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ABSTRACT: A new liquid-crystal (LC)-based sensor operated
by nickel nanosphere (NiNS)-induced homeotropic alignment
for the label-free monitoring of thrombin was reported. When
doped with NiNSs, a uniform vertical orientation of 4-cyano-4'-
pentylbiphenyl (SCB) was easily obtained. A sandwich system of
aptamer/thrombin/aptamer-functionalized gold nanoparticles
(AuNPs) was fabricated, and AuNPs—aptamer conjugation
caused the disruption of the SCB orientation, leading to an
obvious change of the optical appearance from a dark to a bright
response to thrombin concentrations from 0.1 to 100 nM. This
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design also allowed quantitative detection of the thrombin concentration. This distinctive and sensitive thrombin LC sensor

provides a new principle for building LC-sensing systems.
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iquid crystals (LCs) are a delicate phase of matter with
fluidity, long-range orientational order, and optical
anisotropy. Because the anchoring energy of LCs is very low,
they are extremely sensitive to external stimuli, and their
orientational changes induce different optical appearances. The
LC-based sensors amplify and transduce chemical and bio-
logical binding events on surfaces into optical outputs visible by
the naked eye under crossed polarizers, which permits label-free
detection with high sensitivity. Furthermore, the LC-based
sensors are portable, avoiding the complex and expensive
laboratory-based equipment during the detection procedure.
These advantages make LCs particularly attractive in probing
DNA,' ™ glucose,” proteins,”” lipids,*’ enzymatic activ-
ities,"*™"* and chemical materials including organoamines13
and heavy-metal ions.'*"> Although LC-based sensing is a
convenient probing method, an alignment procedure is still
requisite; actually, it is essential for the fabrication of LC
sensors, 23141619
Thrombin is a specific serine protease that plays a significant
role in the coagulation cascade and catalyzes many coagulation-
related reactions.”” In recent years, different analytical methods
were developed for the detection of thrombin, for instance,
fluorescence resonant energy transfer,”’ ﬂuorescence polar-
ization,”” electrochemistry,” and plasmonic™® and surface-
enhanced resonance scatterlng ° Most of them are efficient,
sensitive, and specific for the detection of thrombin, but there
are still some problems that need to be solved such as the
expensiveness of the equipment and the use of fluorescence
labels, which are not cheap or toxic (e.g,, CdSe). Also, the first
attempt using LCs for the detection of thrombin was reported
by using of interactions between a polyelectrolyte and a
phospholipid monolayer at the aqueous/LC interface.”® Herein,
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a new LC-based sensing approach is proposed for the detection
of thrombin. We have reported uniform alignment of LCs
achieved by dispersing nickel nanomaterials into LCs without
an alignment layer.”” In the current strategy, the homeotropic
alignment of LCs is simply achieved by doping nickel
nanospheres (NiNSs), and the specific interaction between
thrombin and its binding aptamers is employed to develop the
thrombin LC sensor. Here the disruption to the LC orientation
is enhanced by the gold nanoparticles (AuNPs)—aptamer
conjugation by utilizing their robust nature, stability, and large
surface area and turned to amplification of the optical signals
that are directly observed by the naked eye under crossed
polarizers. Moreover, we demonstrate quantitative analysis of
the thrombin concentrations. Control experiments further
confirm the feasibility of this approach. The proposed method
is simple, sensitive, and environmentally friendly and does not
need expensive equipment, which makes it a promising
biosensor for the application of thrombin detection.

In our study, the homeotropic alignment of LCs was first
attained by doping NiNSs. After that, the sandwich structure of
aptamer/thrombin/aptamer-functionalized AuNPs (Apt-
AuNPs) was step-by-step fabricated. All of the experimental
details are included in the Supporting Information. The process
using the signal amplification of the LC alignment for the
detection of thrombin is depicted in Figure 1. First, the surface
of the substrate was grafted with (3-glycidoxypropyl)-
trimethoxysilane (GPTMS), an epoxy-group-rich compound,
to form an epoxysilane monolayer for reacting readily with
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Figure 1. Schematic illustration of the detection method and
preparation steps for the NiNS-based thrombin LC sensor: (a)
cleaned glass slide; (b) self-assembled GPTMS film; (c) immobiliza-
tion of the antithrombin aptamer; (d) thrombin addition and binding
with the aptamer; (e) binding with Apt-AuNPs; (f) orientation of the
LC mixture (SCB doped with 0.01 wt % NiNS) in the LC cells
assembled with thrombin; (g) orientation of the LC mixture in the LC
cells assembled with Apt-AuNPs through a sandwich format.

amino groups of the aptamers. Then, NH,—aptamer was
immobilized on the substrate through the coupling reaction
between the epoxy and amino groups.”® After that, thrombin
was reacted with NH,—aptamer with one binding site. Because
thrombin includes two binding sites for the aptamer,” the
thrombin molecule is anticipated to act as a bridge to link the
monodispersed Apt-AuNPs together to make the aggregation.
According to this design, the AuNPs were then reacted with
different concentrations of thrombin. Because a single AuNP is
loaded with ~80 aptamer units per particle,”’ these DNA
strands will increase the disruption to the LC orientation,
resulting in enhancement of the LC optical signals, which can
be directly observed by the naked eye under crossed polarizers.

