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ABSTRACT

The ordering of synthetic liquid crystals near surfaces is known to be dependent on the nanoscopic structure and chemical functionality of
surfaces. In this letter, we report that the orientational ordering of synthetic liquid crystals on surfaces decorated with viruses is also dependen t
on the structures of the viruses. Each of the four virions investigated had diameters of approximately 100 nm, but three of the viruses
(influenza virus, La Crosse virus, and vesicular stomatitis virus) were enveloped in a lipid bilayer, whereas one virus (adenovirus) was not.
We observed that lipid bilayer-enveloped viruses induce homeotropic (perpendicular) ordering of a nematic liquid crystal upon contact with
the liquid crystal. In contrast, nonenveloped virus (adenovirus)-treated surfaces caused a near-planar orientation of the liquid crystal. We
conclude that the homeotropic ordering of liquid crystals is a signature of the presence of enveloped viruses present on surfaces. These
results suggest new approaches to the design of nanostructured materials that incorporate viruses as well as suggest methods that can be
used to amplify the presence of nanoscopic virions into micrometer-sized domains of liquid crystal that can be optically probed.

This paper reports a study of the interactions of synthetic
liquid crystals (LCs) and viruses supported on nanostructured
surfaces. The study sought to understand how the structure
of the virus impacts the orientational order within the
contacting LC. The study is broadly motivated by the
observation that understanding the interactions of synthetic
LCs and viruses may provide new approaches to the design
of materials that incorporate viruses as well as provide
methods to report (sense) the presence of viruses. Because
viruses can be engineered to present chemical functional
groups with a high degree of precision in three dimensions,
they provide useful building blocks for novel approaches to
material fabrication.1,2 Recent studies have also shown that
LCs can be used to amplify and report the presence of a
range of biological species displayed at surfaces through the
orientations assumed by the LCs when in contact with the
biological species.3,4 LC-based reporting offers potential
advantages over conventional techniques because it does not
require complex instrumentation,5 laborious techniques,6 or
enzymatic or fluorescent labels.7

In this study, we investigate the orientational behavior of
the nematic phase of 4-cyano-4′-pentylbiphenyl (5CB) on
surfaces presenting electrostatically bound viral particles that

possess different envelope structures. We demonstrated
previously that the uniform planar alignment of 5CB on poly-
L-lysine-treated gold films deposited by physical vapor
deposition at an oblique angle of incidence is changed to a
homeotropic (perpendicular) alignment by the presence of
bound vesicular stomatitis viruses because of interactions that
occur between the viral particles bound to these surfaces and
the LCs.8 The study we report in the present paper tests the
hypothesis that the anchoring of LCs on surfaces presenting
viruses is influenced by the external structures of viruses
and, thus, may depend on the identity of the virions. Four
different viruses [adenovirus (ADV), influenza virus (IFV),
La Crosse virus (LACV), and vesicular stomatitis virus
(VSV)] were chosen for the current study because they are
comparable in physical dimensions (they are all roughly 100
nm in diameter) and yet present distinct structural differences,
which are summarized in Table 1. The infectious VSV
particle is bullet-shaped, IFV and LACV are approximately
spherical in shape, and ADV is an icosahedron. Both IFV
and VSV possess peripheral matrix proteins that lie between
a phospholipid envelope and their nucleocapsid cores. For
VSV, there are about 1800 molecules of the viral matrix
proteins (26 KDa) per virion,9 whereas IFV possesses about
3000 molecules per virion (27.8 KDa/protein).10 LACV also
possesses a lipid bilayer envelope, but LACV virions do not
contain matrix protein. Because of the above structural
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differences, the membranes of IFV and VSV are believed
to be more rigid than LACV. ADV has neither a lipid
membrane nor matrix protein.

