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Here, we demonstrate a capillary-sensing platform based on liquid crystals (LCs) confined in microcapillaries for
simple and sensitive detection of acetylcholinesterase (AChE) and its inhibitors. LC droplets were formed through
sequential injection of LCs and an aqueous solution into trichloro(octyl)silane (OTS)-treated microcapillaries.

&ciri}icoh(l)cl;r;?;rase When the confined LC droplets make contact with a cationic surfactant solution, myristoylcholine chloride (Myr),
Pe};tici dzs the formation of a Myr monolayer at the aqueous/LC interface induces a horizontal orientation of the LCs at the
Inhibitors interface along the microcapillary, producing an optical LC droplet texture of a four-petal shape. On the other

hand, AChE can catalyze the hydrolysis of Myr into choline and myristic acid. The hydrolyzed Myr is unable to
form a monolayer at the aqueous/LC interface, and therefore the confined LC droplets exhibit two bright-lined
optical images when in contact with the pre-incubated mixture of Myr and AChE, corresponding to the home-
otropic orientation of LCs at the interface. However, in the presence of AChE-inhibiting pesticides, such as
fenobucarb and malathion, the activity of AChE is inhibited, and thus, the enzymatic hydrolysis of Myr cannot
occur. As a result, the confined LC droplets present the four petal-shaped optical images when in contact with the
pre-incubated mixture of Myr, AChE, and pesticides. Based on this principle, an LC-based microcapillary sensor
was developed and utilized for the detection of pesticides. Using this sensing platform, fenobucarb and malathion
were detected at limits of 5 pg/mL and 2.5 pg/mL, respectively. Moreover, the proposed biosensor was suc-
cessfully applied to the determination of pesticides in real river water. Therefore, this LC-based microcapillary
sensor is a promising platform for simple, rapid, and label-free detection of pesticides with very high sensitivity.

1. Introduction

Acetylcholinesterase (AChE) is an enzyme that catalyzes the hydro-
lysis of the neurotransmitter, acetylcholine (ACh), into choline and ac-
etate and terminates signal transmission from the nerve, thus ensuring
the normal transmission of neural signals in organisms [1,2]. Inhibition
of AChE by enzyme inhibitors, such as pesticides, can lead to the accu-
mulation of ACh in the body, causing continuous stimulation of the
muscles, glands, and the central nervous system, potentially resulting in
fatal convulsions in high doses [3]. Currently, pesticides are extensively
used to control agricultural pests owing to their insecticidal properties
[4]. However, because of the presence of toxic components, pesticides
are toxic to humans, animals, and aquatic vegetation. During the
application of pesticides, approximately 1% of a pesticide affects target
organisms and the rest is percolated in the soil, leading to water
contamination and resulting in many ecotoxicological problems [4,5].
Therefore, it is necessary to develop methods that are fast, sensitive, and
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precise for the detection of pesticides in real samples.

Many conventional analytical methods have been developed for the
detection of pesticides, such as chromatography [6,7], electrochemistry
[8,9], and colorimetry [10]. These methods, especially chromatographic
techniques, are very sensitive, reliable, and capable of detecting pesti-
cides in real samples. However, they also have several limitations: the
instruments are expensive and complex, maintenance costs are high, a
highly trained technician is required for operation, analysis is
time-consuming, and the instruments cannot be used in the field [11,
12]. Fluorescence methods have also been devised for pesticide detec-
tion [13,14]. Although these methods are considered to be simple, rapid,
selective, sensitive, and capable of performing testing in the field, they
are still limited because relatively few pesticides are strongly fluores-
cent, and labeling pesticides with a fluorogenic compound is required
[11]. Therefore, the development of label-free, simple, and rapid
methods for the precise detection of pesticides with high sensitivity and
selectivity is greatly desirable.
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Fig. 1. Schematic illustration of the LC-based microcapillary sensor. The formation of LC droplets inside an OTS-treated microcapillary (A); the orientation transition
of LC molecules generated in (B) pure PBS solution (pH = 7.4), (C) Myr aqueous solution, and (D) a mixed solution of Myr and AChE. The lower panel images
represent the polarized optical microscopy images corresponding to the respective interfacial events at the aqueous/LC interface. OTS = trichloro(octyl)silane.

