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A highly sensitive cholic acid biosensor based on 4-cyano-4′-penthlbiphenyl (5CB) Liquid crystal droplets
in phosphate buffer saline solution was reported. A radial-to-bipolar transition of 5CB droplet would be
triggered during competitive reaction of CA at the sodium dodecyl sulfate surfactant-laden 5CB droplet
surface. Our liquid crystal droplet sensor is a low-cost, simple and fast method for CA detection. The
detection limit (5 μM) of our method is 2.4 times lower than previously report by using liquid crystal film
to detection of CA.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Bile acids (mainly contain cholic, deoxycholic, and lithocholic
acid) are important steroidal compounds, which are produced in
the liver from cholesterol and play a significant physiological role
in digestion and absorption of dietary lipids and fat-soluble vita-
mins through emulsification [1,2]. In addition, cholic acid (CA) is
one of primary bile acids as it weighs more than 31% in all of bile
acid and the concentration of CA is connected with liver cancer
(hepatocellular carcinoma), gallstone and other diseases [3,4]. The
concentration of CA is normally in range of 1–5 mM in liver and
less than 10 μM in human's serum [5,6]. For these reasons, de-
veloping a strategy to detect the concentration level of CA is par-
ticularly critical.

In recent years, many methods have been developed for the
detection of CA. For example, thin-layer chromatography [7], gas
chromatography (GC) [8], supercritical fluid chromatography (SFC)
[9], optical spectrum analyzer [10], molecularly imprinted [11],
high-performance liquid chromatography (HPLC) and mass spec-
trometry (MS) [12–14]. However, these methods require expensive
instruments and complex operational processes. Low-cost, simple
and fast analytical method for cholic acid is highly desirable.

With the development of optical device, more and more optical
ent of Electrical & Electronic
ogy of China, China.
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methods have attracted attentions because of their potential uti-
lity with specific, direct detection process, low cost and less time
consuming of analysis, compared to conventional assay techni-
ques. Among them, liquid crystal (LC) is a promising candidate of
optical biological sensor due to their unique properties of large
birefringence and high sensitivity of the orientations of liquid
crystal molecules to tiny variation on the surface [15,16]. Molecule
events occurred at an LC/aqueous interface can be amplified and
transduced through orientation changes of LC molecules into op-
tical signals, which are visible by the naked eye under polarizing
optical microscope [17,18].

LC droplets have been widely used in environmental and bio-
medical science as a sensor with high sensitivity [19,20]. Several
research groups have utilized LC droplets for the detection of
viruses, bacteria, avidin, cancer cells and protein [21–24]. Merola
et al. maneuvered fragmental nematic LC on the substrate surface
and achieved different configurations LC droplets in electric field,
which can be used as spatial modulation [25]. Hu et al. demon-
strated a sensing device, which used to examined water vapors,
amphiphiles, and vapors of volatile organic compound (VOCs),
where the LC was dissolved in organic solvents on glass micro-
scope slides and distinctive optical textures that represent differ-
ent orientations of LCs was observed under a polarizing optical
microscope [26]. He et al. reported a sensor based on LC layer for
detection CA [27]. However, the multilayer of LC leads to a strong
anchoring force, which is not easy to be disturbed by CA thus the
sensitivity can be furthur improved.
6), http://dx.doi.org/10.1016/j.optcom.2016.07.016i
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Herein we proposed a low-cost, simple and fast method for CA
detection based on LC droplets. Sodium dodecyl sulfate (SDS) was
coated on the surface of 4-cyano-4′-penthlbiphenyl (5CB) liquid
crystal droplets, which resulted to a radial configuration of LC
droplets in phosphate buffer saline (PBS) solution. A radial-to-bi-
polar transition of 5CB droplet will be triggered during competi-
tive reaction of CA at the SDS surfactant-laden 5CB droplet surface
when certain amount, beyond detection limit, of CA was added.
The detection limit (5 μM) of our method is 2.4 times lower than
previously report by using liquid crystal film to detection of CA.
2. Materials and methods

