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Abstract In this study, we developed a simple and label-

free liquid crystal (LC)-based biosensor for real-time

screening of the presence of urease in aqueous solutions.

Nematic liquid crystal, 4-cyano-40-pentylbiphenyl (5CB),

when treated with ultraviolet light, showed a bright to dark

optical response to the emergence of ammonia in the

aqueous phase, indicating a planar to homeotropic align-

ment of LC. The ammonia-driven optical signal could be

ascribed to the orientational transition of 5CB, caused by

the deprotonation of 4-cyano-40-biphenylcarboxylic acid

(CBA), which was the main product of UV-treatment and

the screening of the electrostatic interactions at the aque-

ous/LC interface. Due to the high spatial resolution and fast

response, this method was successfully used to detect

urease belonging to the family of amidohydrolase, which

hydrolyzes urea into ammonia and carbon dioxide. A

urease concentration as low as 1 nM could be detected and

monitored in real-time. Moreover, no signal was detected

when a divalent copper ion, which blocks the active sites of

urease, was used. This result further confirmed our initial

hypothesis that orientational transitions of LC were

induced from the enzymatic reaction. The results reported

in this article suggest that our method may potentially have

clinical utility for the specific detection of Helicobacter

pylori. In addition, this ammonia-based LC biosensor

may be used for the sensitive detection of other

amidohydrolases.

Introduction

Pathogenic bacteria detection, which is considerably impor-

tant to human safety and health, has been achieved through a

variety of different methods including highly sensitive tradi-

tional techniques such as PCR, ELISA, and colony counts, and

effective real-time detection methods involving optical,

electrochemical, and piezoelectric instruments [1].

As a member of the most prevalent human pathogens

[2], Helicobacter pylori (Hp), which is a crucial infectious

agent of chronic diseases such as dyspepsia, gastritis, and

peptic ulcers in the stomach and duodenum, is a causative

agent of gastric carcinoma [3–6]. The International Agency

for Research on Cancer (IARC) has ranked Hp as the No. 1

carcinogen in humans; thus, a large number of studies have

been dedicated to the detection of this highly pathogenic

microbe. The most important and remarkable characteristic

of this bacteria is its abundant production of urease with

high activity. Due to this property, urease tests are often

used as an effective and efficient method to detect Hp

infection in clinical samples [7, 8].

Urease, which is produced in large amounts by Hp, can

hydrolyze available urea into two ammonia molecules and

carbon dioxide. Monitoring changes in the pH of bulk

solutions due to the urease reaction is the most widespread

analytical method used to assess the presence of Hp in

clinical samples. As ammonia is ionized into ammonium

and hydroxide ions, the pH value of the aqueous solution

increases [9].

Liquid crystalline materials can be used to amplify and

transduce biomolecular events into optical outputs that are
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visible by the naked eyes [10–13]. The orientational

properties of liquid crystal (LC) enable LC-based sensors

to be a simple, effective, and promising tool for detection

with high spatial resolution [14, 15]. Compared to tradi-

tional analytical approaches, this method has a strong

advantage because it does not require the use of labeled

molecules [16], complex instrumentations [17], or labori-

ous techniques [18].

In recent years, studies on LC-based biosensors have

also been coupled to the use of biomimetic membranes

made of synthetic polymers [19, 20], peptide amphiphiles

[21, 22], proteins [23], or DNA [24] adsorbed at aqueous/

LC interfaces. Previous studies have shown that ordering

transition of LC can occur when amphiphilic polymers are

assembled at planar aqueous/LC interface. External stimuli

such as changes in the pH of the aqueous phase or the

presence of oppositely charged polyelectrolytes can induce

an optical response in the LC. In particular, Kinsinger et al.

assembled polymers with pH sensitive groups at an aque-

ous/LC interface and observed optical responses that

occurred from orientational transitions of the LC through a

polarized microscope. These results demonstrated that the

polymer reorganized due to reversible pH changes in the

aqueous solution. The optical appearance of LC was sig-

nificantly different when the pH was changed from 5.0 to

9.0 [25]. However, the response of this system was very

slow (10 h), which has limited its widespread use.