Over the past decade, liquid crystal (LC)-based sensors have been
widely used for monitoring chemical and biological events because of
their many advantages, such as easy fabrication, high sensitivity, rapid
response, portability, and lack of complex instrumentation [15-18].
Moreover, these sensors can work in an ambient environment and
magnify bio/chemical events at the nanoscale, such that these events
can be easily visualized under a polarized light microscope (POM)
without any labels on the analytes [19]. Recently, LC-based biosensors
for the monitoring of AChE and its inhibitors have been developed and
reported. Wang et al. constructed an LC thin film decorated with a
cationic surfactant, myristoylcholine chloride (Myr), to detect AChE and
its inhibitors based on the ability of AChE to hydrolyze Myr into choline
and myristic acid [20]. Although this LC thin-film sensing system is
simple and sensitive, some drawbacks should be addressed. Large vol-
umes (hundreds of microliters) of solutions of interest are needed for
imaging, limiting the detection of a smaller amount of substances.
Further, removal of excess LCs when preparing LC thin films on copper
grids wastes materials. The copper grids are easily deformed and
oxidized, limiting their reusability. Moreover, because aqueous solu-
tions are exposed to the external environment, aqueous solution/LC
interfaces can be interrupted by heat, airflow, or certain vibrations. In
another study, Wang et al. developed a different strategy for the sensi-
tive detection of AChE and pesticides using an LC droplet pattern plat-
form decorated with a cationic surfactant (Myr) [21]. This sensing
system is quite simple, convenient, and highly sensitive for the detection
of pesticides with a detection limit for baycarb at 1 ng/mL and
dimethoate at 0.1 ng/mL. Moreover, only small amounts (~1 pL) of the
solution of interest are required for imaging. However, because of the
evaporation of the solutions, this system can remain stable for a few
minutes at room temperature, limiting its applications.

Our group has previously developed a microcapillary sensor for
imaging enzymatic activity using confined nematic LCs [19,22]. LC
droplets immiscible with water were produced by sequential injection of
LCs and an aqueous solution into an OTS-treated microcapillary. The
orientational behavior of the confined LC droplets in the microcapillary
was dependent on the properties of the aqueous solution. The LC droplet
patterns showed two bright lines when in contact with non-surfactant
solutions, such as pure deionized (DI) water or phosphate-buffered

saline (PBS) solution (pH = 7.4), whereas four-petal shapes were ob-
tained after introducing surfactant solutions. This new strategy has been
demonstrated to be simple, rapid, and sensitive for the detection of
enzymatic activity. Moreover, because it constitutes a nearly closed
system, preventing evaporation of the solutions, the LC textures formed
in the microcapillaries are stable for more than 120 h (5 days). Another
advantage of this strategy is that OTS-treated microcapillaries can be
reused at least 10 times without any significant effects [23].

Inspired by the aforementioned studies, we designed an LC-based
biosensor for the simple and sensitive detection of AChE and its in-
hibitors using confined LC droplets in a microcapillary. The formation of
LC droplets after the sequential injection of LCs and an aqueous solution
into an OTS-treated capillary is depicted in Fig. 1A. As mentioned
earlier, when an LC droplet made contact with a non-surfactant solution,
such as PBS solution, two bright-lined textures were observed under
POM, coupled to the homeotropic orientation of LC molecules at the
aqueous/LC interface (Fig. 1B). Here, we used Myr (the substrate of the
enzyme, AChE) as a surfactant to induce the reorientation of the LC
molecules at the interface. The four-petal texture was observed after
introducing the Myr solution, coupled to the horizontal orientation of
the LC molecules at the interface. This suggests that the Myr molecules
are anchored to the aqueous/LC interface owing to their amphiphilic
properties, resulting in a change in the orientation of the LC molecules
(Fig. 1C). The LC pattern turned into two bright lines upon the addition
of a pre-incubated mixture of Myr and AChE, which indicates that the
Myr monolayer could not form based on enzymatic hydrolysis of Myr by
AChE (Fig. 1D). In addition, we also verified the detection of pesticides
based on the optical response of the LC droplet patterns after introducing
Myr pre-incubated with a mixture of AChE and pesticides. As typical
pesticides, fenobucarb and malathion were selected to evaluate the
proposed biosensor. Low limits of detection (LOD) of 5 pg/mL for
fenobucarb and 2.5 pg/mL for malathion were achieved using this
sensing system. These LOD values are comparable to the LOD values of
other reported methods [21,24-33]. Therefore, this simple, label-free
LC-based biosensor holds great promise for detecting AChE and pesti-
cides with low cost, high sensitivity, robust stability, and reproduc-
ibility. Moreover, the practicability of the proposed sensor has also been
demonstrated in the real environment of the Tancheon River.



