
Using Measurements of Anchoring Energies of Liquid
Crystals on Surfaces To Quantify Proteins Captured by

Immobilized Ligands

Thimmaiah Govindaraju,†,‡ Paul J. Bertics,§ Ronald T. Raines,*,‡ and
Nicholas L. Abbott*,†

Contribution from the Departments of Chemical and Biological Engineering, Biomolecular
Chemistry, Biochemistry, and Chemistry, UniVersity of Wisconsin-Madison,

Madison, Wisconsin 53706

Received May 6, 2007; E-mail: abbott@engr.wisc.edu; raines@biochem.wisc.edu

Abstract: We describe a simple optical method that employs measurement of the interaction energy of a
liquid crystal (LC) with a surface (the so-called anchoring energy) to report proteins captured on surfaces
through specific interactions with immobilized binding groups. To define the sensitivity and dynamic range
of the response of the LC, we covalently immobilized a tyrosine-containing, 13-residue peptide sequence
(Y1173) from the epidermal growth factor receptor/kinase (EGFR) at which autophosphorylation takes place
and to which the adapter protein Shc binds. We determined that, on peptide-decorated (Y1173 or pY1173,
where pY1173 is the corresponding phosphopeptide) surfaces incubated against anti-phosphotyrosine
antibody, the anchoring energy of the LC decreased systematically from 4.4 to 1.4 µJ/m2 (with SEM ) 0.3
µJ/m2 for n ) 5) as the antibody concentration increased from 10 pM to 100 nM. Over the same range of
antibody concentrations in solution and densities of immobilized peptides, independent ellipsometric
measurements were not sufficiently sensitive to report the captured antibody (ellipsometric thicknesses
were <0.1 nm). These results, when combined with control experiments reported in this article, provide
the first demonstration of the use of anchoring energy measurements of LCs to report proteins captured
by immobilized ligands on surfaces. The sensitivity and dynamic range of the methodology suggest that it
may offer the basis of a simple yet broadly useful principle for reporting the interactions between proteins
and other biomolecules that underlie complex and poorly understood chemical and biological events.

Introduction

The development of simple and general methods that permit
direct reporting of specific proteins captured by binding groups
patterned on surfaces represents a largely unsolved challenge.1

Mass spectroscopy2a,b and evanescent optical methods such as
surface plasmon resonance2c-e are promising approaches but
suffer from reliance on relatively complex instrumentation.
Approaches that require redox-active,3 fluorescent,3,4aor radio-
active labels4b,c have the advantage of not requiring complex
equipment but possess other disadvantages such as requiring
multiple binding steps and secondary antibodies.1,3,4a In this

article, we describe a method that permits direct reporting of
proteins captured on surfaces by quantifying the energy of
interaction of liquid crystals (LCs) with surfaces. The method
is relatively simple to perform, does not require complex
instrumentation or labels, and is demonstrated in this article to
be useful for reporting proteins captured using oligopeptides
patterned on surfaces.

The approach described in this article revolves around the
orientational behavior of liquid crystalline materials at surfaces.5-7

A very large number of past studies have demonstrated that
the orientational ordering of micrometer-thick films of LCs
supported on surfaces is remarkably sensitive to the nanoscopic
topography and chemical functionality of surfaces.8-21 Mini-
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mization of the free energy of interaction of a LC with a surface
results in the LC adopting a preferred orientation at the surface.
This preferred orientation, referred to as the “easy axis” of the
LC (η0), propagates far from the surface because of long-range
orientational ordering of molecules within a liquid crystalline
material.15-19 The orientation of the easy axis of a LC is easily
determined by the transmission of polarized light through the
LC.15-19 Among these past studies of the orientational ordering
of LCs at surfaces is a series of articles that describe measure-
ments of changes in the easy axes of LCs as a means of reporting
proteins captured on surfaces.22-28 The imaging of proteins
captured on surfaces via protein-protein interactions,22-26

protein-small molecule interactions,27 and through use of
affinity contact printing has been shown to be possible by using
LCs.28 In this article, we describe a study that sought to build
from these past accomplishments to provide a methodology with
increased sensitivity and the capability to report proteins over
the wider range of concentrations, as compared to past studies.

The approach that we report in this article involves measure-
ment of the energy of interaction of LCs with surfaces. The
interaction energy of a LC with a surface, which is referred to
hereafter as the anchoring energy, is determined by applying a
mechanical torque of known magnitude to the LC and measuring
the resulting response of the LC.5,29,32The response is reported
as a deviation in the orientation of the LC from the easy axis
(under the influence of the mechanical torque).29,32We recently
reported use of this methodology to measure the anchoring
energy of LCs at surfaces presenting biologically relevant
chemical functionality such as oligomers of ethylene glycol29

and oligopeptides.30,31The sensitivity of the method is illustrated
by our previous observation that surfaces presenting trimers of
ethylene glycol (EG3) were easily distinguished from surfaces
presenting tetramers of ethylene glycol (EG4) by measurement
of anchoring energies of LCs.29