Recently, Bi et al. developed an LC-based pH sensor by

doping 4-cyano-40-pentylbiphenyl (5CB) with 40-pentyl-

biphenyl-4-carboxylic acid (PBA), which has a pH-sensi-

tive functional group and a similar molecular structure to

5CB. In this literature, penicillinase was immobilized on

metal bars of a copper grid, and the hollow square regions

of the grid were filled with PBA-doped 5CB. Due to the

release of hydronium ion (H?) generated in the enzymatic

reaction, changes in the optical appearance of the LC from

dark to bright were observed after introducing penicillin G

in PBA (pH = 7.0) into the optical well [26]. Using this

approach, they could detect a small amount of H? released

from enzymatic reactions in a solution with high buffer

capacity. However, the penicillinase that was immobilized

on the copper grids was usually inhomogenous and had a

low spatial resolution, which limits the use of this system

as a general tool for studying enzymatic reactions.

Park et al. reported that when nematic 5CB was exposed

to ultraviolet (UV) light, a range of reaction products

were generated, where 4-cyano-40-biphenylcarboxylic acid

(CBA) was the main product of the photochemical degra-

dation. They found that photochemical treatment enhanced

the orientational property of 5CB on solid surfaces con-

taining functional groups, thereby increasing the optical

contrast in the LC images [27]. Since CBA has a similar

molecular structure and properties as PBA, the CBA-doped

5CB could also be used as a material in the construction of

LC-based pH sensors at the aqueous/LC interface.

In this study, we investigate the orientational properties

of UV-treated 5CB at aqueous/LC interfaces, and demon-

strate the feasibility of using this material to monitor the

presence of urease in the aqueous phase. When the

UV-tailored 5CB was in contact with the mixture of urease

and urea in aqueous solution, an optical change of the

liquid crystal from bright to dark was observed through

crossed polarizers, indicating an orientational change of the

5CB from a planar to homeotropic state. We also examined

the effect of divalent copper ions, which inhibit this

enzyme-catalyzed reaction, to further confirm our initial

hypothesis. This type of LC-based sensor may be employed

as a tool for the selective and sensitive detection of

pathogens and enzymes in real-time.

Experimental details

Materials

Nematic liquid crystal 5CB, manufactured by BDH, was

purchased from EM industries (Hawthorne, NY). The

premium glass microscope slides were obtained from

Fisher Scientific (Pittsburgh, PA). Copper specimen grids

(50 meshes, pitch 508 lm, hole 425 lm, bar 83 lm) were

purchased from GILDER. Octyltrichlorosilane (OTS),

methanol, methylene chloride, sulfuric acid, hydrogen

peroxide (30% w/v), urease, urea, sodium hydroxide, and

copper nitrate hydrate were purchased from Sigma-

Aldrich. All aqueous solutions were prepared with deion-

ized water (18 MX cm) of high purity, using a Milli-Q

water purification system (Millipore, Bedford, MA).

Photochemical degradation of 5CB using UV light

UV-treated 5CB was prepared as described previously

[27]. In brief, 0.6 g of 5CB in an 8 mL beaker was placed

under a Spectroline EN-280L longwave UV lamp (365 nm)

that was equipped with two 8 W tubes and a filter assem-

bly. The distance between the 5CB and the lamp was about

8 cm, and the entire system was placed in a box to block

external light. The samples were exposed to the UV light

for 30 and 48 h, respectively. Based on a previous study,

the concentration of CBA in the final sample (48 h expo-

sure) was about 0.8%.

Preparation of aqueous solutions for urease test

Aqueous mixtures of urea and urease were prepared by

directly integrating the aqueous solutions of the two com-

ponents. In the inhibition experiments, a mixture of urease
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and copper nitrate hydrate were first incubated for 45 min,

and then the urea solution was added into the mixture.

These solutions were maintained at room temperature

(*25 �C) for predetermined time intervals.

