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ARTICLE INFO ABSTRACT

In this study, we demonstrate a novel nematic liquid crystal (LC) 4-cyano-4’-pentylbiphenyl (5CB) microdroplet-
based biosensor for real-time, quantitative and sensitive detection of urea by whispering gallery mode (WGM)
lasing technology. The single stearic acid-doped 5CB microdroplet is taken as both optical resonator and sensing
reactor. To the best of our knowledge, this work is the first report of urea detection with WGM lasing. The
enzymatic reaction between urea and urease produces hydroxide ions. Deprotonation and self-assembly of
stearic acid occur at the aqueous/LC interface with increased pH value, promoting the reorientation of LC
molecules. The detectable shift of WGM lasing spectra related to the configuration transition of LC microdroplets
can be used as an indicator of enzymatic reaction, and this allows detection of urea molecules by the sensor at a
concentration of only 0.1 mM. The proposed sensor also demonstrated the ability to detect urea in real urine
samples. Compared with conventional POM observations, monitoring and identification of lasing spectra from
LC microdroplets as a versatile method allow for more quantitative and sensitive detection of analyte reactions
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and can be expected to replace POM imaging technology for current LC-based biosensor systems.

1. Introduction

As the main metabolic product of protein metabolism in the human
body, urea is also an important indicator for the diagnosis and clinical
analysis of urinary system diseases [1-3]. The normal urea level in
human urine ranges from 155 to 390 mM [4]. However, the urea con-
tent in the urine increases beyond this range as the effective filtration
area of the glomerulus decreases when kidney function is impaired
[5,6]. A 2018 study reported that approximately 10% of all adults suffer
from chronic renal diseases, making it one of the top 20 causes of death
worldwide [7]. Moreover, hepatic failure, liver cirrhosis, and toxic
hepatitis decelerate urea metabolism to drive a decrease of urea in the
urine [8-10]. Therefore, an improved technique to detect urea will be
beneficial for early screening to allow effective preventative measures
before disease outbreak, which is of great significance in clinical
medicine and biochemical analysis.

In recent years, liquid crystalline materials have been widely ap-
plied in the detection of biochemical molecules such as proteins

[11-14], glucose [15-17], lipid [18], heavy metal ions [19,20] and
synthetic polymers [21-23], due to the amplification and transmission
of biochemical events at the aqueous/LC interface. pH-sensitive LC
microdroplet sensors have become one of the representatives of LC
biosensors. In the study of urea detection, Khan et al. attempted to
covalently immobilize urease by PAA-b-LCP, and achieved a urea de-
tection limit as low as 3 mM by using POM image recognition [6]. Liu
et al. also visually detected the urease hydrolysis of urea according to
changes in the optical textures of hemispherical LC microdroplets [24].
However, these LC microdroplet-based sensors are used only to esti-
mate the biochemical reaction process. To date, a great number of the
detector readouts are currently based on the bare-eye observation of the
optical appearance under a POM. In these sensing modalities, the re-
action process is difficult to be quantitatively and accurately char-
acterized, thereby limiting the further development of the LC sensing
device in real-time monitoring.

Here, to address these limitations, we propose to use WGM lasing in
LC microdroplets to perform real-time quantitative monitoring of the
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reaction process of analyte. Due to their nearly perfect spherical
structure and exceptionally smooth surface, LC microdroplets can be
used as a great optical microcavity to achieve WGM lasing [25-27]. In
principle, the excitation light from a gain medium undergoes multiple
total internal reflections at the optical microcavity interface and then
gets resonance amplification due to constructive interference [28]. The
resonance frequency of microcavity relies upon the refractive index
distribution along the propagation path of light. In turn, changes in the
refractive index can be detected by the WGM spectra in the form of a
resonance frequency shift as well [29].

With the unique properties of LC materials, WGM lasing in LC mi-
crodroplet is expected to become a promising tool in the field of bio-
sensing. Some advantages of this method include i) WGM lasing can
transform the biochemical reaction process into a spectral response in
real-time, providing more accurate and quantitative information; ii) the
overall arrangement of LC molecules in microdroplets is highly sensi-
tive to the type and strength of the local molecules anchoring at the LC/
aqueous interface, so any tiny changes in the anchoring state of LC
molecules will be captured by the WGM resonance spectra in real-time;
iii) the large surface-area-to-volume ratio of LC microdroplets allows
the full reaction of molecules at the LC/aqueous interface and helps to
improve the detection limit.