The basis of the method is most easily understood by making
reference to Figure 1. The surface to be characterized using the

LC is assembled into an optical cell comprising the surface of
interest (top surface in Figure 1) and a reference surface (bottom
surface in Figure 1). These surfaces are designed (see below
for details) such that a LC, when wicked into the cavity between
the two surfaces, is twisted by angleψ (typically 90°). The
presence of the twist distortion within the LC generates a torque
that acts on the surface of interest so as to displace the azimuthal
orientation of the LC (ηd) from the easy axis (η0) at that surface.
Measurement of the azimuthal angular displacement, depicted
as the angleæ in Figure 1, is straightforward to perform (requires
rotation of a polarizer) and can be used to calculate the anchoring
energy of the LC,W (with dimensions of energy per unit area),
at the surface of interest.32 Typical values of anchoring energies
of LCs are in the 1-100 µJ/m2 range.29,30,32

For the study reported in this article, we used surfaces
prepared by physical vapor deposition of thin gold films at an
oblique (grazing) angle of incidence.33 Gold films prepared in
this manner are known to possess an in-plane structure (nano-
scopic topography as well as in-plane crystallographic texture)33

and can be used to support self-assembled monolayers (SAMs)
formed from organothiol compounds. The structure of the gold
film and organothiol combine to produce well-defined orienta-
tions of the easy axes of nematic LCs on these surfaces. The
SAMs used in the current study were terminated with tetramers
of ethylene glycol (to minimize nonspecific adsorption of
proteins34) and were mixed with a small percentage of an amine-
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Figure 1. (A) Schematic illustration of modified torque balance method
used to measure anchoring energies, whereæ is deviation of directorηd

from the easy axisη0 andψ is twist angle of the LC. (B) Angle diagram
(see text for details). A: Analyzer. P: Polarizer.
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terminated tetraethylene glycol to which oligopeptides were
covalently attached using established methods (Figure 2).27,30,31

The peptides immobilized in our study (denotedY1173 or
pY1173, where the “p” denotes the phosphorylated peptide)
were 13-residue peptides from the epidermal growth factor
receptor (EGFR) (Figure 2A). EGFR is a transmembrane
glycoprotein possessing EGF-stimulated tyrosine kinase activity,
which in turn leads to intracellular substrate phosphorylation
and self-phosphorylation.35 The 13-residue peptide sequence
used in our study comes from one of the major sites of self-
phosphorylation (Tyr1173) of EGFR.36,37 Once activated by
phosphorylation, EGFR mediates the binding of the phospho-
tyrosine binding domain of Grb2 through direct interactions with
Tyr1068 and Tyr1086 and through indirect interactions with
Tyr1173.38 Tyr1173 of EGFR also functions as a kinase
substrate.39

In this article, we report measurements of the anchoring
energies of LCs on surfaces decorated with EGFR peptide
sequencesY1173 andpY1173 shown in Figure 2A following
incubation of the surfaces against anti-phosphotyrosine antibod-

ies which were expected to bind topY1173 but not Y1173.
We elected to study anti-phosphotyrosine antibody binding to
the EGFR peptides for two reasons. First, overproduction of
wild-type and/or variant EGFR is associated with cancers having
some of the worst prognoses.40 The development of general and
facile methods to detect very low concentrations of phospho-
rylated EGFR peptides on a surface will enable new methods
for estimating the level of tyrosine kinase activity of EGFR.
Such methods will be broadly useful for providing insights into
molecular mechanisms underlying cancerous cellular states as
well as for understanding the mechanisms of action of anti-
cancer drugs targeted at EGFR.35,40,41Second, phosphorylation
is an important physiological event that triggers numerous
cellular signaling pathways.35,40,41The development of new tools
for assessing regulation and activation of biomolecules such as
EGFR will therefore be generalizable to analysis of a wide range
of other protein kinases. The system under study can therefore
also be viewed as a simple model of a broad class of important
protein-binding interactions.

Materials and Methods

All materials were used as received unless otherwise noted. Fisher’s
Finest glass slides were obtained from Fisher Scientific (Pittsburgh,
PA). Gold of 99.999% purity was obtained from International Advanced
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Figure 2. (A) Molecular structures of EGFR peptidesY1173andpY1173. (B) Schematic illustration of a gold film supported on a glass slide on which a
mixed monolayer ofEG4 andEG4N is formed. The surface was activated using SSMCC to immobilize eitherY1173 or pY1173. The figure shows an
antibody binding to the immobilized peptide.
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Materials (Spring Valley, NY). Titanium of 99.99% purity was obtained
from PureTech (Brewster, NY). Tetraethylene glycol-terminated thiol
(EG4; Figure 2) and the corresponding amine-terminated thiol (EG4N;
Figure 2) as a hydrochloride salt were obtained from Prochimia
(Gdansk, Poland).42 The sulfosuccinimidyl 4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate (SSMCC) linker was obtained from Pierce
Biotechnology (Rockford, IL). Nematic LC 4′-pentyl-4-cyanobiphenyl
(5CB) was obtained from EM Industries (New York, NY) sold under
the trademark name Licristal (K15). Triethanolamine (TEA) was
obtained in 99% purity from Fisher.