Cleaning of substrates

Glass microscope slides were cleaned using a ‘‘piranha

solution’’ (70% H2SO4/30% H2O2, Caution: ‘‘piranha

solution’’ reacts violently with organic materials and

should be handled with extreme caution; do not store the

solution in closed containers) for 1 h at 80 �C. After

removal from the cleaning solution, the substrates were

rinsed with copious amounts of deionized water, ethanol,

and methanol and dried under a stream of gaseous N2. The

cleaned substrates were stored overnight in an oven at

120 �C.

Preparation of OTS-treated glass slides

The piranha-cleaned glass slides were immersed into an

OTS/n-heptane solution for 30 min. The slides were then

rinsed with methylene chloride and dried under a stream of

N2. The OTS slides were tested for homeotropic alignment

by observing the orientation of 5CB sandwiched between

two OTS slides. Any slide that did not display homeotropic

alignment was discarded.

Preparation of optical cells

The OTS-coated glass slides were fixed at the bottom of an

eight-well chamber slide. Copper specimen grids were then

placed onto the OTS-coated glass slide. 5CB of 2.0 lL was

dispensed into each grid, and the optical cell was heated to

50 �C (above the nematic-isotropic transition temperature

of 5CB, *35 �C). Excess LC was removed by placing a

20 lL capillary tube in contact with the 5CB droplet on the

grid. Subsequently, 500 lL of the aqueous solution of

interest was immersed into the optical cell at room

temperature.

Optical examination of LC textures

A polarized light microscope (ECLIPSE LV100POL,

Nikon, Tokyo, Japan) was used to image the optical

textures formed by light transmitted through the optical

cells that were filled with nematic 5CB. All images were

obtained using a 49 objective lens between crossed

polarizers. Images of the optical appearance of each

liquid crystal cell were captured with a digital camera

(DS-2Mv, Nikon, Tokyo, Japan) that was attached to the

polarized light microscope. The images were captured at

a resolution of 1600 9 1200 pixels, a gain of 1.009, and

a shutter speed of 1/10 s. Images were quantified by

interpreting them to a gray scale of intensities, and their

luminosities were analyzed using image processing

software (Adobe Photoshop) [28].

Results and discussion

Orientational behavior of photochemically degraded

5CB at aqueous/LC interfaces

Past studies have shown that nematic 5CB can be used to

detect biomolecular events at fluid interfaces [14, 15, 19–

27, 29]. When water-immiscible LC is deposited into the

holes of a transmission electron microscopy (TEM) grid

supported on a glass surface treated with OTS, a stable and

planar interface is obtained, because the grid can prevent

the hydrophobic 5CB from dewetting. When the 5CB-filled

TEM grid is immersed into the aqueous solution of interest,

it produces a different optical appearance through a

polarized microscope, which reflects the orientation of the

LC.

The goal of this study was to use photochemically

degraded 5CB for the detection of enzyme-catalyzed

reactions. The reasons for using this material to develop the

detection of enzyme-catalyzed reactions are as follows.

(a) The orientational properties of UV-treated 5CB at

chemically functionalized surfaces have been studied and

were shown to be potentially useful for the development of

LC-based diagnostic tools. However, the mechanism for

the orientational transition of UV-treated 5CB at aqueous/

LC interface is still unclear, which limits further applica-

tion of the system. (b) The major product of UV-treated

5CB is CBA, which has a structure similar to 5CB. Since it

contains a carboxylic acid terminus, CBA should be sen-

sitive to pH and electrolyte concentration in the aqueous

phase. In addition, due to its amphiphilic property, the

deprotonated CBA (CBA-) may self-assemble at the

aqueous/LC interface, which is similar to the behavior of

surfactants or lipids at an aqueous/hydrophobic interface. It

is known that the addition of electrolytes to an aqueous

solution can promote the adsorption of ionic surfactants

onto the aqueous/hydrophobic interface due to the ability

of electrolytes to screen the electrostatic repulsion between

the head groups of ionic surfactants. Previous studies have

shown that the interaction between the aliphatic chains of

lipids and LCs can cause the homeotropic orientation of

5CB at the aqueous/LC interface [29]. Therefore, we

hypothesize that when UV-treated 5CB is exposed to an

aqueous solution of ammonia, which could be ionized into

hydroxide and ammonium ion, an orientational transition

of 5CB from planar (Fig. 1a) to homeotropic (Fig. 1b)
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alignment will occur, and therefore the optical appearance

of the LC will change from bright to dark.

