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Real-time monitoring of liver injury is essential for preserving physiological health. Alanine aminotransferase 
(ALT) detection is widely regarded as a fundamental approach for the early diagnosis of liver injury. However, 
existing detection methods often suffer from complex operation, high costs, and limited sensitivity. Here, 
we introduce a real-time biosensor based on functionalized liquid crystal microcavities with whispering 
gallery mode (WGM) laser for rapid and sensitive ALT detection. The microcavity functionalized with 
stearic acid exhibits distinct optical responses to ALT-catalyzed enzymatic reactions across varying 
concentrations. The high-quality factor of the microcavity obviously enhances its biosensing performance. 
Simulations reveal variations in the electric field behavior of WGM lasing as the liquid crystal microcavity 
transitions between radial and bipolar configurations. Further analysis was conducted using experimental 
WGM spectra and corresponding polarized optical microscopy images. Experimental results demonstrate a 
strong linear correlation between ALT concentration and reaction time within the range of 0 to 240 U/l. This 
biosensor exhibits a sensitivity of 0.67 s/(U/l), indicating its potential as a promising approach for early 
liver injury assays. In addition to in vitro verification, in vivo validation using mouse serum samples further 
confirms its practical applicability, yielding results consistent with those tested by using commercial assay 
kits. This method offers a simple, cost-effective, and efficient detection of ALT, underscoring the potential 
of liquid crystal microcavities for biosensing in liver injury monitoring.

Introduction

   Reliable evaluation of liver function is fundamental for the 
diagnosis, prognosis, and treatment of hepatic disorders [  1 ]. 
Alanine aminotransferase (ALT), a well-established biomarker 
for hepatocellular injury, is critical for clinical assessment [  2 ,  3 ]. 
Its concentration in serum directly correlates with the severity 
of liver injury, playing a vital role in the early diagnosis [  4 ], 
drug-induced hepatotoxicity prevention [  5 ], and postoperative 
recovery monitoring [  6 ]. Real-time monitoring of ALT levels 
provides valuable insights into transient liver injury, enabling 
personalized hepatoprotective interventions. Current ALT 
detection methods, including electrochemical [  7 ], colorimetric 
[  8 ], and fluorescence [  9 ], are commonly utilized in clinical 
assays and provide a reasonable sensitivity. In addition, some 
emerging strategies such as microfluidics-based platforms [  10 ], 
surface plasmon resonance sensors [  11 ], and photonic crystal 
fiber biosensors [  12 ] have also been explored to enhance ALT 
detection sensitivity. However, these analysis methods often 
require bulky instruments, multi-step procedures, and lengthy 
analysis times [  13 ], which severely limit their applicability for 

real-time clinical scenarios such as intraoperative monitoring 
and home-based healthcare. Consequently, there is a pressing 
need for a real-time, convenient, and highly sensitive detection 
method to address ALT detection in clinical applications.

   Recently, whispering gallery mode (WGM) optical micro-
cavities have attracted increasing attention in sensing due to 
their high Q-factor [  14 ,  15 ] and small mode volume [  16 ], which 
substantially enhance light−matter interactions that improve 
detection sensitivity and enable real-time sensing. These optical 
microcavities have been widely applied in low-threshold lasing 
[  17 ], nonlinear optics [  18 ], high-performance sensing [  19 ], and 
advanced biosensors for clinical biomarker detection [  20 –  22 ]. 
Moreover, the structural and material design flexibility of WGM 
optical microcavities further opens new possibilities, particu-
larly with the integration of liquid crystal (LC) microdroplets. 
This combination offers a novel platform for biosensing, leverag-
ing the unique optical anisotropy and tunability of LC molecules 
[  23 ,  24 ]. The LC microdroplet-based WGM microcavity facili-
tates the realization of high-efficiency lasing due to its nearly 
perfect spherical geometry and ultra-smooth surface [  25 –  27 ], 
allowing for real-time spectral monitoring, quantitative spectral 
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shifts, and enhanced sensing sensitivity. The foundation of this 
approach can be traced back to the work of Humar and Muševič 
[  28 ] on biosensing through spectral analysis, which has since 
been further refined and developed for a broader range of sens-
ing applications [  29 –  31 ]. In addition, LC-based WGM micro-
cavities exhibit excellent environmental responsiveness, making 
them highly suitable for dynamic biochemical sensing, such as 
detecting variations in pH [  32 ], temperature [  33 ], and biomo-
lecular concentrations [  34 ]. Hence, this platform can serve as 
an effective strategy for real-time monitoring of ALT in clinical 
diagnostics.