Peptides were synthesized at the University of Wisconsin Biotech-
nology Center. The purity of the peptides was found to be>98%, as
determined by analytical HPLC, and their integrity was confirmed by
MALDI-TOF mass spectrometry. Monoclonal anti-phosphotyrosine IgG
was obtained from Sigma-Aldrich. Ethanol (200 proof) was obtained
from Aaper Alcohol (Shelbyville, KY) and purged with argon gas before
use. Poly(dimethylsiloxane) (PDMS) elastomeric stamps were prepared
using a Sylgard 184 silicone elastomer kit obtained from Dow Corning
(Midland, MI). All other materials were obtained from Sigma-Aldrich
unless otherwise noted.

Preparation of Gold Surfaces.Gold films (20 nm in thickness)
deposited by physical vapor deposition at an oblique angle of incidence
onto piranha-cleaned glass slides were prepared according to previously
reported procedures.33 The angle of deposition (θi, measured from the
surface normal) was 49°. These gold films are semitransparent and were
used in experiments described below that employ optical microscopy.
Infrared spectroscopy and ellipsometric thickness measurements were
performed using reflective gold films prepared by sequential deposition
of 10 nm of Ti and 200 nm of Au onto silicon wafers (Silicon Sense,
Nashua, NH) at normal incidence. All gold films were used within
one week of preparation.

Formation of Patterned Monolayers.A PDMS elastomeric stamp
with raised features (having dimensions of 2-3 mm width and 2-3
mm height) was cast from an aluminum master. The stamp was inked
with a 2 mM ethanolic solution of hexadecanethiol (C16) and then
gently dried using a stream of nitrogen gas. The stamp was placed
into conformal contact with an obliquely deposited gold film for 10 s.
Next, solutions containing mixtures ofEG4N andEG4 (1 mM total
thiol concentration) were prepared using argon-purged ethanol. These
solutions were stored under an argon atmosphere to prevent oxidation
of the sulfhydryl functionality. Droplets of theEG4N andEG4 solutions
were applied to the gold films in the regions between the patterned
C16 monolayers. The substrates were stored in a chamber saturated
with ethanol vapor (to prevent droplet evaporation) for 18 h, rinsed
with copious amounts of water and ethanol, and then gently dried under
a stream of nitrogen gas.

Preparation of Patterned Peptide-Modified Array. The chemistry
and detailed protocols used to attach the peptides to the mixed
monolayers formed fromEG4 andEG4N (formed, as described above)
are provided in our previous publications.27,30,31In brief, 2 mM solutions
of the heterobifunctional linker SSMCC (in 0.10 M TEA-HCl buffer,
pH 7.0) were deposited as droplets onto the mixed monolayers and
incubated for 45 min. These surfaces were rinsed gently in water and
dried under nitrogen gas. Solutions of cysteine-terminated EGFR peptide
substrates (pY1173 or Y1173, 250µM) in 0.10 M TEA-HCl buffer,
pH 7.0, were then applied as droplets. We used cysteine-terminated
peptides as they site-specifically react with surface-immobilized ma-
leimide groups introduced by using SSMCC.27,31,43-45 The substrates
were stored in a chamber saturated with water for 3 h. The choice of
the 3-h reaction time was guided by previously published results.27,31

Unreacted maleimide groups on the surface were quenched with
2-mercaptoethanol. These surfaces were rinsed (twice) with 0.10 M
TEA-HCl buffer containing 0.1% v/v Triton-X 100 for 5 min, washed
with water, and dried under nitrogen gas. As described below, we
characterized these surfaces by PM-IRRAS and ellipsometry.

Protein Binding Studies Using EGFR Peptide Surfaces.Mono-
clonal anti-phosphotyrosine IgG in PBS+ 0.05% v/v Triton-X 100
was applied to the peptide (pY1173or Y1173)-decorated surfaces for
1.5 h. The samples were stored in a chamber saturated with water.
Following incubation, all samples were rinsed (3×) for 5 min in PBS
+ 0.1% v/v Triton-X 100, washed with water, and dried under a stream
of nitrogen gas before use. Rinsing the surface with buffer containing
surfactant was found to be effective for removal of weakly bound
protein.