2.1. Chemicals and materials

Sodium chloride (NaCl), sodium dodecyl sulfate (SDS, 498%),
sodium hydroxide (NaOH), phosphate buffer saline (PBS) (10 mM
phosphate, 138 mM NaCl, 2.7 mM KCl; pH 7.4), and cholic acid (CA)
were all purchased from Sigma-Aldrich. 4-n-pentyl-4′-cyanobi-
phenyl (5CB) was bought from HCCH (Jiangsu Hecheng, China).
Microscope slides (25.4 mm�76.2 mm, 1 mm thick) were pur-
chased from Sail Brand (Shanghai, China). Glass cover slides (Sail
Brand) were obtained from Taizhou Dongsheng Glass Co. Ltd.,
China. All aqueous solutions were prepared using double-deio-
nized water obtained from a Millipore Ultra-Pure Reagent Water
System (Millipore, Continental Water Systems, ElPaso, TX, USA).
All experiments were carried out at 25 °C.
2.2. Preparation and observation of liquid crystal droplets

Microscope glass slide was cleaned using a hot piranha solution
(H2SO4 (98%): H2O2 (35%)¼3:1) for 30 min (caution: piranha solution
is extremely corrosive and must be handled carefully). Then it was
washed with deionized water and dried under nitrogen. Acrylic ab
adhesive was used as rampart paint on the functionalized glass slide.
Optical images of LC droplets were observed using polarizing optical
microscope (Ti 200, Nikon) in transmission mode.
Fig. 1. (a) Liquid crystal cell structure; (b) schematic illustration of the competition abso
and corresponding polarization optical microscopy image of 5CB droplets without CA in
5CB droplets with CA in PBS solution.
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3. Results and discussions

3.1. Fabrication of LC cell

A LC cell with thickness of 200 μm and size of 10�10 mm was
assembled by a glass side and a coverslip, sealed by acrylic AB
adhesive as in Fig. 1(a). Sodium dodecyl sulfate (SDS) is a kind of
surfactant, coated by oleophilic long alkyl chain and hydrophilic
chemical group. When LC droplets contacted with SDS in the PBS
solution, the SDS will adhere to the surface of LC droplets due to
their oleophilic long alkylchain, leading to the formation of SDS-
laden 5CB droplet/aqueous surface. This reaction is illustrated in
Fig. 1(b). Due to good hydrophobicity of 5CB, a nematic liquid
crystal (5CB here) droplet naturally acquires a spherical shape with
an internal radial director configuration when dispersed in SDS.
The polarizing optical microscope image showed typical cross dark
lines in droplets, as shown in Fig. 1(c).

When CA is added into the solution containing 5CB droplets
with SDS-Laden surface, a radial to bipolar configuration would be
triggered. The reason is that the CA prefers to adsorb at the surface
of LC molecule through the interface competitive adsorption with
the SDS-laden 5CB droplet/aqueous, which leaded to a change in
LC droplets and became bipolar configuration. The schematic and
polarizing optical microscope image of bipolar configuration is
shown in Fig. 1(d), where a dark line is observed in bipolar
configuration.

3.2. Preparation of LC droplets

According to Oscar's report, droplets should fragmentate from a
large size to small in a criticality condition [28]. In forming process
of LC droplets, the size of LC droplets depends on the stirring time
in mixing. Fig. 2(a)–(e) shows polarization optical microscopy
images of 5CB droplets with different stirring time of 6 s, 60 s,
120 s, 180 s, and 240 s, where the stirring speed is 600 rpm and
the volume ratio of LC and SDS is 1:15. Fig. 2(f) shows the different
diameters obtained under different stirring time. The size of LC
droplets decreases with the increase of stirring times increased.
After mixing, the mixture was injected into the LC cell with 10 mM
of PBS.
rption of CA at the SDS-laden 5CB droplet/aqueous surface; (c) radial configuration
PBS solution; (d) bipolar configuration and polarization optical microscopy image of
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As the surfactant of SDS could adsorb the 5CB molecule (with a
strong hydrophobic property), the LC droplets is in a radial con-
figuration under the polarizing optical microscope. Fig. 3 shows
the optical images of 5CB droplets added with different amount of
SDS. When the concentration of SDS was less than 50 μM, no ty-
pical cross dark line corresponding to radial configuration was
observed. Fig. 3(a) and (b) show the optical images of 5CB droplets
with SDS's concentration of 5 μM and 20 μM. When 50 μM SDS
was added, a typical radial configuration of LC droplets was ob-
served in polarization optical microscopy, as shown in Fig. 3(c),
indicating the threshold of SDS concentration for forming 5CB
droplets with radial configuration is 50 μM.