First, we deposited poly-L-lysine onto the surfaces of gold
films by contacting the surfaces with aqueous drops of 0.1%
poly-L-lysine in a water-saturated environment. As described
in detail in our previous studies,11 we prepared the gold films
with an anisotropic surface structure by physical vapor
deposition of gold onto glass substrates at an oblique angle
of incidence. Because of self-shadowing, the nanometer-scale
roughness of the gold surface is greatest in an azimuthal
direction that is parallel to the plane of incidence of the gold
during deposition of the film. A past study using atomic force
microscopy has shown that the characteristic size of the
grains within the polycrystalline gold film is∼14 nm and
the difference in height between hills and valleys defined
by the grains is∼2 nm when the gold is deposited at an
angle of incidence of 60° (measured from normal).12 After
30 min of incubation with the poly-L-lysine, the gold surfaces
were rinsed with water and dried under a stream of N2. We
sought to immobilize the viruses on these cationic surfaces
by electrostatic interactions between the viruses and cationic
surfaces. On the basis of the known isoelectric ranges of
the viruses (determined by electrokinetic studies), all four
viruses have a net negative surface charge in the STE buffer
(pH 8.0) used in this study (See Table 1).13-15 We note that
the focus of this paper is on the nature of the coupling
between the LC and viruses; we do not seek to achieve a

selective capture of each virus from a complex mixture on
the surface. As described below, our experiments are
performed with purified viruses.

We initially confirmed binding of the viruses to the poly-
L-lysine surface by using fluorescently labeled antibodies.
The virus samples used in this study were purified through
a buoyant density gradient and centrifugation to remove cell
debris (see below for control experiments). Viruses were
diluted in STE buffer to obtain titers of 2× 108 pfu/mL,
and then 5µL droplets of each dispersion of virus were
incubated on the poly-L-lysine surfaces for 1 h in ahumid
environment. After incubation, the unbound virus particles
were rinsed from the surface with sterile double-distilled
water (rinsing was performed twice) and the surface was
dried under a stream of air. The virus-decorated slide was
immersed in a 0.1% (by weight) solution of bovine serum
albumin (BSA) before applying primary antibodies specific
to each type of virus. After washing twice with water and
drying the surface, FITC-conjugated goat anti-rabbit IgG or
anti-chicken IgY antibodies were applied for 1 h at room
temperature. The slide was then washed three times before
imaging was performed by using a fluorescence microscope.
Figure 1a-d shows fluorescent micrographs of these virus-
decorated surfaces. Inspection of Figure 1a-d reveals the
presence of circular domains of high fluorescence intensity.
The circular domains correspond to the areas of contact
between the surfaces and the droplets containing the virus
particles. The concentric rings result from evaporation of the

Figure 1. (a-d) Fluorescent micrographs of viruses that were captured by adsorption onto poly-L-lysine-treated surfaces. The images were
obtained after incubation of the surfaces with antibodies specific to each virus and a secondary antibody (0.2 mM of FITC-conjugated goat
anti-rabbit IgG or anti-chicken IgY antibody). The control experiments (e-h) used samples obtained from cell cultures that were not
infected with viruses but subjected to the same sample preparation steps. In this study, adeno and influenza viruses were grown in HeLa
and MDCK cells, respectively, and BHK cells were used to prepare LACV and VSV.

Table 1. Structural and Compositional Characteristics of Viruses Used in This Study20,21

adenovirus22 influenza23 LACV24 VSV25

classification Adenoviridae Orthomyxoviridae Bunyaviridae Rhabdoviridae
size &
morphology

70-100 nm
icosahedron

80-120 nm
in diameter

80-100 nm
in diameter

75 × 180 nm
bullet shape

nucleic acid (wt %) 13 1 2 1-2
protein (wt %) 87 (protein shell w/fiber) 70 (w/matrix protein) 58 (no matrix protein) 65-75 (w/matrix protein)
lipid envelope (wt %) no membrane or lipid 20 33 15-25
carbohydrate (wt %) trace 5-8 7 3
isoelectric range (pH) 5.5-6.3 6.5-7.0 6.7-8.4 4.7-7.0
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droplets during the incubation of virus solutions on the
surfaces (the domains are not exactly circular because of the
effects of blow drying the surfaces with a stream of air).
We also performed control experiments using samples
obtained from cell cultures that were not infected with viruses
but subjected to the same sample preparation steps described
above (centrifugation, etc). The control experiments did not
lead to the formation of the bright circular domains seen
using preparations from virus-infected cells (Figure 1e-h).
Thus, we conclude that the bright domains (Figure 1a-d)
are the result of the recruitment and binding of FITC-labeled
antibodies to the surface-bound viruses and that each of the
four viruses was captured on the poly-L-lysine-decorated
surfaces.