Ellipsometry. A Rudolph AutoEL ellipsometer (wavelength of 632
nm, 70° angle of incidence) was used to determine the optical
thicknesses of the mixed monolayers formed fromEG4 and EG4N,
the immobilizedY1173 andpY1173, and surfaces to which antibody
was bound. Ellipsometric constants were determined at five locations
on each sample. As described previously, a simple slab model was
used to interpret these constants. The slab was assumed to have an
index of refraction of 1.46.27

Polarization-Modulation Infrared Reflection Absorption Spec-
troscopy. Infrared spectra of EGFR peptide substrates immobilized on
gold films (thickness of 2000 Å) were recorded using a Nicolet Magna-
IR 860 FT-IR spectrometer with photoelastic modulator (PEM-90,
Hinds Instruments, Hillsboro, OR), synchronous sampling demodulator
(SSD-100, GWC Technologies, Madison, WI), and a liquid nitrogen-
cooled mercury cadmium telluride detector. All spectra were taken at
an incident angle of 83° with the modulation centered at 1600 cm-1.
For each sample, 500 scans were taken at a resolution of 4 cm-1. Data
were collected as differential reflectance vs wave number, and spectra
were normalized and converted to absorbance units via the method
outlined in Frey et al.46

Assembly of Liquid Crystal Cells for Measurements of Anchor-
ing Energies.The anchoring energies of the nematic liquid crystal 5CB
on peptide-decorated surfaces incubated against antibody were measured
by pairing the peptide-decorated surfaces with reference surfaces, as
depicted in Figure 1. The reference surfaces were selected to strongly
anchor the LC. As described previously, gold films deposited at an
angle of incidence (θi) of 64° and treated with a 2 mM solution of
pentadecanethiol (C15) for 2 h are suitable for use as reference
surfaces.31 The mutual orientations of the two surfaces were defined
such that the in-plane direction of deposition of the gold film on the
reference surface was rotated approximately 90° relative to that of the
top surface (see arrows in Figure 1a). The two surfaces were spaced
apart by a thin film of Mylar with a thickness of 12µm. As described
in detail in the Supporting Information (Figure S1), the Mylar film
was placed along one edge of the paired surfaces so as to create a
cavity between the two surfaces that varied in thickness from 12µm
at one edge to contact at the other. The cavity was filled with 5CB
heated to approximately 40°C (above the clearing temperature for
5CB). We measured the optical properties of the LC film after
approximately 30 min of cooling the 5CB to room temperature
(22 °C), as both temperature47 and age of the sample (surface gliding)32

have been reported in some circumstances to influence the measured
anchoring strength.

Optical Measurements for Determination of Anchoring Energies.
The approach reported in this article for measurement of the azimuthal
anchoring energy of peptide-decorated interfaces is a variant of the
so-called torque balance method.29,32For films of LC that are sufficiently
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thin, the elastic bulk torque of a LC with a twist distortion (twist angle
ψ) competes with the surface anchoring torque such that the equilibrium
position of the directorηd deviates by an angle (æ) from the easy axis
ηo (Figure 1). The azimuthal anchoring energy is calculated from
measurements ofψ andæ as

whereK22 is the twist elastic constant for the LC, andd is the thickness
of the film of LC. The optical methods used to measure the local
thickness (d) of the LC, the angle over which the LC forms a twist
(ψ), and the angle of deviation of the director from the easy axis (æ)
are described in detail in a previous publication29 and were adapted
from a report by Fonseca and Galerne.32,48 A discussion of the
assumptions underlying the use of eq 1 can be found in a prior
publication.29 Here, we mention that these measurements were per-
formed using a polarized light microscope (BX 60, Olympus) equipped
with an X-Y translation stage and a digital camera for image capture.
Consistent settings of both the microscope light source (aperture set at
one-half maximum, and lamp intensity also set at one-half maximum),
digital camera (2.8 f-stop, 1/200 shutter speed), and optical zoom 4×
allowed the direct comparison of images obtained using different
samples. To quantify the luminosity of the LC in contact with the
surfaces, each image was converted to gray scale. The average pixel
brightness of a region was calculated, and we assigned a completely
black pixel the value of 0 and a completely white pixel the value of
255.

Results and Discussion

Preparation and Characterization of Peptide-Modified
Interfaces. To confirm covalent attachment ofY1173 and
pY1173 peptides to the mixed SAMs formed fromEG4 and
EG4N and to provide independent evidence for specific binding
of the anti-phosphotyrosine antibody to the surfaces presenting
pY1173but notY1173, we employed a combination of infrared
spectroscopy and ellipsometry. These measurements were
performed using SAMs prepared from a series of ethanolic
solutions containing different mixtures ofEG4 andEG4N (1,
5, 10, 25, 50, and 100 mol %EG4N; total thiol concentration
of 1 mM), as described in the Materials and Methods. Infrared
spectra obtained by using PM-IRRAS confirmed that treatment
of these mixed SAMs with the heterobifunctional linker SSMCC
led to attachment of the maleimide group of SSMCC to the
amino functionality ofEG4N. Specifically, strong absorption
bands were observed for the maleimide asymmetric (1707 cm-1)
and symmetric (1745 cm-1) stretching modes (Supporting
Information, Figure S3). In addition, consistent with the
expectation that the reaction of SSMCC with the SAM generates
an amide bond, we observed a band in the 1655 cm-1 region
corresponding to the Amide I (CdO) stretching mode.49 Infrared
spectra of the SSMCC-activated mixed SAMs subsequently
treated with cysteine-terminated EGFR peptides (250µM of
Y1173 or pY1173) provided evidence for immobilization of
the peptides, as characteristic Amide I (1670 cm-1) and Amide
II (1537 cm-1) bands were observed for both peptides,44,49 as
was the loss of the peak at 1745 cm-1 (maleimide symmetric
stretching mode) because of breaking of molecular symmetry
upon formation of the covalent adduct. Systematic changes in
the intensity of the amide bands with composition of the mixed

SAM also served to demonstrate control over the density of
peptides immobilized at these surfaces (Figure S3).