3.3. Optimal experimental condition for detection of CA

In order to identify the transform time of LC droplets by CA,
further study was conducted in the detection process. The ver-
ification test was required and shown in Fig. 4. It can be seen that
the LC droplet shows a cross image in polarizing optical micro-
scope in Fig. 4(a). However, once CA was added to the system, the
cross transformed quickly and turn into a ring after 40 s and the
state almost remained stable after CA was added more than 50 s.
Therefore, 50 s was selected as the optimal reaction time.

Because the pH value influenced the configuration of LC dro-
plets, we also investigated the effect of pH on 5CB droplets con-
figuration. In our experiment, the SDS solution was prepared in
Fig. 2. Polarization optical microscopy images of 5CB droplets with different stirring tim
of droplets formed with stirring time. Scale bar: 500 μm.

Fig. 3. Polarization optical microscopy images of 5CB droplets. The SDS concent

Please cite this article as: X. Niu, et al., Optics Communications (201
different pH value varying from 4 to 8 while keeping the adding
amount of CA unchanged to be 1 mM in the solution. We can see
that LC droplets shown an incomplete circle and irregular blue
center when the pH was 4 in Fig. 5(a). When the pH was 5, the LC
droplet appeared less incomplete circle and the irregular center
showed a bright color in Fig. 5(b). When the pH increased to 6, the
LC droplets became a perfect ball and shown two pole on the
surface of the droplets in Fig. 5(c). It suggest that 5CB formed a
bipolar configuration in the droplets. However, after the pH value
was far from 6, the LC droplets shown a concentric ring without
two pole, such as pH¼7 in Fig. 5(d). In this condition, 5CB have not
shown a bipolar configuration in the droplets. The reason possibly
is that phase change of 5CB in the system. Based on above results,
we can see that the pH of 6 was the best experimental condition,
which leads to a perfect bipolar configuration of 5CB droplets.

When CA was added to 5CB with SDS solution, a configuration
transition of 5CB droplets was triggered, which was a result of the
competitive adsorption of CA at the surface. Fig. 6 shows the ob-
tained polarizing optical microscope images when different con-
centration of CA was added into the SDS-laden 5CB droplets/
aqueous surface, where pH¼6. The corresponding optical images
of 5CB droplets gradually changed from radial configuration to
bipolar configuration with increasing CA concentration. When CA
concentration was lower than 5 μM in Fig. 6(a), the configuration
transition was not triggered and optical image of LC droplets kept
unchanged with radial configuration. When the concentration of
e (a) 6 s; (b) 60 s; (c) 120 s; (d) 180 s; (e) 240 s; (f) relationship of average diameter

ration is (a) 5 μM, (b) 20 μM, and (c) 50 μM, respectively. Scale bar: 100 μm.
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Fig. 4. The transform of LC droplet induced by CA in polarizing optical microscope. (a) Before CA was added to the LC droplet. From (b)–(f), the transform time was 10 s, 20 s,
30 s, 40 s, and 50 s.

Fig. 5. The optical images of LC droplet at different pH: (a) pH¼4; (b) pH¼5; (c) pH¼6; and (d) pH¼7.
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CA reached 5 μM, a radial-to-bipolar transition of 5CB droplet was
triggered and the optical image of LC droplets started to change
from radial to bipolar configuration was shown in Fig. 6(b). It have
two states of radial and bipolar configuration and the detection
limit for CA was 5 μM. With increase the concentration of CA,
more and more droplets shown bipolar configuration in Fig. 6
(c) and (d).