D.K. Nguyen and C.-H. Jang

Colloids and Surfaces B: Biointerfaces 200 (2021) 111587

Fig. 2. Polarized optical microscopy images of LC droplets confined in a microcapillary when in contact with (a) PBS solution (pH = 7.4), and various concentrations

of Myr solutions: (b) 100 pM, (c) 50 uM, (d) 30 pM, (e) 25 pM, and (f) 10 pM.

2. Materials and methods
2.1. Materials

Myristoylcholine chloride (Myr) was purchased from Toronto
Research Chemicals Inc., Canada. Nematic liquid crystal 4-cyano-4'-
pentylbiphenyl (5CB) was obtained from Tokyo Chemical Industrial Co.,
Ltd. (Tokyo, Japan). Hirschmann micropipettes (microcapillaries of 1—5
pL; inner diameter: 580 pm), acetylcholinesterase (AChE), fenobucarb,
malathion, trichloro(octyl)silane (OTS), and PBS were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Hydrogen peroxide (H202, 30% w/
v), sulfuric acid (H2SO4, 95 %), ethanol, methanol, n-heptane (anhy-
drous), and methylene chloride (CH,Cly) were purchased from Daejung
Chemicals & Metals Co., Ltd (Daejung, South Korea). DI water (18.2 MQ.
cm) generated from a Milli-Q water purification system (Millipore,
Bedford, USA) was used for all experiments in this study.

2.2. Modification of microcapillaries with OTS

OTS-modified microcapillaries were prepared following procedures
reported in previous publications [19,22]. Briefly, the microcapillaries
were immersed in the “piranha solution” (H3SO4/H302 = 7/3 (v/Vv)) at
80 °C for 1 h. After cooling, the microcapillaries were rinsed in turn with
DI water, ethanol, and methanol, dried under a stream of nitrogen, and
incubated at 120 °C overnight prior to OTS deposition. The “piranha--
treated” microcapillaries were next immersed in an OTS/n-heptane (270
pL/135 mL) solution at room temperature for 1 h. After washing with
methylene chloride, the microcapillaries were dried under nitrogen flow
and stored in a desiccator until further use.

2.3. Preparation of the solution to be assayed

A stock solution of fenobucarb (0.1 mg/mL) was prepared in a
mixture of acetonitrile-DI water (1:9 v/v) followed by serial dilution in
PBS (pH = 7.4). Malathion was first dissolved in ethanol at a concen-
tration of 0.1 mg/mL as a stock solution and then diluted with PBS (pH =
7.4) to obtain malathion solutions in the testing concentration range. All
aqueous solutions related to enzymatic reactions were prepared in PBS
(pH = 7.4). During the AChE detection assay, 30 pM Myr and AChE at
various concentrations were mixed and then pre-incubated at 37 °C for
30 min. Then, the mixed solution was injected into the microcapillary
using a syringe for target detection. During the pesticide detection assay,
AChE with a concentration of 2.5 pg/mL and fenobucarb/malathion at
different concentrations were mixed and then pre-incubated at 37 °C for
30 min. After introducing 30 pM Myr, the aqueous solutions were
incubated at 37 °C for 30 min. The incubated solution was then injected
into the microcapillary for target detection. To evaluate the practica-
bility of the sensor in a real environment, the determination of pesticides
in river water was performed. River water was obtained from the Tan-
cheon River, Seongnam City, Republic of Korea. After filtering, the river
water sample was spiked with different concentrations of fenobucarb
followed by analysis applying the proposed assay.