Measurements of the ellipsometric thicknesses of the mixed
SAMs provided further evidence for formation of surfaces
decorated with controlled densities of peptides. The maximum
contribution of each peptide to the ellipsometric thickness of
the interface was 0.70 nm, independent of the phosphorylation
status of the peptide (Y1173 versuspY1173). We also used
ellipsometry to confirm binding of the anti-phosphotyrosine
antibody to the surfaces decorated withpY1173, as a function
of the density of peptide on the surface (Figure 3A). For surfaces
prepared using 1%EG4N to immobilizepY1173, the ellipso-
metric thickness increased by 2.6( 0.1 nm following incubation
with 100 nM antibody. Within the error of measurement, no
change in optical thickness (0.20( 0.2 nm) was observed on
theY1173-modified surface after treatment with the monoclonal
anti-phosphotyrosine IgG (100 nM) or for thepY1173-modified
surface when the percentage ofEG4N used to form the mixed
SAM was<0.1% (Figure 3A). These results, when combined,
confirm selective binding between the phospho-specific antibody
and the immobilized phosphorylated EGFR peptide sequence
(pY1173).

Here we mention that we also performed ellipsometric
measurements on surfaces prepared using 0.001%EG4N,
following immobilization ofpY1173and treatment with varying
amounts of antibody (10 pM to 100 nM). As shown in Figure
3B, ellipsometry is not sufficiently sensitive to permit detection
of anti-phosphotyrosine IgG bound to these surfaces when using
concentrations of antibody between 10 pM and 100 nM. Below,

(48) Polossat, E.; Dozov, I.Mol. Cryst. Liq. Cryst. 1996, 282, 223-233.
(49) Frey, B. L.; Corn, R. M.Anal. Chem. 1996, 68, 3187-3193.

Figure 3. Ellipsometric thickness measurements. (A) Optical thickness of
antibody bound to surfaces prepared by immobilizingpY1173 to SAMs
containing 0.001, 0.01, 0.1, and 1%EG4N. The concentration of antibody
was 100 nM. (B) Optical thickness of antibody bound to surfaces presenting
pY1173(0.001%EG4N) that were incubated in solutions containing 0.01,
0.1, 1.0, 10, and 100 nM antibody in PBS+ 0.05% Triton X 100 buffer.
øAnti-phosphotyrosine) concentration of monoclonal anti-phosphotyrosine (IgG)
in nM.

W )
2K22Ψ

d sin(2æ)
(1)
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we report that measurements of anchoring energies of LCs are
sufficiently sensitive to report specific binding of the antibodies
to these surfaces.

Measurement of Anchoring Energies. We chemically
patterned gold films deposited at an angle of 49° so as to permit
simultaneous measurement of anchoring energies of LCs on
seven regions of the surface. We refer to the seven regions of
the gold film that were defined by microcontact-printed hexa-
decanethiol as Regions 1-7 (Figure 4). Mixed monolayers
comprising 0.01µM EG4N and 1 mM EG4 (i.e., 0.001%
EG4N) were formed on Regions 2-7, and a monolayer ofEG4
was prepared on Region 1. Regions 2-7 were subsequently
activated with SSMCC and reacted withpY1173(Regions 3-7)
or Y1173 (Region 2) as described above. Regions 3-7
presentingpY1173were treated with solutions containing either
0.01, 0.1, 1, 10, or 100 nM of anti-phosphotyrosine antibody
(in PBS+ 0.05% Triton-X 100 buffer), respectively (Table 1),
and control Region 2 presentingY1173 was treated with 100
nM anti-phosphotyrosine antibody.

To measure the anchoring energies of nematic 5CB on the
above-described surfaces, we paired the antibody-treated peptide
array with the reference surface and subsequently filled the
wedge-shaped cavity between the two surfaces with the 5CB
(see Materials and Methods for details). Figure 4B shows the
optical appearance of the sample imaged using a polarized light
microscope (crossed polars). The dark vertical bands in the
image in Figure 4B correspond to the regions of microcontact

printed C16 that separate the peptide-decorated regions labeled
1-7. The LC in contact with the C16-printed regions appears
dark because the orientation of the easy axis of the LC on the
C16-printed surface coincides with the orientation of the easy
axis of the LC on the reference surface. Under these conditions,
when the easy axes of the surfaces are parallel to either the
polarizer or analyzer (as shown in Figure 4B), there is no change
in the polarization of light passing through the LC, and thus
the LC appears dark between crossed polars.