3.4. The selectivity of LC biosensor

In human body, lithocholic acid (LCA) and CA take a large
percentage in bile acid. Therefore, it is important to study the in-
terference of LCA on LC droplets. In our experiment, 1 mM of PBS,
1 mM of LCA, and 300 μM of CA were tested under the same
condition. The corresponding polarization optical images are
shown in Fig. 6(a)–(c). We can see that LC droplets maintain ty-
pical radial configuration when 1 mM PBS is added into the 5CB
Please cite this article as: X. Niu, et al., Optics Communications (201
with SDS solution in Fig. 7(a), indicating that the PBS cannot re-
place the SDS on the surface of 5CB droplets. In Fig. 7(b), the LC
droplets exhibit a tiny different when the LCA was added, which
suggests that the LCA only have no significant effect on this bio-
sensor. The underlying reason might be that the structure of LCA,
which have no hydroxyl on the 12-position, thus leads to no sig-
nificant competition with SDS. However, in contrast, a radial-to-
bipolar transition has been observed in the polarizing optical mi-
croscope when 300 μM of CA is added, as shown in Fig. 7(c). All of
above results indicate that the PBS and LCA have negligible re-
sponse of 5CB droplets with SDS, and this type of LC droplet sensor
is particular sensitive to CA.

Because the surfactant plays a key role in configuration tran-
sition of 5CB droplet, several kinds of surfactants were used in 5CB
to detect CA. From Fig. 7(d), we can see that, the detection limits of
etraethylene glycol monododecyl ether (C12E4), hexadecyl tri-
methyl ammonium Bromide (CTAB), dodecyl trimethyl ammonium
6), http://dx.doi.org/10.1016/j.optcom.2016.07.016i
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Fig. 6. LC droplets detection of CA at different concentrations. (a): 0 M; (b): 5 μM; (c): 25 μM; and (d): 50 μM. Scale bar: 200 μm.

Fig. 7. Optical images of 5CB droplets response to different solutions of (a) 1 mM PBS, (b) 1 mM LCA, and (c) 300 μM CA. (d) Detection limit of CA for different surfactants
(C12E4, CTAB, DTAB, SDS). Scale bar: 100 μm.
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bromide (DTAB), and SDS were 160 μM, 50 μM, 75 μM, and 5 μM
respectively. This result indicates that the SDS has a quite
low detection limit. The reason is that C12E4, CTAB and DTAB are
Please cite this article as: X. Niu, et al., Optics Communications (201
more active than SDS, thus the surface of 5CB configuration is
difficult to be disrupted in C12E4, CTAB and DTAB by CA, comparing
to SDS.
6), http://dx.doi.org/10.1016/j.optcom.2016.07.016i
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Table 1
Comparison of performance and properties of this LC sensor with that of previous
reports.

No. Method Detection limit (μmol/
L)

Ref.

1. Gas chromatography 224 [8]
2. Nanosensor based on molecular

imprinting
38.3 [11]

3 Homeotropic anchoring LC layer
sensor

12 [26]

4. Dispersive LC droplets sensor in
surfactant

5 This work
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3.5. Comparison of different biosensors for detection of CA

In addition, the comparison of performance and properties of
our LC sensor with previous reported methods was given in Ta-
ble 1. From Table 1, we can see that the detection limit of our LC
sensor is much lower than that of previous reports.
4. Conclusions

In this work, a low-cost, simple and fast strategy for sensing of
CA based on 4-cyano-4′-penthlbiphenyl (5CB) liquid crystal dro-
plets in phosphate buffer saline (PBS) solution has been developed.
The relationship of LC droplets size and stirring time was studied,
and the pH value of SDS solution was optimized. A radial-to-bi-
polar transition of 5CB droplet was triggered during competitive
reaction of CA at the SDS surfactant-laden 5CB droplet surface,
where the polarization optical images were analyzed to estimate
the amount of CA added. Comparing to the CA sensor using liquid
crystal film with detection limit of 12 μM, our method has a de-
tection limit of �5 μM in similar condition, which is also reduces
about 58.3%.
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