When UV-treated 5CB (30 h) that had been confined to

a copper grid was immersed into DI water, the liquid

crystal had a bright and colorful appearance (Fig. 1c),

indicating a planar or tilt alignment of 5CB. We replaced

the DI water in the optical cell with 0.5 M aqueous

ammonia. The optical appearance changed from bright to

dark (Fig. 1d) within 5 min, which is indicative of an

orientational transition of the LC from planar to homeo-

tropic state. However, when pure 5CB (without UV treat-

ment) was incubated with aqueous ammonia, the pure 5CB

remained bright and colorful (data not shown), suggesting

no ordering transition occurred in the LC. Based on this

result, we concluded that it would be possible to use

UV-tailored 5CB in the development of a simple method

for the detection of ammonia.

We presumed that the combined effect of hydroxide and

ammonium ions, which are produced by the hydrolysis of

ammonia, would induce an orientational transition of LC.

Because the acid moiety of CBA is sensitive to pH, an

increase in the hydroxide ion concentration in the aqueous

phase facilitates the deprotonation of CBA at the interface.

In addition, ammonium ions can screen the repulsive

interaction between the carboxylate head groups, and

therefore increase the areal density of CBA at the aqueous/

LC interface.

To test the hypothesis that the combined action of

hydroxide and ammonium ions can induce an orientational

transition of UV-treated 5CB, we examined the effect of

pH and salt on the orientational behavior of 5CB at the

aqueous/LC interface. When we immersed the TEM grid

filled with UV-treated 5CB into a 0.5 M aqueous sodium

chloride at pH 11, the optical appearance immediately

changed from bright to dark (Fig. S1a). However, when

UV-treated 5CB was incubated with only basic water

(pH = 11) or with 0.5 M aqueous sodium chloride, the

5CB remained bright and colorful (Fig. S1b, c), indicating

that no ordering transitions took place. The same set of

experiments was also conducted using pure 5CB without

UV treatment (Fig. S1d–f) and no change in optical

appearance was observed for pure 5CB. This result indi-

cates that the action of deprotonated CBA induced an

orientational transition of LC at the aqueous/LC interface.

Real-time detection of the urease-catalyzed reaction

at the aqueous/LC interface

Based on the above results, we predicted that the orienta-

tional transition of UV-treated 5CB could be observed

through crossed polarizers when a mixed solution of urease

and urea was introduced into the optical cell. Since urease

can hydrolyze urea into ammonia and carbon dioxide, the

released ammonia would be ionized into hydroxide and

ammonium ions in an aqueous solution. The hydroxide

ions could then induce the deprotonation of CBA and the

ammonium ions could screen the repulsive interaction

between the carboxylic head groups. The combination of

these two procedures would facilitate the adsorption of

CBA at the aqueous/LC interface, which would induce an

orientational transition of LC from a planar to homeotropic

state.

An optical cell was prepared with a UV-treated 5CB-

filled TEM grid supported on a glass surface that was

treated with OTS. After introduction of DI water, the 5CB

appeared bright and colorful (Fig. 2a), which occurred due

(c) (d)

(a) (b)

4-cyano-4’-biphenylcarboxylic acid (CBA)

4-cyano-4’-biphenylcarboxylate (CBA-)

OH-

NH4
+

OTS treated glassOTS treated glass

Aqueous 

LC

Fig. 1 Schematic illustration of

the orientational transition of

photochemically degraded 5CB

from a planar alignment to

b homeotropic alignment.

Polarized light microscope

images of photochemically

degraded 5CB (30 h) in contact

with c DI water and d 0.5 M

ammonia. The UV-treated 5CB

was hosted in a copper grid

(pitch 508 lm, hole 425 lm,

bar 83 lm)
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to the in-plane birefringence that is associated with a planar

or tilt orientation of the LC at the interface. The DI water

was then replaced with a mixture of 100 nM urease and

0.5 M urea, which was pre-incubated at room temperature

for 30 min. Then, the optical appearance of 5CB changed

swiftly from bright to completely dark (Fig. 2d) within less

than 1 min, indicating the orientation of LC changed from

a planar to perpendicular state.