The EG4 (Region 1) and peptide-decorated regions of the
surface (Regions 2-7) lie between the dark bands defined by
the hexadecanethiol. The LC in contact with Region 1 is largely
bright in appearance when viewed between crossed polars, with
the exception of the lower edge (Figure 4B), which is darker.
Rotation of the analyzer by approximately 90° (parallel polars)
resulted in the near extinction of light passing through the
previously bright regions of Region 1: the previously dark lower
edge turned bright (result not shown). These two results, when
combined, indicate that the LC assumed a twist distortion in
most of Region 1 because of the near-orthogonal orientations
of the easy axes of the LC on the two confining surfaces (Figure
4A). The lower edge of the image in Figure 4A corresponds to
the part of the optical cell where the peptide-decorated surface
and reference surface come into near contact (see Materials and
Methods). In this region, the strength of anchoring of the LC
on theEG4 surface is not sufficient to orient the LC along the
easy axis of theEG4 surface and thus induce a twist distortion
of the LC. This situation arises because the torque exerted on
a surface by a twist distortion increases with the reciprocal of
the thickness of the film of LC.32 The darker areas at the bottom
of Region 1 thus correspond to regions of LC that are largely
oriented (with little distortion) along the easy axis of the
reference surface.

Regions 2-7 appear qualitatively similar to Region 1 (that
is, bright in appearance) when viewed between crossed polars
(Figure 4B). Close inspection, however, reveals two important
differences. First, it is apparent that dark bands have formed at
the edges of Regions 2-7 that are near the microcontact printed
regions of C16. These dark regions correspond to the location
of the edges of the droplets of antibody solutions that were
incubated on the peptide-decorated surfaces. A range of complex
physical processes are known to occur at the edges of droplets
of protein solutions placed onto surfaces, including processes
of adsorption and drying associated with evaporation of water.50

These processes give rise to changes in the structure of the
surface that result in a substantial decrease in anchoring energy
and decrease in the twist angle of the LC. We avoided those
edge regions in our analysis of the optical images leading to
estimates of anchoring energies. Second, and more importantly,
close inspection of Regions 2-7 (away from edges) reveals that
there is a systematic decrease in the brightness of the image as
a function of increasing antibody concentration (0.01, 0.1, 10,
100 nM of anti-phosphotyrosine antibody). When viewed
between crossed polars at low magnification, the effect is
relatively subtle to the naked eye, but it can be readily seen in
higher resolution images of Regions 3-7 (obtained from regions
of the optical cell with a thickness of LC of 6.0( 0.5 µm; see
below) shown in Figure 5. These differences in optical appear-

(50) (a) Balagurunathan, Y.J. Biomed. Opt. 2004, 9, 663-678. (b) Balaguru-
nathan, Y.; Dougherty, E. R.J. Biomed. Opt. 2002, 7, 507-523.

Figure 4. (A) Schematic representation of optical cell prepared from a
surface patterned with peptides and incubated with antibody (top) and a
reference plate (bottom) (see text for details). (B) Polarized light micrograph
of the array shown in (A) when viewed with polarizer and analyzer
perpendicular to each other (as indicated: A, analyzer; P, polarizer). (C)
When both polarizers were rotated to 45° with respect to the sample. Gray
dotted line indicates the position (constant thicknessd ) 6.0 ( 0.5 µm, as
determined from the Michel-Levy chart) at which all angular measurements
were made (see text).

Table 1. Measured Angles and Calculated Anchoring Energies
Reported as a Function of Antibody Concentration; See Text for
Details

region
peptide + antibody

(nM)
γ

(deg)
δ

(deg)
æ

(deg)
ψ

(deg)
W

(µJ/m2)

1 EG4 164.9 84.9 9.9 74.9 5.3
2 Y1173+ 100 163.6 83.7 10.1 73.6 5.19
3 pY1173+ 0.01 161.8 83.4 11.6 71.8 4.43
4 pY1173+ 0.1 159.4 81.6 12.2 69.4 4.09
5 pY1173+ 1.0 153.5 81.3 17.8 63.5 2.65
6 pY1173+ 10 145.3 78.8 23.5 55.3 1.81
7 pY1173+ 100 139.9 78.3 28.4 49.9 1.43
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ance of the LC indicate the orientation of the LC is changing
on thepY1173-decorated surfaces as a function of the concen-
tration of antibody. As revealed below, rotation of the analyzer
reveals that the twist angle of the LC decreased across Regions
3-7 (i.e., with increasing antibody concentration) because of a
decrease in the anchoring energy of the LC on thepY1173-
decorated surfaces incubated with antibody.