Herein, we used stearic acid as a functional material, and exploited
the highly efficient enzymolysis of urea by urease for urea detection.
Stearic acid is a saturated fatty acid molecule, contains a long hydro-
phobic chain and a hydrophilic head group [30]. During the enzymatic
hydrolysis of urea, OH ™ ions are released, resulting in an increase in the
local pH value. Thus deprotonation and self-assembly of carboxylic acid
then occur at the aqueous/LC interface, leading to anchoring transition
of 5CB molecules from planar (Fig. 1a) to homeotropic (Fig. 1b) an-
choring. In the meantime, the director configuration of LC microdroplet
transforms correspondingly from bipolar to radial. In our work, the
mechanism of lasing was unambiguously identified by comprehensive
spectroscopic analysis and attributed to WGMs. The detectable shift of
WGM lasing spectra can be used as an indicator of enzymatic reaction
and allows detection of urea molecules by the sensor at a concentration
of only 0.1 mM, which is lower than the detection limit of currently
available urea sensor based on LC materials.

2. Experimental
2.1. Materials

Nematic liquid crystal 4-cyano-4’-pentylbiphenyl (5CB), stearic acid
(Grade I, > 98.5%), urea, urease, n-Heptane (anhydrous), thiourea,
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hydroxyurea, acetamide, and N, N-Dimethylformamide, were pur-
chased from Sigma-Aldrich. Potassium phosphate monobasic and po-
tassium phosphate dibasic, which are used to prepare phosphate buffer
solution (PBS) with different pH values, were purchased from Aladdin.
4-dicyanomethylene-2-methyl-(6-4-dimethylaminostryl)-4H-pyan
(DCM), serving as the gain media, was purchased from Exciton. All
aqueous solutions used in our work were prepared with deionized (DI)
water using a Milli-Q system (Millipore, USA).

2.2. Preparation of experimental solution

All enzymatic aqueous solutions were prepared in PBS. To test the
selectivity of the sensor, a mixture of 1 mM urea and 0.1 mg/ml urease
was pre-incubated at 37 °C for 30 min. Urine samples, obtained from a
healthy volunteer, were filtered through sterile 0.1 mm pore filters to
remove protein aggregates and other bulky impurities. The original
urine sample was diluted 100-, 200-, 500-, 1000-, 2000-, 5000-fold
dilutions with deionized water and stored in a reagent bottle for re-
serve. The urea concentration of above six groups of samples was de-
termined by standard method in the clinical chemistry laboratory of
Harbin Engineering University Hospital, as shown in Supporting
Information Table S1.

2.3. Preparation of 5CB sample

The 5CB (1% v/v) doped with stearic acid and DCM dye was first
dissolved in anhydrous heptane. The concentration of doped stearic
acid and DCM were 0.1 wt% and 0.05 wt% of 5CB, respectively. Then
the 5CB sample was ultrasonically treated for 30 min. After evaporating
the organic solvent, the sample was transferred to a small reagent bottle
for standby application.

2.4. Preparation of 5CB microdroplets

Instead of sophisticated processing procedures, the 5CB micro-
droplets in our experiment were self-assembled and fabricated by
straightforward techniques. First, a home-made microtube with a dia-
meter of 7 um was prepared via flame heated taper-drawing technique
using silica capillary tubing (100 um inner diameter, 162 um outer
diameter), as shown in Supporting Information Fig. S1. Next, a side of
the conical microtube was connected to a pump-controlled micro-
channel for extraction of the 5CB samples prepared previously. Finally,
by controlling the pumping status, the required sizes of 5CB micro-
droplets were generated in an immiscible environment (Supporting
Information Fig. S2). We used the microtube to “capture” and
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Fig. 1. Schematic illustration of the structural transition of stearic acid-doped 5CB microdroplet from planar anchoring (a) to homeotropic anchoring (b).
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manipulate microdroplets. To do this, the microdroplets were sus-
pended from the end of the microtube rather than connected to the
microtube to prevent any interference with the experimental results
from pressure fluctuations in the microtube. It needs to be explained
that in order to facilitate the excitation of WGM lasing, LC micro-
droplets in experiments are generated and controlled by a home-made
microtube, and only one microdroplet can be generated at a time.
Therefore, only POM images of single LC microdroplets were presented
in each photo. Each group of experiments was repeated at least five
times to avoid false-positive results.

