. Sec- by immersion of the anisotropic gold films 
and immunological species that indicate ond, because mesogens within LCs have in ethanolic solutions containing 9.6 pM 
disease (3). Current methods used to detect mobilities that are characteristic of liq- of BiSH and 70.4 pM of C8SH for 8 hours 
the binding of biomolecules and ligands uids, information about the binding of (9). The mixed SAMs were estimated to 
(such as antibodies and antigens) generally ligands and receptors at surfaces propa- consist of -27% biotinylated species by 
require laboratory-based analytical appara- gates rapidly from the surface into the bulk linear interpolation of thicknesses (A) of 
tus or procedures in bulk solution that in- of the LC (amplification and transduction single-component SAMs formed from 
volve species labeled with latex beads, en- can occur in a few seconds) (6). Third, BiSH (ABiSH = 3.8 nm) and C8SH (Ac8$H 
zymes, radioactive isotopes, or fluorophores optical anisotropy caused by the preferred = 1 nm) (1 0). Binding of the protein 
(3). Here, we describe the use of thermo- orientations of mesogens within LCs pro- avidin (Av, 4.2 nm by 4.2 nm by 5.6 nm) 
tropic LCs to directly amplify and transduce vides a straightforward way to transduce (I  1 ) to biotin hosted within these SAMs 
the binding of analytes at surfaces into op- changes in the orientations of bulk LCs was achieved by incubating the SAMs for 
tical outputs that can be easily read with into optical signals that are easily read 10 to 15 min in phosphate-buffered saline 
the naked eye (4). Detection of the ligand- using ambient light and the naked eye. (PBS) (pH 7.4, 100 mM NaC1, 0.004 vol- 
receptor interaction can be performed in Fourth, because the orientations assumed ume % Triton X-100) containing 0.5 pM 
ambient lighting without the need for elec- by LCs near surfaces reflect the molecular- Av (1 2). The surfaces were then rinsed in 
trical power, can be localized to specific 
regions of a surface with micrometer reso- 
lution, requires nanogram quantities of ma- Fig. 1. (A) Schematic il- 
terials, and is sufficiently simple that it may lustration of the change 
find use in diagnostic (yes/no) assays per- in surface roughness 
formed in locations remote from central Caused by the binding of 
laboratories, as well as in primary screen- Of Av (left) Or 

ing assays of patterned arrays of chemical ISG ligands 
species. hosted within a SAM of 

molecules supported on 
The principles of our approach are a gold film, The approxi- 

based on four properties of LCs (5 ) .  First, mate roughness of the 
molecules within LCs (mesogens) can surface after binding of 
communicate their orientations to regions Av and IgG is shown by a 
of the fluid that are up to 100 pm away. dashed line. The pres- 
This long-range communication between ence of the SAM on the 

gold renormalizes the 
position of the surface nm 
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deionized water for -30 s and dried with a 
stream of nitrogen for -30 s. LC cells were 
formed by separating two SAMs with a 
spacer of thin plastic film (Mylar or Saran 
Wrap) (Fig. 2). A drop of 4-cyano-4'- 
pentylbiphenyl (5CB) was drawn in its 
isotropic phase (isotropic-nematic transi- 
tion, -34OC) by capillarity into the cavity 
formed by the two surfaces. The LC was 
then cooled toward room temnerature: a 
nematic texture was observed to spread 
across a 1 cm bv 1 cm cell in -5 to 10 s. 
Optical images of the cell were recorded 
on a polarization microscope using trans- 
mission mode. 

When two mixed SAMs supported on 
anisotropic gold films were paired to form a 
LC cell, the polarized-light image of the LC 
cell was uniform and featureless (Fig. 3A). 
Therefore, the LC within the cell was uni- 
formly oriented (Fig. 2A). When a second 
LC cell was prepared using mixed SAMs 
that were pretreated with PBS containing 
Av before filling with LC (A,, = 2.6 nm), 
the polarized light image was highly non- 
uniform and colored (Fig. 3B). The orien- 
tation of the LC showed no memorv of the 
anisotropic roughness of the gold fiim (1 3) 
and resembled optical images of LC sup- 
ported on mixed SAMs formed on gold 
films with no anisotropic roughness (Fig. 
3C). In contrast, the LC remained uniform- 
ly oriented when mixed SAMs were pre- 
treated with PBS containing Av blocked 