Although the experiments described above provide quali-
tative evidence for the presence of each type of virus on the
surfaces, we performed two additional experiments to
quantify the amount of each virus captured. First, we
incubated 5µL droplets of each virus on the poly-L-lysine
surfaces for 2 h in ahumid environment. Following the 2 h
incubation, the droplets were removed from the surface using
a pipet and placed into a tube along with a buffer that was
used to rinse the surface. A control sample containing a 5
µL droplet of each virus was simultaneously incubated at
room temperature for 2 h (not on the surface). We then
determined the number of plaque-forming units of virus in
each sample removed from the surface and by difference
calculated the amount of virus bound to the surface (Table
2). The results in Table 2 show that ADV, IFV, and LACV
were present at 8.5× 105, 9.0 × 105, and 9.4× 105 pfu,
respectively. The pfu of VSV bound to the surface was
slightly higher (12× 105 pfu) than the other three viruses
because of the higher number of pfu of VSV incubated on
the surface in these experiments (see Table 2). We note that
the fraction of all four viruses captured on the surfaces from
the droplets is very similar (90( 5%). Second, we measured
the ellipsometric thickness of the virions bound to the
surfaces using the procedure described above. Prior to
measurement of the ellipsometric thickness, the surfaces were
rinsed with sterile double-distilled water and dried under a
stream of air. Inspection of Table 2 reveals that similar
ellipsometric thicknesses were recorded for each virus, and
the ellipsometric thickness was observed to decrease with
the titer of the virus in solution incubated on the surface.
These results, when combined, support our conclusion that
incubation of droplets of ADV, IFV, LACV, or VSV (same
titer) leads to surfaces that are decorated with similar amounts
(pfu and ellipsometric thickness) of each of the four viruses.

Next, we investigated the orientational behavior of 5CB
on the virus-decorated surfaces. Using a procedure similar
to that described above, we placed droplets of each virus
solution of titer 2× 108 pfu/mL on a poly-L-lysine surface
and incubated the surface in a water-saturated environment
for 2 h. The surface was then rinsed with water and dried
under a stream of N2. We contacted LC with the surface by
using an optical cell that was fabricated by pairing a surface
of interest and an octyltrichlorosilane-treated glass slide. The
two surfaces were spaced apart by placing Saran Wrap
(thickness of∼13 µm) at the edges of the surfaces and
secured by binding clips. 5CB was then introduced into the
cavity between the two surfaces by using capillary forces at
a temperature (35-40°C) corresponding to the isotropic state
of 5CB. The sample was cooled, and the optical appearances
of the nematic LC films were recorded at room temperature
by using polarized light microscopy (white light, transmission
mode).

Figure 2 shows the optical appearance of nematic LC
(cross polars) in contact with surfaces presenting the four
different viruses. Inspection of Figure 2a reveals a largely
dark optical texture with line defects (bright lines) and a small
pink region on the ADV-laden surface when the sample was
oriented with the direction of gold deposition parallel to either
of the polarizers. Upon rotation of the sample by 45°, the
optical texture turned bright, with the color of the LC in
contact with the virus-coated domain being slightly different
from the color of the surrounding poly-L-lysine-coated
surface (Figure 2e). This difference in interference color
indicates that the 5CB on the region of the surface decorated
with ADV is tilted away from the surface relative to the
region of the surface coated with only poly-L-lysine. Past
studies have demonstrated that it is possible to quantitatively
evaluate the tilt angle of a LC at a surface from knowledge
of the interference color, optical properties of LC, and the
geometry of a sample.16 Our analysis of the interference
colors in Figure 2e revealed that ADV causes 5CB to tilt
away from the surface by approximately 10°.