2.5. WGM lasing spectral measurement

Fig. S3 in Supporting Information shows a schematic diagram of our
experimental setup. The WGM lasing spectra of the stearic acid-doped
5CB microdroplets were measured by a spectrometer (PG2000,
Ideaoptics Technology Ltd., China). Optical images of microdroplets
were obtained with a polarized light microscope (POM, BX43P,
Olympus, Japan). A CCD camera (DP21, Olympus, Japan) was used to
record the POM images of the stearic acid-doped 5CB microdroplets.

3. Results and discussion

3.1. WGM spectral responses of stearic acid-doped 5CB microdroplets with
various pH

Disturbance on the LC microdroplet surface due to the anchoring of
chemical and biological molecules can disrupt the balance between the
elastic free energy and the surface anchoring energy of the micro-
droplet, resulting in alteration of its internal orientation structure [31].
Therefore, the 5CB doped with function molecules sensitive to the ex-
ternal environment can show high application value in various LC-
based sensors [32].

We first investigated the orientation properties of stearic acid-doped
5CB microdroplets with various pH. Microdroplets of the same diameter
(65 um) were produced in PBS with different pH values, and the POM
images were recorded after 30 min (Fig. 2a). The results showed that for
pH value was lower than 7, all the LC microdroplets presented bipolar
configuration, indicating that 5CB molecules were parallel to the sur-
face of the microdroplets. We speculate that this phenomenon is attri-
butable to the low concentration of OH™ ions in PBS, which does not
deprotonate a sufficient amount of stearic acid molecules to alter the
droplet structure. When the pH value of PBS was 7.4, there was an
obvious disclination loop on the surface of the microdroplets (Fig. 2 a
(5) and Supporting Information Fig. S4); and the LC microdroplets
presented axial configuration (a typical transition state between bipolar
to radial configuration) [33]. As the pH value was gradually increased,
the disclination loop on the surface gradually shrank to a hedgehog
point defect and a radial configuration emerged. For pH value of 9, the
radial configuration became fairly perfect. We attribute these phe-
nomena to the increasing density of deprotonated stearic acid, inducing
the spontaneous transformation of 5CB molecules from parallel to
perpendicular anchoring.

Next, we ran a controlled trial to confirm that the structural changes
of the LC microdroplets were indeed caused by the doping of stearic
acid. To do this, same-diameter microdroplets without stearic acid were
prepared in the pH range of 4-10. All the LC microdroplets exhibited
bipolar configuration and their state remained unchanged for at least
40 min (Supporting Information Fig. S5). Furthermore, the effects of
DCM dye on any structural changes in the microdroplets were also
eliminated experimentally, and the LC microdroplets obtained at dif-
ferent pH values were similar to those shown in Fig. 2a (Supporting
Information Fig. S6).

The initial configuration of LC microdroplets for sensing is typically
bipolar or radial. Once LC microdroplets in the two configurations are
obtained, excitation and observation of WGM lasing in LC

Talanta xxx (XxxX) XxXxXX

microdroplets can be performed. In our experiments, considering the
use of pump light source (532 nm) and the need for good solubility and
stability of dyes in LC materials, we chose DCM as the gain dye [25,34].
The DCM doped in 5CB microdroplets produces broad-spectrum fluor-
escence when stimulated by pumping light. Some of the fluorescence
that meets the resonance conditions would return to the same point in
phase, resulting in resonance amplification, so sharp WGM lasing peaks
are formed in the spectra. A schematic diagram of the lasing experi-
mental setup is shown in Fig. 2b. The 532 nm pump light was guided to
the surface of 5CB microdroplet via a fiber tip. A drop of PBS was de-
posited on a PMMA substrate to serve as the microdroplet's host
medium. To test this design, we conducted a series of experiments to
analyze and verify the characteristics of WGM lasing in acid-doped 5CB
microdroplets from the lasing threshold, mode number and Q factor
(see verification of WGM lasing characteristics in the Supporting In-
formation for details).