- with biotin (100-fold excess) (Ablkd ,, - 
0.9 nm, Fig. 3D) or when SAMs formed 
from C8SH were pretreated in PBS contain- 
ing Av (A,, = 0.4 nm) (1 2). We conclude, 
therefore, that specific binding of Av to 
mixed SAMs erases the effect of the nano- 
meter-scale, anisotropic roughness of the 
gold on the orientation of the bulk LC and 
thus leads to a readily visualized change in 
the optical texture of the LC cell. We esti- 
mate that within a 1-mm2 area of the mixed 

Fig. 2. Schematic illustration of a LC cell assem- 
bled using SAMs formed from ligand-conjugated 
thiols and alkanethiols on semitransparent gold 
films supported on glass substrates. A thin layer of 
titanium separates the gold and glass (see Fig. 1). 
Also shown are uniform (A) and twisted (B) orien- 
tations of bulk LC bounded by two surfaces. 

SAM (an easily visible area), -10" Av 
molecules (- 1 ng or -2.6 nm of coverage) 
control the orientations of -2 x 1015 me- 
sogens (a 2-pm film of LC). The binding of 
each Av molecule to the surface is, there- 
fore, amplified into a reorientation of >lo5 
mesogens. Because less than half a mono- 
layer of Av can change the orientation of 
the LC, and because LC films as thick as 
100 pm can be oriented by surfaces, higher 
levels of amplification are likely to be pos- 
sible (14). 

Because the binding of Av to biotin is 
unusually strong for a protein-ligand inter- 
action (dissociation constant Kd * 10-15 
M), we also demonstrated the use of LCs to 
detect the binding of antibodies to antigens 
(Kd = M) (15). For example, the 
binding of affinity-isolated goat anti-biotin 
immunoglobulin G (anti-Bi-IgG) (1 6) to a 

mixed SAM formed from BiSH and C8SH 
(Aanri-Bi-,gG = 5.5 nm) caused the orienta- 
tion of a supported LC to become nonuni- 
form (Fig. 3E). In contrast, neither a non- 
specific antibody such as rabbit polyclonal 
antibody to fluorescein (anti-fluorescein 
isothiocyanate IgG, Aanci-FITC-IgC = 0 nm) 
(Fig. 3F) nor bovine serum albumin (BSA, 
A,,, = 1.4 nm) (the optical texture was 
the same as Fig. 3F) caused a change in the 
orientation of the LC. In addition, a SAM 
formed from C8SH did not significantly 
bind anti-Bi-IgG (Aanri-Bi-IgG = 0.1 nm) 
and thus oriented 5CB uniformly (the op- 
tical texture was the same as Fig. 3F). 

These results demonstrate two further 
principles. First, it is possible to control the 
anisotropy within gold films so that the 
immobilization of ligands (such as BiSH) 
on these surfaces does not disturb the uni- 

Fig. 3. Optical images (light transmitted through crossed polariiers) of nematic LC sandwiched between 
mixed SAMs formed from BiSH and C,SH with or without bound proteins. The thickness of each LC 
layer was -2 pm. Unless stated otherwise, the mixed SAMs were supported on anisotropic gold films 
with preferred directions aligned parallel within the LC cell. All images were recorded by aligning one of 
the polarizers parallel to the preferred direction within the gold films. The horizontal dimension in each 
image is 1.1 mm. (A) Mixed SAMs before immersion in PBS containing protein molecules. The optical 
image became uniformly bright when the sample was rotated by 45" between thecrossed polarizers. (B) 
Mixed SAMs pretreated by immersion in PBS containing 0.5 pM Av. (C) Mixed SAMs formed on gold 
without anisotropic roughness. (D) Mixed SAMs pretreated by immersion in PBS containing 0.5 pM Av 
blocked with biotin. The bright lines in the image are caused by scattering of light from disclination loops 
in the LC [similarly for (G) and (I) below]. (E) Mixed SAMs pretreated by immersion for 5 min in PBS 
containing 0.5 pM anti-Bi-lgG. (F) Mixed SAMs pretreated with a nonspecific antibody by immersion for 
15 min in PBS containing 0.5 pM anti-FITC-lgG. (G) Mixed SAMs pretreated by immersion for 10 min in 
PBS containing 0.5 ILM FITC-Av. (H) Mixed SAMs pretreated by immersion for 10 min in PBS containing 
0.5 pM FITC-Av, then 15 min in PBS containing 0.5 pM anti-FITC-lgG. (I) Mixed SAMs pretreated by 
immersion for 10 min in PBS containing 0.5 pM FITC-Av, then 15 min in PBS containing 0.5 pM 
anti-FITC-lgG blocked with fluorescein. 
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form orientation of the LC before the pro- 
teins are bound. We have also successfully 
introduced oligopeptides (for example, Ala- 
Ala-Pro-Phe) into SAMs without disturb- 
ing the uniform orientation of LCs (17). 
Second, the roughness of the gold film used 
in our experiments was such that the 
threshold surface concentration of Av or 
anti-Bi-IgG needed to change the orienta- 
tion of 5CB was greater than the nonspe- 
cific adsorption but less than the specific 
adsomtion. This characteristic makes ~oss i -  
ble a sandwich-type assay in which a cap- 
ture protein (macromolecular ligand) is sup- 
ported on a surface, and the binding of a 
second protein (for example, detecting 
antibody) to the capture protein is detected 
by a change in the orientation of the LC. 