To further verify that the urease and urea mixture was

responsible for the orientational transition of LC, we con-

ducted two control experiments: incubation of the optical

cell with only 100 nM urease or 0.5 M urea solution.

Figure 2b and c shows the optical appearance of the

UV-treated 5CB when immersed in a 100 nM urease or

0.5 M urea solution, respectively. In both cases, the optical

appearance of the UV-treated 5CB cell remained bright and

colorful for more than 2 h. Therefore, we concluded that

the combined action of ammonium and hydroxide ions

generated from the enzyme reaction was responsible for

the orientational transition of the LC from a planar to

homeotropic state. The above results demonstrate that

UV-treated 5CB can be used to specifically amplify and

transduce the urease reaction into an optical signal.

Time-dependent interfacial phenomenon

In order to more clearly understand the mechanism for the

5CB transition due to the enzyme reaction, the change in

the optical appearance was observed over a longer period

of time. A mixture of 10 nM urease and 0.5 M urea was

incubated for 30 min before transferring the solution into

the optical cell. 5 min after contacting 5CB with the

reaction mixture, the luminosity gradually decreased

(Fig. 3a–c), which indicates a gradual change in the ori-

entation of LC from tilt to homeotropic state at the aque-

ous/LC interface. However, the luminosity gradually

increased after a longer incubation period (Fig. 3d–f),

implying a homeotropic to tilt shift in the orientation of

LC. Characteristic time-dependent changes in the optical

appearance of LC were shown in Fig. S2.

Previous studies have demonstrated that surfactants such

as sodium dodecyl sulfate (SDS) induced changes in the

optical appearances of LC from bright to dark when the

concentration of aqueous SDS exceeded a critical value.

The orientational transition of 5CB from planar-to

homeotropic alignment was attributed to the interactions

between 5CB and SDS molecules and it was shown that a

sufficient areal density of SDS was needed at the aqueous/

LC interface for this transition to occur. However, the

optical appearance of 5CB returned to a colorful state when

the surfactant-decorated interface was exposed to an

aqueous phase with a lower SDS concentration. This

transition occurred because of the desorption of SDS

molecules from the interface to the aqueous phase, which

resulted in a decrease in the areal density of SDS at the

aqueous/LC interface [29].

Based on the results from SDS study, we concluded that

the return of the optical transition of 5CB that had been in

contact with the urease–urea mixture resulted from the

competition between the deprotonation of CBA and the

desorption of the deprotonated CBA from the aqueous/LC

interface. As the deprotonation of CBA proceeded, the

areal density of the self-assembled CBA- increased at the

interface. When it exceeded a critical value, the alignment

of LC was perturbed and it changed from a planar to

homeotropic state, resulting in a uniformly dark optical

image. However, when the rate of deprotonation slowed

down, the desorption of accumulated CBA-, which is due

to the diffusion of CBA- into the aqueous phase from the

interface, would dominate the orientational behavior of LC.

The deprotonation rate could not sufficiently compensate

of the CBA- that had diffused out from the interface; thus,

the orientational of LC reverted to a planar state.

Determination of detection limit

We then examined the detection limit of our system for

urease. The sensitivity of this system is related to

the concentration of urease and the incubation time of the

urease–urea mixture before it was introduced into the

Fig. 2 Optical images of the photochemical degraded 5CB (48 h)

viewed through a polarized light microscope when in contact with

a DI water, b 100 nM urease, c 0.5 M urea, and d the mixture of

100 nM urease and 0.5 M urea. The UV-treated 5CB was hosted in a

copper grid (pitch 508 lm, hole 425 lm, bar 83 lm)
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aqueous/LC interface. The optical appearance of the

UV-treated 5CB was examined when in contact with

mixtures that contained different urease concentrations and

that had been incubated for different time periods before

being placed in contact with the mixed solution. A mixture

of 50 nM urease and 0.5 M urea, which had been pre-

incubated for 3 min, was first introduced into the optical

cell. The LC immediately changed from a colorful to dark

state (Fig. 4a), which represented an ordering transition of

LC. When a mixture of 10 nM urease and 0.5 M urea was

pre-incubated for 3 min and introduced into the optical

cell, the 5CB had a gray to yellow optical appearance

(Fig. 4b left) through the crossed polarizers, which indi-

cates a nearly homeotropic orientation of 5CB at the

interface. When the pre-incubation time was increased to

30 min, the cell appeared dark within 5 min (Fig. 4b right).