Furthermore, the WGM spectral response of acid-doped 5CB mi-
crodroplets was studied at different pH values. To prevent degradation
of the dye molecules, the microdroplets were only excited for a short
period of time (about 1s) to record the spectra. Therefore, the laser-
induced thermal effect was not observed in the experiments. We first
generated stearic acid-doped 5CB microdroplets in PBS with pH = 7
(inset (1) and (3) in Fig. 2c). Then, 40 uL of NaOH with a pH of 7.4 was
added into the sensing system. A clear disclination loop appeared in the
POM image of the microdroplet (inset (2) and (4) in Fig. 2c). A shift of
0.59 nm was produced during the 1-4 min response time. The blue shift
of WGM lasing is due to the decrease of refractive index along the di-
rection of the electric field oscillation of TE polarization mode (see
wavelength shift mechanism of WGM lasing in the Supporting In-
formation for details). Subsequently, we repeated the above process and
measured the temporal response of WGM wavelength shift with dif-
ferent pH, as shown in Fig. 2d. We found that the wavelength shift of
WGM increased with the increase of pH, but this effect saturated at
about pH = 8.6 (Fig. 2e). At lower pH values (7 <pH < 8.6), the
spectral response exhibited an approximately linear response to pH
value (inset in Fig. 2e). Thus, a quantitative relationship between pH
value and WGM wavelength shift was established. The experiments
revealed a sensitivity of 1.56 nm/pH (defined as the slope of the cali-
bration curve). It is worth noting that stearic acid-doped 5CB micro-
droplets exhibit the same radial state but different spectral shift beha-
vior when the pH values of the added NaOH are 8.2 and 8.6,
respectively. This indicates that more detailed information (i.e., tiny
structural changes in droplets that cannot be identified by the naked
eye) can be obtained by using WGM spectral response. Therefore, the
proposed sensing system can achieve accurate detection of solutions
with weakly alkaline pH (7 <pH < 8.6). The system also has a great
application for the potential detection of pH-related biochemical mo-
lecules, such as urea, glucose [17], catalase [35], penicillin [36], and
cholesterol [37].

3.2. Urea detection limit

After determining the WGM spectral response of acid-doped LC
microdroplet at different pH values, the detection performance of the
sensor for biochemical molecules was further studied. Under the cata-
lysis of urease, urea may be hydrolyzed into ammonia, which can
subsequently be hydrolyzed into an ammonium ion and hydroxyl ion,
increasing the ambient pH. Therefore, we first investigated the or-
ientation properties of acid-doped 5CB microdroplets at the reaction
solution/LC interface.

Stearic acid-doped microdroplets with 65um diameter were pre-
pared in PBS with a urease concentration of 0.1 mg/ml, and then a
small amount of urea solution (40puL of 10 mM concentration urea,
almost 1/5 of the PBS volume) was introduced. Fig. 3a shows POM
images of the microdroplet evolution. After 1 min, topological point
defects emerged at the edges of the bipolar LC microdroplets. Within
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Fig. 2. (a) POM images of acid-doped 5CB microdroplets in PBS with different pH. Scale bars 20 um. (b) Schematic diagram of WGM lasing experimental setup. The
532 nm pump light was guided to the surface of 5CB microdroplet via a fiber tip. (c) WGM lasing spectra of stearic acid-doped 5CB microdroplet before (red line) and
after (blue line) addition of NaOH at pH = 7.4. Schematic illustrations of corresponding configurations within 5CB microdroplets are illustrated in insets (1) and (2),
respectively. POM images of corresponding configurations are illustrated in insets (3) and (4), respectively. (d) Temporal dependence of WGM wavelength shift with
different pH. The results of five different pH values are presented in their separate independent regions. (e) Wavelength shift of WGM lasing spectra as a function of
pH value of NaOH. Inset: within a certain pH range (7 < pH < 8.6), the spectral response exhibited an approximately linear response to pH value. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4 min, LC microdroplets gradually experienced escaped radial and pre-
radial configurations [33]. By 5min, LC microdroplets had formed a
stable radial configuration. A clear crisscross pattern and point defect in
the center of the microdroplets were observed.