In a current process of a LC biosensor construction, the key
step is to fabricate a surface on which the assemble film or the
microgroove aligns the LC molecules to a certain orientation.
For this purpose, a complicated process to obtain the assemble
film or the groove is necessary. Here we use the peculiar
characteristic of NiNS-induced vertical alignment of LCs for
the detection of thrombin. The alignment of SCB was
monitored by polarizing optical microscopy (POM). Before
the LC biosensor was assembled, two LC cells filled with SCB
and a SCB/NiNSs (Figure S1, Supporting Information)
mixture were first assembled. The schlieren texture observed
with crossed polarizers in Figure S2a suggested that the nematic
LC molecules were randomly oriented. When SCB was doped
with NiNSs, a uniform dark image without defects was
observed, regardless of the cell rotation angle, as shown in
Figure S2b. This result means that the SCB molecules were

oriented perpendicularly to the substrate by doping NiNSs.
After determining the vertical anchoring of the LCs, we studied
the alignment of this composite in LC cells with an assembled
aptamer, as illustrated in Figure lc. As shown in Figure S2c, the
dark image was maintained, indicating that the vertical
alignment of the LCs remained after the substrate was
assembled with the NH,—aptamer. Moreover, a series of LC
cells were fabricated with thrombin from low to high density
assembled on the surface, and the transitions of the LCs were
examined. As shown in Figure S2d—f, when the concentration
of thrombin was 1, 10, and 100 nM, the dark image was still
observable, indicating that thrombin could not disrupt the
perpendicular orientation of the LCs. These results corre-
sponded to the state of Figure 1d. Compared to the
conventional LC biosensor, the approach used here did not
need the alignment procedure, and as a result, the whole
process of detection was greatly simplified.

Because thrombin includes two binding sites for the aptamer,
here we use the Apt-AuNPs as the signal disturber for the
amplified detection of thrombin. AuNPs (13 + 1 nm; Figure
S3) were first functionalized with the thiolated aptamer, with an
average loading of ca. 80 aptamer units per particle. Then the
functionalized AuNPs were reacted with different concen-
trations of thrombin. During this time, thrombin and the Apt-
AuNPs were combined by van der Waals forces. This process of
AuNP aggregation was monitored by scanning electron
microscopy (SEM), as shown in Figure 2. The results showed

Figure 2. SEM images of indium—tin oxide substrates after AuNP
deposition obtained with different concentrations of thrombin: (a) 0.1
nM; (b) 1 nM; (c) 10 nM; (d) 100 nM.

that the amount of Apt-AuNPs increased with an increase of
the thrombin concentration, meaning that AuNPs were
successfully connected with thrombin. This surface topology
change will induce the orientation transition of LC molecules.

To study the POM optical response of AuNPs—aptamer
conjugation without thrombin, the NH,—aptamer-assembled
substrates were dipped into an AuNPs—aptamer solution to
fabricate the proposed LC cell. As shown in Figure S4, the
changed dark image of POM indicates that the LC biosensor
has no response to the AuNPs—aptamer. Obviously, this result
is due to no immobilization of the AuNPs—aptamer on the
substrate without thrombin as the linkage to form the aptamer/
thrombin/AuNPs—aptamer sandwich structure.

The loading of aptamers on the AuNP surface was also
performed to study the transition of the LC orientation. As
shown in Figure SSa, LCs are oriented perpendicularly without
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Figure 3. POM images of SCB doped with 0.01 wt % NiNSs in LC cells with substrates assembled with thrombin and the functionalized AuNPs.
Thrombin is at concentrations of (a) 0.0, (b) 0.1, (c) 1, (d) 10, (e) 50, and (f) 100 nM. The scale bars in all panels are 100 pm.

any aptamers, which suggested that the bare AuNPs have no
contribution to LCs’ orientation changes. Parts b—d of Figure
SS exhibited the POM images of the LC cells tested with
increasing aptamer loading; interestingly, the LC orientation
was disturbed more intensively, which strongly suggested that
the LC reorientation was contributed by the aptamer loading
on the AuNP surface.