Optical measurements to quantify the orientation of the LC
in Regions 1-7 were performed at locations where the thickness
of the film of LC between the peptide-decorated surfaces and
reference surface was 6.0( 0.5 µm, as determined by
comparing the interference colors shown in Figure 4C to those
observed in a Michel-Levy chart.51 Inspection of eq 1 reveals
that knowledge of the twist angle (ψ) and deviation angle (æ)
at the peptide-decorated surfaces is required for evaluation of
the anchoring energy of the LC. These angles were calculated
from the experimentally determined anglesγ andδ (Figure 1).
The details of the methods used to determine these angles can
be found in the Supporting Information. Briefly, the sample was
held at a fixed position on the microscope stage, and the analyzer
was rotated to an orientation such that the intensity of light
transmitted through the analyzer was reduced to a minimum.
Under these conditions, the angle formed between the analyzer
and source polarizer is equal toγ.29,32To determine the position
of the analyzer that corresponded to the minimum in the intensity
of transmitted light, we captured optical images of the LC at
regularly spaced intervals of the analyzer orientation. Image
processing (Adobe Photoshop) was used to determine the mean
luminosity of the twisted domain of the LC. We plotted the
mean luminosity of images captured as a function of analyzer
position, as shown in Figure 6A. The intensity of transmitted
light, according to the optical behavior of twisted LCs in the
waveguide region, should follow the functionf(x) ) cos2(x),
wherex is the angle of the analyzer.32 Inspection of Table 1
reveals that the angle between the polarizer and analyzer (γ)
varied monotonically from 163.6° for Region 2 (Y1173
incubated with 100 nM of anti-phosphotyrosine antibody) to
139.9° for Region 7 (pY1173 incubated with 100 nM anti-
phosphotyrosine antibody). A similar analysis was carried out
to find δ, the relative orientation of the easy axes of the LC on
the two surfaces (Figure 6B). Inspection of Table 1 shows that
only a modest change inδ occurs across the sample. This
variation is largely due to spatial variation in the azimuthal angle
of incidence of the gold during deposition of the gold films
onto the glass microscope slides (as discussed in ref 30). It is
important to point out that the anchoring energy is an intrinsic
property of the interface, and accurate values of anchoring
energies can therefore be obtained using surfaces across which
the angleδ varies in a known manner.

The angle diagram used to identifyψ and æ from the
experimentally measured parametersδ andγ is shown in Figure
1.29,32These relationships, when combined with the known twist
elastic constants of 5CB (K22 ) 4.22( 0.5 pN) and eq 1, permit
evaluation of the anchoring energy (Table 1). Inspection of Table
1 reveals that the anchoring energy on theEG4-decorated
surfaces is 5.3µJ/m2, in good agreement with previous reports.29

On theseEG4-decorated surfaces, the torque generated by the
twist distortion causes the orientation of the LC to deviate from
the easy axis by 9.9°. Figure 7 shows that this angle increases
to 28.4° when thepY1173-decorated surfaces are incubated with
100 nM anti-phosphotyrosine antibodies. To quantify the
experimental error involved in these measurements, on an
independently prepared surface, we treated each of the Regions
3-7 with 0.1 nM anti-phosphotyrosine antibody (Table S1 of
Supporting Information). From these measurements, a standard
error of the mean (n ) 5) was calculated to be(0.5° (as
indicated by the error bars in Figure 7). The corresponding
standard error in calculated values of anchoring energies was
0.3 µJ/m2 (Table S1, error bars in Figure 8).

Immobilization of Y1173 and incubation in 100 nM anti-
phosphotyrosine leads to an anchoring energy of 5.2µJ/m2

(Table 1), a value that is not significantly different from that of
theEG4-terminated surface (5.3µJ/m2). In contrast, incubation
of the surfaces presentingpY1173 with increasing concentra-

(51) More recent versions of the Michel-Levy chart can be found at the Olympus
website. http://www.olympusmicro.com (accessed April 2007).

Figure 5. High-resolution optical images (crossed polars) of Regions 3-7 shown in Figure 4.

Figure 6. Illustration of optical method used to determine anglesγ andδ
for evaluation of anchoring energy. The data were obtained from Region 3
of the sample shown in Figure 4B. See text for details and Figure S6 for
corresponding polarized light images.

Quantifying Proteins Captured by Immobilized Ligands A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 36, 2007 11229



tions of anti-phosphotyrosine antibody leads to a systematic
decrease in anchoring energy to 1.4µJ/m2 (data indicated with
open squares in Figure 8 correspond to data presented in Figure
7). Figure 8 reveals a weakly sigmoidal relationship between
anchoring energy and logarithm of the concentration of antibody
in solution that extends over 4 orders of magnitude of antibody
concentration. An important observation is that a concentration
of phospho-specific antibody of 10 pM leads to an anchoring
energy of 4.1µJ/m2 on surfaces presentingpY1173, a value
that is significantly lower than that measured when 100 nM
antibody is incubated against the surface presentingY1173(5.2
µJ/m2). Finally, we note that Figure 8 also shows a second data
set (solid triangles, 100 pM to 100 nM antibody) that was
obtained using an independently prepared surface. Good agree-
ment between independently prepared surfaces is evident.