To demonstrate this principle, we first treat- 
ed a mixed SAM with fluorescein-labeled 
streptavidin (FITC-Av) for 10 min (18). 
The bound FITC-AV (AFITC-AV = 1 nm) was 
below the threshold required to trigger a 
change in the orientation of 5CB (Fig. 3G). 
We then immersed the SAM supporting the 
bound FITC-AV into a solution of 0.5 p,M 
anti-FITC-IgG in PBS. The ellipsometric 
thickness of the bound protein after the sec- 
ond step was 3.5 nm and thus was sufficient 
to trigger a change in the orientation of the 
LC (Fig. 3H). Anti-FITC-IgG did not bind 
to a mixed SAM in the absence of bound 
FITC-AV (Aanri-FITC-IgC = -0.1 nm), nor 
did anti-FITC-IgG blocked with fluorescein 
bind to a surface presenting FITC-AV 
(AF,TC-Avlanci-FITC.lgCj = 0.7 nm); both con- 

Fig. 4. (A) Optical image through parallel polarizers of a 
TNLC C15SH (see and Fig. a mixed 2B) formed SAM prepared between a from SAM BiSH prepared and c 8 s ~  from [-':j 
(23). The SAMs were supported on anisotropic gold films (the 
preferred direction of the gold was parallel on the two sur- 
faces). The image is dark because the polarization of light 
transmitted through the TNLC was rotated by 90" and thus 
light was extinguished by the analyzer. (B) Optical image 
(parallel polarizers) of largely untwisted LC formed between a 
mixed SAM [as described in (A)] pretreated with Av in PBS 
and a SAM formed from C15SH. The image is bright because 
the polarization of light transmitted through the LC was not 
rotated and thus light was transmitted by the analyzer. We 
observed LC cells to be dark (parallel polarizers) when mixed 
SAMs were pretreated with blocked Av or BSA. The films of LC were 20 pm thick. The horizontal 
dimension in each image is 440 pm. 

Fig. 5. (A and B) Optical A 
images of LC sand- 
wiched between two 
gold films, one support- 
ing a SAM formed from 
C,,SH and the other 
patterned with a mixed 
SAM formed from C8SH 
and BiSH and a SAM 
formed from C16SH. To 
prepare the latter sur- B 
face, we used microcon- 
tact printing (21) to pat- 
tern a SAM formed from 
C16SH on the surface of 
a gold film such that an 
area of gold in the shape 
of a check mark was left 
unreacted. The unre- 
acted area of gold was 
then derivatized with a mixed SAM formed by coadsorption of BiSH and C,SH. When viewed by eye 
through parallel polarizers (plastic sheet, Polaroid) in ambient light, the optical texture of the uniformly 
twisted LC was featureless and dark (A). When the patterned SAM was immersed in PBS containing Av 
before contact with the LC, Av bound to the mixed SAM prevented the formation of twisted LC in 
localized regions of the cell, and thus caused the appearance of an easily visible check mark (parallel 
polarizers) (B). (C and D) Optical images (parallel polarizers) of LC sandwiched between two gold films, 
one supporting a SAM formed from C15SH and the other supporting a grating-like pattern of SAMs 
formed from C16SH and a mixture of C,SH and BiSH. Patterned SAMs are shown without bound Av (C) 
and pretreated with Av in PBS (D). (E) Diffraction pattern formed by laser light incident on the LC cell 
shown in (C) (dashed line) and (D) (solid line). The cells were held between parallel polarizers, and the 
spatial variation of the intensity of light in the diffraction pattern was obtained from a digital image of the 
pattern. The LC layers were 20 pm thick. 

trol experiments produced uniformly orient- 
ed LCs (Fig. 3, F and I). By repeating the 
above experiments using Av, and by binding 
anti-Av-IgG to an antigenic epitope on Av, 
we have detected concentrations of anti- 
Av-IgG in solution as low as 2.3 nM (19). 