   In this work, we introduce a highly sensitive method for ALT 
detection utilizing functionalized LC microcavity biosensors 
via WGM laser. Functionalized materials with environmental 
responsiveness induce orientation changes of LC molecules 
within the microcavity. This reorientation changes the refractive 
index profile of microcavity, resulting in obvious resonance 
wavelength shifts in the WGM spectra. Structural transitions of 
LC molecules within the functionalized microcavity were 
observed in this experiment. The influence of these orientational 

changes on the electric field distribution of WGM lasing was 
further analyzed through finite-difference time-domain (FDTD) 
simulations. Moreover, this biosensor is specifically focused on 
the ALT concentrations with clinically significant thresholds 
(40, 80, and 200 U/l) for the accurate assessment of early liver 
injury. The proposed biosensing method’s simplicity, low cost, 
real time, and efficiency make it particularly suitable for clinical 
scenarios requiring frequent ALT assessments in liver health 
monitoring.   

Results and Discussion
   The biosensing principle of the LC microcavity based on WGMs 
is illustrated in Fig.  1 A. The functionalized LC microcavity 
was primarily composed of 5CB molecules (4′-pentyl-4′-
cyanobiphenyl) and DCM dye [4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran]. Besides, stearic acid was 
introduced as the functional material for surface modification 
within the microcavity, attributed to its pH-responsive amphi-
philic architecture and favorable biocompatibility [  35 ,  36 ]. The 

Fig. 1. (A) Biochemical sensing principle of ALT detection via WGM lasing. (B) Enzymatic reaction of ALT (I) and dissociation of pyruvate (II).

https://doi.org/10.34133/research.0824


Wang et al. 2025 | https://doi.org/10.34133/research.0824 3

molecular structure of stearic acid comprises a long hydrophobic 
chain and a hydrophilic head group (Fig.  S1 C) and effectively 
modulates the orientational behavior of 5CB molecules. The LC 
microcavity is formed in the phosphate-buffered saline (PBS) 
aqueous solution because of its hydrophobic property, with 5CB 
molecules self-assembling into a bipolar configuration within 
the microdroplet, driven by the confining surfaces. Elevated 
hydroxide ion (OH−) concentrations induce deprotonation of 
surface-modified stearic acid [ 35 ], enhancing its amphiphilic 
character and driving interfacial self-assembly at the microdro-
plet interface. This reorganization alters the surface anchoring 
conditions, which triggers a reorientation transition of 5CB mol-
ecules within the LC microdroplet. Subsequently, the long axes 
of these molecules gradually align radially, resulting in a stable 
radial configuration. Conversely, elevated hydrogen ion (H+) 
concentrations trigger protonation of the surface-assembled 
deprotonated stearic acid [ 36 ], modulating interfacial anchor-
ing forces to drive 5CB molecular reorientation, ultimately 
inducing the microcavity to revert to a bipolar configuration. 
The transition between these 2 configurations induces a marked 
change in the refractive index of the functionalized LC micro-
cavity, resulting in a noticeable wavelength shift in the WGM 
lasing spectra.        

   ALT is a vital biomarker for liver health, released into the blood-
stream during liver cell injury. It is a bio-enzyme that catalyzes 
enzymatic reaction between l-alanine (l-Ala) and α-ketoglutarate 
(α-KG), facilitating the transfer of the amino group from l-Ala to 
α-KG [ 8 , 9 ]. This enzymatic process produces the production of 

pyruvate and glutamate [ 11 ,  37 ], as illustrated in reaction I of Fig. 
 1 B. It has been shown that the produced pyruvate dissociates in 
weakly alkaline aqueous solutions (reaction II in Fig.  1 B), releasing 
hydrogen ions (H+) that consequently alter the solution’s pH. 
Under optimal reaction conditions, the enzymatic reaction rate is 
directly influenced by the ALT concentration, with the reaction 
temperature being maintained at approximately 37 °C. The func-
tionalized LC microcavity was prepared in a buffer solution con-
taining l-Ala and α-KG, with the reagent proportions provided 
in Figs.  S2  and  S3 . The 532-nm laser was used to pump the func-
tionalized LC microcavity to excite WGM lasing during the pro-
cess of enzymatic reaction. Upon the addition of ALT for catalysis, 
the resulting increase in H+ concentration—released from the 
dissociation of produced pyruvate—can be monitored in real time 
via resonance wavelength shifts in the WGM spectra, which allow 
for the quantification of the variation in the ALT concentration. 
Additionally, the proposed WGM biosensor allows for rapid, label-
free biosensing in this experiment.