The above-described measurements of anchoring energies of
liquid crystals on peptide-patterned surfaces incubated against
subnanomolar concentrations of anti-phosphotyrosine antibody
are interesting in light of our past observations regarding the
use of LCs to detect the presence of proteins bound at
surfaces.22-25,31 Our previous measurements focused on char-
acterizing spontaneous changes in the easy axis of LCs induced
by captured proteins and revealed that the orientations of LCs
typically become nonuniform on surfaces that present increasing
amounts of bound protein.22-25,31The approach reported herein
contrasts with our past work in that it does not require a bound
protein to induce a change in the easy axis in order to be reported
by the LC. Specifically, the measurements reported in this article

show that LCs can be used to report the presence of low
concentrations of antibodies captured on surfaces via measure-
ment of anchoring energies that change systematically with
incremental increase in the concentration of the antibody. From
these combined results, we draw an important conclusion: that
in the case of proteins bound at surfaces, a measurable and
systematic reduction in anchoring energy caused by captured
protein precedes a spontaneous change in orientation of the LC
(that is, a change in the orientation of the easy axis). The
measurement of anchoring energy provides, therefore, a means
to increase the sensitivity of methods based on LCs for
amplifying and detecting proteins at interfaces. We also note
that the results reported in this article indicate that measurements
of anchoring energies of LCs also provide a dynamic range of
measurement that extends over 4 orders of magnitude of
antibody concentration.

Inspection of Figures 3 and 7 reveals that the amounts of
bound antibody that lead to changes in anchoring energy are
sufficiently small that they do not lead to measurable changes
in ellipsometric thicknesses. Control experiments described
above confirm that the changes in anchoring energy come about
because of specific binding events. We have estimated anupper
boundon the mass density of antibody that leads to measurable
changes in anchoring energies of LCs on these surfaces by
assuming that (i) the mole fraction ofEG4N in the mixed
monolayer is the same as the solution composition, (ii) all amine-
terminated thiols within the mixed monolayer react to im-
mobilize one EGFR peptide molecule, and (iii) one antibody
molecule is bound to each peptide molecule on the surface.
Using these assumptions, we calculate that the anchoring energy
of the LC on the surface exposed to 100 nM antibody (which
is the highest concentration used in our study) is influenced by
<1 ng/cm2 of captured antibody. We emphasize that this mass
density corresponds to the maximum concentration investigated
in our study (100 nM), and that much lower concentrations of
antibody (0.01 nM) lead to measurable changes in anchoring
energies of the LCs. On surfaces exposed to 0.01 nM antibody,
we expect the mass densities of antibody to be<<1 ng/cm2.
These results lead us to conclude that methods based on
measurements of anchoring energies of LCs can likely be made
to be more sensitive than other label-free methodologies used
to measure biomolecular binding events and/or surface adsorp-
tion phenomena, including surface plasmon resonance spec-
troscopy (∼2 ng/cm2),52 optical waveguide light mode spec-
troscopy (∼1 ng/cm2),53 and attenuated total reflection infrared
absorption spectroscopy (∼1 ng/cm2).54

Conclusion

The main conclusion of the study presented in this article is
that measurements of the energy of interaction of LCs with
surfaces provide simple and sensitive methods to quantify
proteins captured on surfaces through interactions with im-
mobilized ligands. To our knowledge, this study provides the
first demonstration that anchoring energies of LCs can be used
to report protein-binding events at surfaces. Concentrations of

(52) Whalen, R. J.; Wohland, T.; Neumann, L.; Huang, B.; Kobilka, B. K.;
Zare, R. N.Anal. Chem. 2002, 74, 4570-4576.

(53) Bearinger, J. P.; Voros, J.; Hubbell, J. A.; Textor, M.Biotechnol. Bioeng.
2003, 82, 465-473.

(54) Rigler, P.; Ulrich, W.-P.; Hoffman, P.; Mayer, M.; Vogel, H.ChemPhy-
sChem2003, 4, 268-275.

Figure 7. Deviation of orientation of LC from easy axis (æ) plotted as a
function of antibody concentration in solution.

Figure 8. Anchoring energy (W) of LC as a function of concentration of
monoclonal anti-phosphotyrosine antibody (IgG). Two independent data
sets are shown, along with the standard error calculated from five repeat
measurements at 100 pM antibody.
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antibodies in the 10 pM to 100 nM range were reported upon
binding to EGFR peptides presented at surfaces. The method
relies on measurement of the response of a LC in contact with
a surface presenting captured proteins to an applied perturbation.
In this study, a twist distortion is generated so as to apply a
mechanical torque to LCs. Other methods of perturbing the LC
can be envisaged, including the use of applied electric fields.
The potential merits of the principles reported in this article
include sensitivity (10 pM in antibody concentration), dynamic
range (4 orders of magnitude), and ability to perform multi-
plexed assays on a single surface (image surfaces with patterned
analytic zones). Such characteristics lead us to believe that the
principles described in this article may be broadly useful for
the analysis of proteins and other biomolecules involved in

interactions that regulate a range of complex and poorly
understood chemical and biological events.
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