In order to initially determine the detection limit of the sensor for
urea, we repeated the above experiment with urea at a concentration of
1 mM. As shown in Fig. 3b, LC microdroplets formed a stable radial
configuration within 11 min and the state remained unchanged for
40 min. Fig. S7 in Supporting Information showed the entire evolution

of microdroplet as observed by POM images. Unlike with the use of a
high concentration (10 mM) of urea, disclination loops were observed
in the intermediate state. The radial configuration could not form when
the detected urea concentration was decreased to 0.1 mM (Fig. 3c). This
suggests the OH™ ions produced in the urease-catalyzed hydrolysis
cannot support enough carboxylic acid molecules to deprotonate. A
urea concentration of 0.01 mM was also tested, and the microdroplet
configuration did not change within 40 min (data not shown).

To accurately and quantitatively describe the urease-catalyzed
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Fig. 3. POM images of 65-um-diameter acid-doped 5CB microdroplets in PBS (pH = 7) containing 0.1 mg/ml urease after addition of 40 pL of 10 mM (a), 1 mM (b),
0.1 mM (c) urea. Scale bars 20 pm. (d) Temporal dependence of WGM wavelength shift with different urea concentrations. (e) Portion of WGM lasing spectra as a
function of time. Spectra were collected from a 65-jim-diameter acid-doped 5CB microdroplet in PBS containing 0.1 mg/ml urease after adding 40 pL 0.1 mM urea.

Table 1
Comparison of performance of different LC biosensors for urea detection.

Type of technique Type of sensing structure

Optical pattern-based LC sensor Planar
Optical pattern-based LC sensor Spherical
Optical pattern-based LC sensor Hemispheric
WGM lasing-based LC sensor Spherical

Detection limit Sensitivity Reference
5mM - [38]

3mM - [6]

0.5M - [24]

0.1 mM 8.1 nm/mM Present work

hydrolysis of urea, we further analyzed the WGM spectral responses of
the acid-doped 5CB microdroplets during hydrolysis. The spectral
changes at different concentrations of urea under the hydrolysis of
0.1 mg/ml urease were recorded, as shown in Fig. 3d. Our experimental
results indicate the proposed urea sensor exhibited a detection limit of
0.1 mM, which was better than the detection limit of urea by the cur-
rent LC sensor reported. WGM spectra had a blueshift of 0.81 nm within
5-17 min at this urea concentration (Fig. 3e). The detection perfor-
mance of the resulting biosensor is compared with other reported LC
biosensors, and the results are summarized in Table 1. The detector
readout of our system is based on the monitoring of WGM spectral re-
sponses in LC microdroplets, without the needs of imaging and image

analysis. Shifts in WGM spectra associated with microdroplet config-
uration changes can be used as an effective indicator of enzymatic re-
action. The detection limit of urea by WGM lasing-based LC sensor is at
least one order of magnitude lower than that based on optical pattern of
LC. In addition, due to the double amplification effect of LC molecules
and WGMs, the maximum sensitivity in our demonstration is 8.1 nm/
mM for urea molecules. It is worth noting that for detected urea con-
centrations of 10 mM and 1 mM, the LC microdroplets exhibited the
same radial state but different spectral shift behavior. This suggests that
the use of WGM spectral response to detect the reaction process is more
accurate than simple POM observations by the naked eye.
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Fig. 4. POM images (recorded after 30 min) of 65-um-diameter acid-doped 5CB microdroplets in DI water (a), pure PBS (pH = 7) (b), PBS (pH = 7) containing
10mM urea (c), 0.1 mg/ml urase (d), urease and urea mixture (e), 10mM thiourea (f), 10 mM hydroxyurea (g), 10mM acetamide (h), 10 mM N,N-
Dimethylformamide (DMF) (i). Scale bars 20 um. (j) Temporal dependence of WGM wavelength shift with thiourea. Inset: corresponding WGM lasing spectra and

POM images.