2.4. Visualization of orientational behavior of LCs

A small volume of 5CB (approximately 0.5 pL) was dispensed into
one end of an OTS-treated microcapillary using capillary force. Next,
approximately 3 pL of aqueous solutions of interest were injected into
the same end of the microcapillary using a syringe connected to a pipe,
and then 5CB was automatically separated into several droplets. The
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Fig. 3. Polarized optical microscopy images of LC droplets confined in a microcapillary when in contact with a pre-incubated mixture of Myr (30 pM) and various
concentrations of AChE: (a) 100 pg/mL, (b) 10 pg/mL, (¢) 5 pg/mL, (d) 2.5 pg/mL, (e) 2 pg/mL, and (f) 1 pg/mL.

optical appearance of nematic 5CB inside the microcapillary was visu-
alized with a POM (Eclipse LV100 POL, Nikon, Tokyo, Japan). All op-
tical images were taken using a digital camera (DS-2Mv, Nikon, Tokyo,
Japan) attached to the microscope using a 5x objective lens, at a reso-
lution of 2560 x 1920 pixels, a gain of 1.2x and a shutter speed of 1/25
s. Each group of experiments was repeated at least five times to avoid
artifacts.

3. Results and discussion

3.1. Optical response of LC droplets confined in OTS-treated
microcapillaries to Myr

The inner surfaces of the microcapillaries were coated with OTS to
control the alignment of the LCs in a homeotropic orientation [22]. In
addition, the hydrophobicity of the OTS-treated microcapillary interior
induced the siphoning of 5CB into the microcapillaries [34]. After
approximately 0.5 pL of 5CB was dispensed into one end of the
OTS-treated microcapillary, the aqueous solutions of interest were
injected into the same end of the microcapillary using a syringe con-
nected to a pipe. Based on the immiscibility between 5CB and aqueous
solutions, the 5CB separated into several individual droplets with a
typical length of 300-500 pm. After 1 or 2 min, stable optical images
were observed. The formation of LC droplets inside the OTS-treated
microcapillary is illustrated in Fig. 1A. Previous studies have estab-
lished that the orientational behavior of the confined LC droplets in the
microcapillary was dependent on the properties of the aqueous solution
[22,23]. The LC droplet patterns presented two bright-lined textures
when in contact with non-surfactant solutions, such as PBS solution (pH
= 7.4) (Fig. 1B), whereas four-petal shapes were observed after intro-
ducing surfactant solutions (Fig. 1C). Indeed, after injecting PBS solution
(pH = 7.4) into the microcapillary containing 0.5 pL of 5CB, we
observed the texture of two bright lines under POM, coupled to the
homeotropic orientation of the LCs at the aqueous/LC interface, indi-
cating that the PBS solution did not affect the alignment of the LCs at the

interface (Fig. 2a). To investigate the effect of Myr on the alignment of
the LCs at the aqueous/LC interface, we first studied the optical response
of LC droplets confined in the microcapillary in contact with Myr solu-
tions at various concentrations (10 pM-100 pM) (Fig. 2b-f). The
four-petal texture was observed after introducing a PBS solution (pH =
7.4) containing 100 pM Myr into the microcapillary, coupled to the
horizontal orientation of LC molecules at the interface (Fig. 2b). This
suggested that enough Myr molecules had anchored to the aqueous/LC
interface and formed a stable self-assembled Myr monolayer at the
interface, causing an ordering transition of LCs at the interface from a
homeotropic to a horizontal orientation. A previous study had also
demonstrated that the stability of the Myr monolayer was largely
affected by the pH of the aqueous solution due to the presence of the
ester functional group in the structure of Myr, and the PBS solution with
pH = 7.4 was the optimal pH of the enzyme and the stability of the Myr
monolayer [20]. Therefore, the PBS solution with pH = 7.4 was used for
subsequent experiments.