The optical cell was then placed in contact with a mixture

of 1 nM urease and 0.5 M urea that had been pre-incubated

for different time periods (Fig. 4c). Almost no obvious

change in the optical appearance was observed when the

pre-incubation time was 3 min. The interference color

changed from red to green when the mixture was incubated

for 30 min, indicating a decrease in the tilt angle (relative

to the surface normal) of the LC at the aqueous/LC inter-

face. When the pre-incubation time was 60 min, the LC

appeared almost black, suggesting the 5CB turned to a

nearly homeotropic state. When the pre-incubation time

was 90 min, a uniformly black image was observed within

5 min, indicating a homeotropic alignment of LC.

Based on the data above, we concluded that the rea-

sonable detection limit of this urease sensor was around

1 nM. However, the detection limit could be even lower if

the pre-incubation time of the enzyme–substrate mixture is

extended.

The effect of inhibitor on the enzyme reaction

In order to further test the hypothesis that the orientational

transition of CBA-doped 5CB was caused by the enzymatic

hydrolysis of urea, we examined the effect of copper nitrate

hydrate, which blocks the active sites of urease, on the LC

Fig. 3 Light intensity of the optical images as the photochemical

degraded 5CB (48 h) was incubated with the mixture of 10 nM urease

and 0.5 M urea for a 1 min, b 2 min, c 5 min, d 36 min, e 40 min,

and f 56 min

3min 30min 60min 90min

(a)

(b)

(c)

Fig. 4 Optical images of

photochemical degraded 5CB

(48 h) viewed through a

polarized light microscope

when in contact with a mixture

of a 50 nM urease and 0.5 M

urea, b 10 nM urease and 0.5 M

urea, and c 1 nM urease and

0.5 M urea. The bottom

numbers indicate the time the

urease–urea mixture was

incubated before it was

introduced into the optical cell
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transitions. It is known that the divalent copper ions inhibit

this enzyme through an interaction between the metal ion

and the thiol groups of the enzyme molecule, and the

coordination of the copper ion to nitrogen- and possibly

oxygen-containing functional groups in urease [9, 30, 31].

A mixed solution containing 200 nM copper nitrate

hydrate and 20 nM urease was first made with a 10:1 molar

ratio of inhibitor to enzyme. This mixture was then incu-

bated for 45 min at room temperature. A 1 M urea solu-

tion, the volume of which was the same as the enzyme

solution, was added into the enzyme–inhibitor mixture.

The final concentrations of urease, urea, and inhibitor were

10 nM, 0.5 M, and 100 nM, respectively. Under these

conditions, no obvious optical transition of LC was

observed up to 90 min (Fig. S3). This result further con-

firms our initial hypothesis that the orientational transition

of LC resulted from the enzyme catalysis reaction.

Conclusion

In this study, we developed a simple method that allows for

the detection of urease in an aqueous solution using

UV-treated 5CB which contains CBA. Due to the pro-

duction of ammonia from the enzymatic reaction, the ori-

entation of LC undergoes a planar to homeotropic

transition, which can be easily visualized by the naked eye.

The deprotonation of CBA induced by basic pH and the

screening of the electrostatic repulsion between the car-

boxylic head groups by the electrolytes are two main rea-

sons for the orientational transition of LC at the aqueous/

LC interface. We confirmed that the orientational transition

of LC occurred due to the urease catalysis reaction by

investigating the effect of copper nitrate hydrate, which is

an inhibitor of urease, on the LC transition. The concen-

tration-dependent experiments showed that the detection

limit of this system for urease was around 1 nM. These

results suggest that the aqueous/UV-treated 5CB interface

may be useful for the development of a label-free detection

method for enzymatic reactions that can be imaged by LC.
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