3.3. The specificity of urea sensor

In order to confirm that the observed changes in microdroplet
structure were indeed caused by the release of OH ™~ ions during urease-
catalyzed hydrolysis of urea, we prepared stearic acid-doped 5CB mi-
crodroplets with the same diameter in DI water, PBS (pH = 7), urea
solution (concentration 10 mM), and urease solution (concentration
0.1 mg/ml), respectively. We found that all of the 5CB microdroplets
remained in a bipolar configuration for at least 40 min (Fig. 4a—d).
However, the microdroplets generated in the mixture of urea and ur-
ease showed radial configuration (Fig. 4e). Based on these results, we
confirmed that the release of OH™ ions in the enzymatic reaction
caused changes in the pH of the external environment, promoted the
deprotonation of stearic acid molecules, and induced the reassembly of
LC molecules in the microdroplets.

In the detection of urea, sensors are highly susceptible to inter-
ference from other chemical substances with structures similar to urea
molecules. Therefore, we next tested the response characteristics of a
series of structural analogs of urea (Supporting Information Fig. S8), as
shown in Fig. 4f—i. The sensor demonstrated excellent specificity for
urea, and the LC microdroplets exhibited the same bipolar configura-
tion in the four selected analogs. The results for thiourea are presented
as an example, and the WGM lasing spectra in the reaction process are
presented in Fig. 4j. There was no shift during a 30 min monitoring
period.

3.4. Urine sample analysis

We next performed urea testing on six groups of urine samples to
demonstrate the practical potential of the proposed WGM lasing-based
LC sensor. Temporal dependence of WGM wavelength shift with urine
sample under six different dilutions was measured as summarized in
Fig. 5a, where the error bars were calculated according to the standard
deviation of four tests for each concentration. As expected, the final
equilibrium shift and wavelength change rate of WGM spectral response
decrease with the increase of dilution. With the increase of urea dilu-
tion, the concentration of OH™ ions produced by enzymatic hydrolysis
decreases. Low density deprotonated stearic acid is not enough to in-
duce a complete change of anchoring state of 5CB molecules. The POM
images with different dilutions can be used as an evidence for the above
explanation, as shown in the inset of Fig. 5b.

It is important to study the interfering effects of biological sample

matrixes for accurate detection of target molecules [39,40]. To do this,
six groups of pure urea solutions were prepared in DI water with the
same concentration as urea in urine samples. The WGM spectral re-
sponse of pure urea samples as reference was studied by the same ex-
perimental procedure, as shown in Fig. 5b and Supporting Information
Table S2. It is clear that the reference samples have different spectral
shifts from the urine samples, indicating that the impurities interfere
with the test results. But fortunately, the detection mechanism of the
sensor is specific hydrolysis of urea by urease, so the impurities in the
urine cannot be hydrolyzed, which reduces the interfering effects on the
experimental results to some extent. Despite a few interfering effects
from sample matrixes, this novel WGM lasing-based LC sensing system
still exhibits the ability to detect urea in real urine samples at present.

4. Conclusions

In this study, we developed an acid-doped 5CB microdroplet bio-
sensor for real-time, quantitative and sensitive detection of urea mo-
lecule by WGM lasing technology. The single stearic acid-doped 5CB
microdroplet was taken as both optical resonator and sensing reactor.
Benefit from the double amplification of the 5CB molecules and WGM
resonance, the signals of the biological reaction at the interface were
significantly enhanced. More importantly, the detectable shift of WGM
lasing spectra related to the configuration transition of LC micro-
droplets can be used as an indicator of enzymatic reaction. The pro-
posed sensor can detect urea at a concentration as low as 0.1 mM,
which is better than the detection limit of urea by the current LC sensor
reported. It also exhibited the ability for detection of real human urine
samples. Compared with conventional POM observations, monitoring
and identification of lasing spectra from LC microdroplets as a versatile
method allow for more quantitative and sensitive detection of analyte
reactions and can be expected to replace conventional POM observa-
tions.
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Supplementary data to this article can be found online at https://
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