It is known that the LC-ordering transition occurs when the con-
centration of the surfactant anchors to the aqueous/LC interface exceeds
the critical value [22,23]. Therefore, we studied the effect of decreasing
the concentration of the Myr solution on the optical response of LC
droplets. For concentrations of Myr from 50 to 30 puM, four-petal tex-
tures were observed, indicating that enough Myr molecules were
adsorbed at the aqueous/LC interface that induced the orientational
transition of the LC droplets (Fig. 2c—d). However, as the Myr concen-
tration decreased to 25 pM or lower, two bright-lined images were
observed (Fig. 2e-f), suggesting that the adsorbed Myr molecules at the
aqueous/LC interface were not sufficient for inducing the orientational
transition of the LCs at the interface when the Myr concentration was
below 25 pM. These results indicated that the critical concentration of
Myr solution to turn the LC droplets from two bright lines into a
four-petal texture was roughly 30 pM. Thus, a Myr concentration of 30
pM was used for subsequent experiments regarding the detection of
AChE and pesticides.
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Fig. 4. Polarized optical microscopy images of LC droplets confined in a microcapillary when in contact with a pre-incubated mixture of 30 pM Myr, 2.5 pg/mL AChE
and different concentrations of fenobucarb: (a) 1 ng/mL, (b) 100 pg/mL, (c) 10 pg/mL, (d) 5 pg/mL, (e) 3 pg/mL, (f) 1 pg/mL.

3.2. Detection of AChE by LC-based microcapillary sensor

Previous studies have demonstrated that AChE can efficiently cata-
lyze the enzymatic hydrolysis of Myr into myristic acid and choline [20,
35]. Therefore, we hypothesized that the optical images of LC droplets
confined in a microcapillary would be changed after the introduction of
AChE because the surfactant Myr will be hydrolyzed (Fig. 1C). To verify
our hypothesis, we investigated the orientational behavior of LC drop-
lets confined in a microcapillary in contact with a pre-incubated mixture
of Myr and various concentrations of AChE. Here, 30 pM Myr was
pre-incubated with different concentrations of AChE, ranging from 1 to
100 pg/mL, at 37 °C for 30 min before being injected into the
OTS-treated microcapillary containing 5CB. The optical appearances of
the LC droplets were then observed under a POM. As shown in Fig. 3a,
the optical image of the LC droplets displayed two bright lines after
injecting a mixture of 30 pM Myr and 100 pg/mL AChE, coupled to a
homeotropic orientation of the LCs at the aqueous/LC interface. This
indicated that Myr was completely hydrolyzed by AChE. After verifying
the feasibility of this LC-based microcapillary sensor for the detection of
AChE, the LOD for AChE was also evaluated by measuring the concen-
tration of AChE. The optical images of LC droplets also showed two
bright lines after the addition of 10 pg/mL, 5 pg/mL, or 2.5 pg/mL AChE
(Fig. 3b—d). However, as the AChE concentration decreased to 2 pg/mL
or lower, the orientational transition of LC droplets occurred, and
four-petal textures were observed (Fig. 3e—f). This was attributed to the
incomplete hydrolysis of Myr by AChE. These results indicated that
AChE could be detected on the LC-based microcapillary sensor, and the
LOD for AChE was 2.5 pg/mL.

3.3. Detection limit of fenobucarb and malathion pesticides in capillary
sensors

Next, we explored the detection potential of the developed LC-based
microcapillary sensor for the determination of pesticides in aqueous
solutions. The principle for detecting pesticides using this capillary
sensor is based on the inhibitory effects of pesticides on AChE. In the
presence of pesticides, AChE is inhibited and therefore cannot catalyze
the hydrolysis of Myr, resulting in a detectable change in the optical
signal of LC droplet patterns. The inhibitory effect of pesticides on AChE
is proportional to the concentration of pesticides in the samples and can
be determined by the degree of enzymatic hydrolysis of Myr by AChE.