Twisted nematic LCs (TNLCs) are 
widely used in flat panel displays because 
reorientation of the twisted LC bv an elec- 
tric field provides high optical contrast ra- 
tios (20). We used TNLCs to enhance the . . 
optical transduction of biotin-mediated 
binding of avidin to surfaces (Fig. 4). Opti- 
cal readout of the binding of proteins and 
ligands at surfaces can be further facilitated 
by using patterned SAMs (21, 22). We 
designed surfaces such that binding of Av to 
biotin-derivatized regions of a patterned 
SAM caused area-specific untwisting of a 
TNLC cell (Fig. 5). Patterns so formed with 
sizes of a few centimeters provide an easily 
read indicator of the presence of a biomol- 
ecule in solution (Fig. 5, A and B). By using 
micrometer-sized Datterns. we also demon- 
strated that the binding of biomolecules at 
surfaces can be detected optically by the 
diffraction of light from periodic LC struc- 
tures that form only when the biomolecules 
are bound to the surfaces (Fig. 5, C to E). 

Our results demonstrate that the binding 
of proteins to ligands on surfaces can be 
amplified and transduced into optical sig- 
nals bv usine LCs. Because the orientations " 
of LCs are sensitive to a wide variety of 
physicochemical properties of surfaces, we 
believe that this approach can be extended 
to detect the binding of potential-determin- 
ing ions, small-molecule ligands for pro- 
teins, and aggregates of molecules (such as 
virus particles) to surfaces. 
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Isolation of a Benzene Valence Isomer with 
One-Electron Phosphorus-Phosphorus Bonds 

Yves Canac, Didier Bourissou, Antoine Baceiredo, 
Heinz Gornitzka, Wolfgang W. Schoeller,* Guy Bertrand* 

Atetraphosphabenzene analog of the postulated anti-tricyclohexylene, a singlet biradical 
valence isomer of benzene, has been isolated. The tricyclic derivative features one- 
electron phosphorus-phosphorus bonds, which result from the T * - ~ i *  interaction be- 
tween two diphosphirenyl radicals. Such one-electron bonds may play a wider role in 
phosphorus chemistry. 

D e s p i t e  the  long hlstory associated x i t h  
the  chenlistry of ben:ene (C6H6) ,  new and  
fascinating benzene isomers are still being 
discovered ( 1 ) .  In contrast to  t h e  large 
n~l lnber  of possible C,H6 isomers [21 i  
generated by a computer-aided procedure 
( 2 ) ] ,  t he  number of posslble valence iso- 
mers of ben:ene [(CH)(,] is quite small 
(Fig. I ) .  T o  date,  only four such com- 
pounds have been observed experimentally 
(3): cis-Dewar benzene A, henzvalene B, 
prisnlane C, and bicycloprop-2-enyl D. Re- 
cent ab initio calculations have predicted 
that blohius benzene E and trans-Dexar ben- 
zene F lie in  very shallox17 nllnima o n  the 
potential energy profile, with energies 418 
and 660 kJ/inol, respectively, higher than 
benzene (4); f~~rthermore,  benzinobiusstri- 
pane G has been proposed by Balaban (5). In 
addition to these valence isomers, which 
obey the octet rule, one can imagine a num- 
ber of biradical structures. So  far, none of 
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these species have been isolated, although 
anti-tricyclohexylene H has been postulated 
to be the transition state in the Cope rear- 
rangement of the hicycloprop-2-enyl deriva- 
tives D' into D" (6). 

Heterobenzene chemistry, especially 
that  involving the  heavier maill group ele- 
ments, is comparatively poorly developed 
(7). For the  phosphorus-containing series 
(P  is isolobal to  the CH fragment), several 
phospha- (8) and diphosp11aben:ene (9)  va- 
lence isomer derivatives, a few 1,3,5-tri- 
phosphahenzene derivatives ( l o ) ,  and 
hexapl~osphabenzene In the  coordination 
sphere of transition metals (1 1 )  are known. 
K o  tetra- and pentapl~osphabenzene species 
have heen described. 

W e  report here the  synthesis of the  tran- 
sient diphospl~irenyl radlcal 2 and the  en- 
suing stable dlmer 3 (Scheme 1 ) .  T h e  latter 

Scheme 1. Synthesis of diphosphirenyl radi- 
cal 2 and of its stable dimer 3. N(i-Pr),, 
diisopropylamino. 
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