After aggregation of the AuNPs, a series of LC cells were
assembled, and the detection of thrombin was observed with
POM. Figure 3 shows the optical textures of SCB in contact
with surfaces on which the functionalized AuNPs were reacted
with different concentrations of thrombin. In order to
demonstrate the repeatability and reproducibility of this
method, every thrombin concentration is shown by four
photographs in Figure 3. When the target thrombin is over 0.1
nM, some bright spots start to form over the dark image,
suggesting that the homeotropic alignment is disrupted because
of the strand-like aptamers and some tilt or planar domains
start to form. With the concentration of thrombin increased
from 0.1 to 50 nM, it can be observed that the bright domains
expand increasingly, meaning that the amount of AuNPs
increased with an increase in the target thrombin, as shown in
Figure 3b—e. Therefore, the orientation signals of LCs are
disturbed increasingly, and the region of vertical orientation is
decreased more and more. When the concentration of
thrombin reaches to 100 nM, the disruption is the most
intensive, and the homeotropic orientation of the LC molecules
disappears completely, as shown in Figure 3f.

Because the area of bright LC regions increased with
increasing thrombin concentration, we tried to investigate the
correlation between the concentration of thrombin and the
intensity of the LC optical signal quantitatively. Through
measurement of the area ratio of the bright LC regions to the
whole image with computer software, quantitative analysis of
the thrombin concentration was achieved. As shown in Figure
4, the ratio keeps rising with an increase of the thrombin
concentration. The rate of the bright area enhancement is fast
at low thrombin concentrations and becomes slower at high
thrombin concentrations. The detection limit is as low as 0.06
nM. In the thrombin concentration range of 0.1—1.0 nM, the
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Figure 4. Correlations between the area ratio of the bright LC regions
to the whole image and the concentration of thrombin. Inset: Linear
relationship between the area ratio and the thrombin concentration. A
= area of the bright LC regions. A, = area of the whole image. The
illustrated error bars represent the standard deviation of four
measurements of a sample for each assay.

plot of ratio A/A, as a function of the thrombin concentration
is a linear line with a high correlation coefficient (0.987).
Several control experiments were performed to demonstrate
the specificity of the LC aptasensor, determined by challenging
it with nonspecific aptamers and nontargeted proteins. First,
the LC response upon the addition of a nonspecific aptamer
(aptamer 3) containing mismatch bases to the assembled
surface was tested. It was found that the POM image was still
dark under cross polarizers, meaning that the homeotropic LC
orientation was maintained (Figure S6a). Moreover, the LC
optical signal upon the use of similar proteins, including 10 nM
bovine hemoglobin, 10 nM bovine serum albumin, and 10 nM
lysozyme, in the LC sensoring system was investigated, as
shown in Figure S6b—d. In these control experiments, no LC
reorientation was observed. We inferred that the proteins had
no specific binding to the antithrombin aptamer; thus, no
aggregation occurred. To further investigate this point, we
studied the LC response with mixtures containing thrombin
and these different proteins. As shown in Figure S7, the POM

DOI: 10.1021/acsami.5b08924
ACS Appl. Mater. Interfaces 2015, 7, 23418-23422


http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08924/suppl_file/am5b08924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08924/suppl_file/am5b08924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08924/suppl_file/am5b08924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08924/suppl_file/am5b08924_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08924/suppl_file/am5b08924_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b08924

ACS Applied Materials & Interfaces

image exhibits a uniform dark field in the absence of thrombin
(Figure S7a,e,i). However, when we added 1 nM thrombin, the
birefringence dots obviously emerged (Figure S7b,fj). When
thrombin was added to S0 nM (Figure S7d,h,i), the
birefringence regions increased dramatically, indicating vertical
anchoring of the LCs was disrupted sharply. This excellent
selectivity arises from the high specificity of the antithrombin
aptamer.

In summary, we demonstrated a novel approach for the
detection of thrombin by using LCs doped with NiNSs. The
homeotropic orientation of SCB molecules was easily obtained
by the doped NiNSs. The Apt-AuNPs were aggregated on the
substrate surface because thrombin includes two binding sites
for the aptamer, and this aggregation made the strandlike
aptamers amplify the disruption of the LC orientation. As a
result, the LCs underwent an orientation transition, which was
easily visualized, so that thrombin with concentrations of 0.1—
100 nM was detected. We show that the assay can detect
thrombin with high specificity. Moreover, the thrombin
concentration could be determined quantitatively, through the
ratio of area of the bright LC region to the whole image, thanks
to the unique birefringent properties of LCs. This process of
detecting thrombin represents a simplified path and has
potential application in the fabrication of convenient LC
sensors.
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