At present, carbamates and organophosphates are extensively used
as pesticides because of their abundant insecticidal properties by
effectively inhibiting AChE in the nerves [4,35]. In this study, fenobu-
carb (a carbamate pesticide) and malathion (an organophosphorus
pesticide) were used as representative pesticides to evaluate the detec-
tion potential of the proposed LC-based microcapillary sensor for
monitoring the presence of pesticides in aqueous solutions. First, we
studied the optical response of LC droplets confined in a microcapillary
after the introduction of fenobucarb. In this experiment, fenobucarb at
different concentrations was mixed with 2.5 pg/mL AChE and then
pre-incubated at 37 °C for 30 min. After the addition of 30 yM Myr, the
mixtures were incubated at 37 °C for 30 min. The incubated solutions
were then injected into a microcapillary containing 5CB, and the optical
responses of LC droplets were observed. At 1 ng/mL of fenobucarb, the
optical image displayed a four-petal shape, coupled to the horizontal
orientation of LC molecules at the aqueous/LC interface (Fig. 4a). This
result indicated that the activity of AChE was completely inhibited, and
therefore the enzymatic hydrolysis of Myr by AChE could not occur,
enabling Myr molecules to be anchored at the aqueous/LC interface and
resulting in four-petal optical responses. Therefore, fenobucarb pesticide
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Fig. 5. Polarized optical microscopy images of LC droplets confined in a microcapillary when in contact with a pre-incubated mixture of 30 pM Myr, 2.5 pg/mL AChE
and different concentrations of malathion: (a) 1 ng/mL, (b) 100 pg/mL, (c) 10 pg/mL, (d) 5 pg/mL, (e) 2.5 pg/mL, (f) 1 pg/mL.

Table 1
Comparison of various methods for the detection of fenobucarb and malathion
pesticides.

Detection methods Pesticides Detection References
limit
LC"-based sensor Fenobucarb 1 ng/mL [21]
Colorimetry Fenobucarb 23 pg/mL [24]
LC-ESI-MS Fenobucarb 0.5 ng/mL [25]
HPLC‘-MS/MS Fenobucarb 6.9 ng/mL [26]
Amperometry Fenobucarb ~ 2.07 ng/mL [27]
Colorimetry Malathion 3.9 ng/mL [28]
Electrochemistry Malathion 17.47 ng/mL [29]
Fluorescence Malathion 304 ng/mL [30]
Surface-enhanced Raman Malathion 165.3 ng/mL [31]
spectroscopy
Electrochemistry Malathion 224.6 pg/mL [32]
Amperometry Malathion 901 pg/mL [33]
Microcapillary sensor Fenobucarb 5 pg/mL Present
study
Microcapillary sensor Malathion 2.5 pg/mL Present
study

@ LC-based sensor, liquid crystal-based sensor.

Y .C-ESI-MS, liquid chromatography-electrospray-mass spectrometry.

¢ HPLC-MS/MS, ultra-high-performance liquid chromatography-tandem mass
spectrometry.

can be monitored using the developed capillary sensor. As the inhibitory
effect is proportional to the concentration of pesticides, we then
decreased the concentration of fenobucarb to determine the detection
limit of this capillary sensor for fenobucarb. The LC droplet appearance
maintained a four-petal shape when the concentration of fenobucarb
varied from 100 pg/mL to 5 pg/mL (Fig. 4b-d), indicating that feno-
bucarb inhibited AChE and thus prevented the enzymatic hydrolysis of
Myr. However, when the concentrations of fenobucarb were decreased

to 3 pg/mL or lower, we observed two bright-lined textures, suggesting
that fenobucarb did not completely inhibit AChE activity at these con-
centrations (Fig. 4e—f). These results indicated that the LOD of our
developed LC-based microcapillary sensor for fenobucarb was 5 pg/mL.