We observed uniformly dark textures on surfaces present-
ing IFV, LACV, or VSV (Figure 2b-d). Upon rotation by
45°, these surfaces showed no modulation of the intensity
of transmitted light, suggesting homeotropic alignment of
5CB (Figure 2f-h). Homeotropic alignment of LC on these
surfaces was confirmed by conoscopy (inset in Figure 2f-
h). We note that the nonhomeotropic regions inside the
homeotropic circles in Figure 2b, d, f, and h are the result
of damage to the surface caused by contact of the pipet tip
with the surface during the spotting of virus solution.

Table 2. Quantitation of Viruses Adsorbed on Poly-L-lysine Surfacesa

adenovirus influenza LACV VSV

titer of virus in droplet placed onto surface (pfu/ml) 2.0 × 108 2.0 × 108 2.0 × 108 2.7 × 108

amount of virus in droplet placed onto surface (pfu) 1.0 × 106 1.0 × 106 1.0 × 106 1.35 × 106

amount of virus not bound to surface (pfu) 1.5 × 105 1.0 × 105 0.6 × 105 1.5 × 105

amount of virus bound to suface (pfu) 8.5 × 105 9.0 × 105 9.4 × 105 12 × 105

ellipsometric thickness of bound virus (nm) 2 × 10 8 pfu/ml 17.0 ( 3.8 14.0 ( 0.5 17.3 ( 2.4 14.5 ( 0.8
ellipsometric thickness of bound virus (nm) 2 × 10 7 pfu/ml 4.4 ( 1.6 3.3 ( 0.4 3.3 ( 0.8 1.3 ( 0.3

a The optical thickness reported in Table 2 is the average of two samples, each sample measured at three different points.
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To confirm that the above-described orientations of the
LCs were due to the presence of the virus and not, for
example, due to the presence of cell debris that had passed
through the purification steps, we prepared samples using
the same procedures described above except that supernatant
from uninfected cells was used. None of the control samples
induced homeotropic alignment and/or caused any measur-
able difference in the orientation of the LC between the
region spotted with the control sample and the surrounding
poly-L-lysine-coated region (Figure 2i-n). These results
support our conclusion that the orientations of LCs observed
on the surfaces on which virus was applied is due to the
bound virions and not cell debris associated with the virions.
Finally, we also performed control experiments in which we
incubated the poly-L-lysine-coated gold surfaces in STE
buffer for 2 h, rinsed the surfaces with water, and then dried
the surfaces under a stream of N2. By examination with
crossed polarizers, we concluded that incubation of the
sample under STE did not change the orientation of the LC
(data not shown).

The results above, when combined, support the hypothesis
that the homeotropic alignment of 5CB observed on surfaces
decorated with IFV, LACV, and VSV is due to the lipid
envelope of the viruses. This homeotropic anchoring contrasts
with the near-planar alignment of 5CB on nonenveloped virus
(ADV)-laden surfaces. Our control experiments revealed that
neither the cell debris remaining in the virus sample nor the
buffering salts cause the homeotropic alignment of 5CB.

Because the three viruses (VSV, LACV, and IFV) that
are surrounded by a phospholipid membrane cause homeo-
tropic anchoring of a nematic LC, our results suggest that

the physical interaction between the lipid coat of the virus
and the LC (e.g., penetration of 5CB into the lipid membrane
bilayers surrounding virus particles) leads to the homeotropic
alignment of 5CB on these surfaces. Although it is possible
that the packing (spatial arrangement) and orientation of the
virions may also influence the ordering of the LC, we note
here that the maximal surface densities of virions used in
our studies correspond to 1 virion per 10µm2 and that the
virions are therefore not close packed on these surfaces. We
also note that IFV, VSV, and LAVC have different shapes
(see Table 1), yet they give rise to the same orientation of
the LCs. This observation leads us to conclude that it is
unlikely that the orientation of the viruses on the surfaces
underlie the two different orderings of the LCs observed on
enveloped and nonenveloped viruses.