The inhibitory effect of malathion on AChE was also investigated
using the same experimental procedure. Fig. 5a—e shows the four-petal
shapes when the LC droplets were in contact with the mixtures of 30
pM Myr, 2.5 pg/mL AChE, and various concentrations of malathion
ranging from 1 ng/mL to 2.5 pg/mL. However, the LC droplets presented
a two bright-lined texture when the concentration of malathion was
reduced to 1 pg/mL (Fig. 5f). In this case, the amount of malathion was
too low to completely inhibit AChE activity. Therefore, we concluded
that the LOD for malathion is 2.5 pg/mL. The LOD values of our
developed capillary sensor for pesticide detection were then compared
to the LOD values of the reported sensing methods (Table 1). While other
sensing methods, such as colorimetric, amperometric, chromatographic,
fluorescent, and electrochemical techniques, require expensive and
bulky instruments, are time-consuming, and feature complicated
experimental procedures, as well as requiring professional operators,
limiting their applications for on-site detection, our developed sensing
strategy offers a simple, rapid, label-free, and highly sensitive method
for monitoring pesticides with a lower LOD than the reported sensing
methods. Therefore, this capillary biosensor is a promising platform for
monitoring AChE-inhibiting pesticides in aqueous samples with high
sensitivity.

3.4. Detection of pesticides in river water

The developed biosensor was employed to detect pesticides in Tan-
cheon River water to verify the practicability of this method when
analyzing real samples. After filtering, the river water sample was spiked
with different concentrations of fenobucarb followed by analysis using
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Fig. 6. Polarized optical microscopy images of LC droplets confined in a microcapillary when in contact with a pre-incubated mixture of 30 pM Myr, 2.5 pg/mL AChE
and different concentrations of fenobucarb in river water: (a) 0 pg/mL (only river water), (b) 1 pg/mL, (c¢) 5 pg/mL, (d) 25 pg/mL.

the proposed assay. River water without the addition of fenobucarb was
used as a control. Measurements were performed in triplicates. The
optical images of LC droplets displayed two bright-lined textures when
the concentrations of fenobucarb spiked into the river water were below
5 pg/mL (LOD for fenobucarb), confirming that there were no pesticides
in the river water (Fig. 6a-b). However, when 5 pg/mL or higher con-
centration of fenobucarb was spiked into the river water, four-petal
textures were observed (Fig. 6¢-d). These results were consistent with
those obtained in PBS, therefore demonstrating that the proposed LC-
based capillary sensor was feasible for the practical detection of pesti-
cides in real samples. However, if a real water sample contains other
surfactants that can bind to the 5CB and induce the orientational tran-
sition of 5CB molecules at the interface, it will affect the optical textures
of LC droplets, and therefore affect the LOD of pesticides. This limits the
practical applications of the proposed biosensor for the detection of
pesticides in real samples. Besides, the disadvantage of the proposed LC
sensory platform is the difficulty of sequentially adding analytes into the
platform, and thus, limit the in site detection of enzyme reactions.

4. Conclusions

In summary, we developed a microcapillary sensor for monitoring
AChE and its inhibitors using LC droplets confined in an OTS-treated
microcapillary. The optical appearance of the confined LC droplets
presented two bright lines or a four-petal shape when in contact with
non-surfactant or surfactant solutions, respectively. Based on these op-
tical responses of LC droplets, an LC-based capillary-sensing system was
designed and developed for the detection of AChE and pesticides. In
particular, a four-petal texture was observed before the addition of AChE
into myristoylcholine chloride surfactant solution, while a two bright-
lined texture was obtained after the hydrolysis reaction of myr-
istoylcholine chloride by AChE. However, in the presence of pesticides,
such as fenobucarb and malathion, the enzymatic activity of AChE was
inhibited, and thus, the LC droplets presented a four-petal appearance. A
low LOD of 2.5 pg/mL for AChE was achieved using this sensing system.
In addition, employing this sensing technique, the detection limits of
fenobucarb and malathion reached as low as 5 pg/mL and 2.5 ng/mL,
respectively. Moreover, the proposed biosensor could be successfully
applied to detect pesticides in real river water. Therefore, this LC-based
microcapillary sensor not only offers a simple, low-cost, rapid, and label-
free method for the detection of pesticides with high sensitivity but also
shows great potential for practical applications.
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