Several additional observations provide further support for
our proposition that the lipid envelope of the viruses leads
to the homeotropic orientation of the LC. First, tilted or
homeotropic anchoring of 5CB on surfaces supporting
biological materials, such as cells and phospholipid mono-
layers, has been reported (although we note that the surface
of a cell presents a range of proteins and carbohydrates that
may also interact with LC).17,18Second, we have also reported
that mixed self-assembled monolayers formed fromn-
alkanethiols with long (CH3(CH2)15SH) and short (CH3(CH2)4-
SH or aliphatic CH3(CH2)9SH) chains can homeotropically
anchor nematic phases of 5CB orp-methoxybenzylidene-p-
n-butylaniline (MBBA).19 When the SAMs have a low
density of long aliphatic chains, LCs can penetrate into the
monolayer, which results in the homeotropic anchoring of
nematic phases.

Figure 2. Optical images (crossed polars) of nematic 5CB sandwiched in an optical cell composed of two surfaces. The first surface
comprised a poly-L-lysine-treated gold film (obliquely deposited) that was contacted with a droplet of virus solution or a negative control
solution (cell supernatant, cells not infected with viruses) for 2 h. The second surface was octyltrichlorosilane-treated glass. The circular
domains in a-h were caused by the contact of the poly-L-lysine surfaces with the virus solutions (titer of 2× 108 pfu/mL). The arrow in
each image indicates the direction of deposition of gold. The samples were oriented such that the direction of deposition of the gold film
was oriented at an angle of 0° (a-d, i-k) or 45° (e-h, l-n) from one of the polarizers. The insets correspond to conoscopic images of the
samples (f-h). All images were obtained immediately after the assembly of the liquid crystal cell.
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Finally, we decreased the concentrations (titers) of viruses
in the solutions incubated on the surfaces to provide an
estimate of the number density of viruses on surfaces that
cause the homeotropic orientation of the LCs (Figure 3). We
prepared virus solutions with three different titers (2× 108,
2 × 107, and 2× 106 pfu/mL) and incubated them on poly-
L-lysine surfaces as described above. Inspection of Table 2
reveals that dilution of the viruses from 2× 108 to 2 × 107

pfu/mL leads to a decrease in the ellipsometric thickness of
virus on each surface. Observation of optical cells fabricated
with surfaces treated with virus solutions of titer 2× 108

pfu/mL revealed the optical texture similar to that in Figure
2: homeotropic anchoring of 5CB for the surfaces presenting
IFV, VSV, or LACV (Figure 3b-d) and near planar
alignment for the surface presenting ADV (Figure 3a).
However, when the samples were incubated with virus
solutions of titer 2× 107 pfu/mL, only the IFV sample
induced hometropic anchoring and the rest of the samples
showed planar or near-planar alignment of 5CB (Figure 3e-
h). When we further diluted the virus solutions 10-fold
(2 × 106 pfu/mL), the anchoring of 5CB on all 4 surfaces
were planar or slightly tilted (Figure 3i-l). We estimated
the upper limit on the number density of virions on the
surface giving rise to the response in Figure 3f to be∼1
virion/100 µm2 by assuming that all virions in the solution
adsorb on the poly-L-lysine surface (see Table 2). Because
LCs can be used to image regions of surfaces that are∼100
µm2, this results suggests that it may be possible to image
single virions or small clusters of virions on the surfaces
reported in this paper by using nematic LCs.

In summary, we have found that surfaces that present three
viruses (IFV, LACV, or VSV) with lipid envelopes cause
homeotropic alignment of a nematic LC. In contrast, ADV,
a virus that does not possess a lipid envelope, causes near-
planar alignment of the LC. Thus, homeotropic ordering of
the LC appears to be a signature of the presence of enveloped
viruses. These results suggest that LCs may provide routes
to reporting the presence of viruses captured on surfaces (e.g.,

diagnostics for emerging diseases or biosecurity) and that
interactions exist between enveloped viruses and synthetic
LCs which might find use in novel approaches to materials
synthesis that exploit viruses as building blocks.
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