   The schematic diagram of the functionalized LC microcavity 
using WGM laser is shown in Fig.  2 A (the complete experi-
mental setup is provided in Fig.  S8 ). To characterize the optical 
properties of WGM lasing, the microcavity was pumped using 
a Nd:YAG pulsed laser (532 nm, 10 Hz, 6 ns). The LC microcav-
ity was generated in a microtube by adjusting the syringe pump 
in the buffer solution (pH 7.7, 37 °C), enabling effective control 
over the microcavity size. Furthermore, environmental tem-
perature has a critical role in maintaining enzyme activity, and 
its influence on the LC microcavity was further investigated in 

Fig. 2. (A) Illustration of the WGM-functionalized LC microdroplet. (B) Typical WGM lasing of a functionalized LC microcavity with radial configuration and its corresponding 
mode numbers labeled by TEq

1
. The insets show its POM and Q-value. (C) WGM spectra for decreasing pH from 7.9 to 7.7. The insets show their microscopic image (1), POM (2), 

and schematic image (3). (D) 2D correlation spectra of the same mode for decreasing pH.
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Fig.  S5 . The WGM lasing spectrum at the radial configuration 
was collected by a spectrometer with a 0.07-nm resolution, as 
presented in Fig.  2 B. Transverse-electric (TE) modes were 
observed to dominate in the radial configuration of the LC 
microcavity. The electric field oscillates parallel to the long axis 
of the molecules within the microcavity surface in this mode 
(Fig.  S6 A) [  38 ], corresponding to the ordinary refractive index 
(nₒ﻿ = 1.54). Measured WGM lasing spectrum corresponds to 
the first-order TE modes, which is demonstrated by the numer-
ical calculation of WGM modes in the Supplementary Materials. 
The theoretical calculation of the mode numbers shows excel-
lent agreement with the experimentally observed lasing peaks. 
It was shown that a high Q-factor (0.84 × 104) was achieved, 
calculated based on the spectral half-height width (Fig.  S6 C). 
The measured free spectral range (FSR) was in excellent agree-
ment with the theoretical value, calculated by FSR = λ 2/2πn eff R 
[  39 ]. Furthermore, the lasing threshold characteristics of the 
LC microcavity was also presented in Fig.  S6 B.        

   For traditional LC sensing, its analyzed information is typi-
cally derived from the polarized optical microscopy (POM) 
patterns [  40 –  42 ], demanding high imaging precision and 
experimental operation. However, there may be unnoticeable 
differences in the POMs for subtle detecting changes. As 
shown in the insets (1 and 2) of Fig.  2 C, POM images of PBS 
buffer solutions with varying pH values (7.92, 7.79, and 7.71, 

as measured in Fig.  S2 D) all exhibited radial configurations, 
with their corresponding grayscale values indicated in Fig. 
 S9 A, showing no noticeable changes. In contrast, an obvious 
red shift in the WGM lasing spectra was observed in the 
detailed analysis of resonance peaks (Fig.  S9 B). This is attrib-
uted to its higher Q-factor and enhanced sensitivity [ 10 ,  43 ]. 
As shown in Fig.  2 D, the WGM resonance spectra of the same 
transmission mode shift to longer wavelength as a result of 
decreasing pH, highlighting the enhanced sensitivity of the 
functionalized LC microcavity with WGM laser for biosensing 
applications.

   To ensure optimal enzymatic reaction conditions, the PBS 
buffer (pH 7.7) was selected as the base solvent at 37 °C, con-
taining 0.1 mM α-KG and 0.167 mM l-Ala (see Fig.  S3 A and 
B). The pH variation induced by the enzymatic reaction drives 
the reorientation of 5CB molecules within the functionalized 
LC microcavity, as validated by the control experiment shown 
in Fig.  3 A. It was observed that the functionalized LC microcav-
ity transitioned to a bipolar configuration only in the presence 
of ALT, α-KG, and l-Ala (VIII), while a stable radial configura-
tion in all other conditions (all POM images recorded at 6 min). 
This indicated that the reorientation of 5CB molecules was 
driven by the products of the enzymatic reaction. To further 
validate this hypothesis, WGM lasing spectra were recorded 
for a 45-μm-diameter LC microdroplet in reaction solutions 

Fig. 3. (A) POM patterns of LC microcavities formed in different PBS solution. (I) to (IV) without ALT: (I) only PBS; (II) l-Ala; (III) α-KG; (IV) l-Ala and α-KG. (V) to (VIII) with 
ALT: (V) only PBS; (VI) l-Ala; (VII) α-KG; (VIII) l-Ala and α-KG. (B) WGM lasing of LC microcavities with radial and bipolar configurations. Insets (1) and (2) show the POMs 
and (C) corresponding electric field distributions of the radial and bipolar configurations, respectively. (D) POM images with their corresponding schematic illustration of LC 
microcavity for states from radial to bipolar configuration (recorded after 6 min). (E) WGM spectra recorded from 0 to 150 s.
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following the addition of 200 U/l ALT, as depicted in Fig.  3 B. 
It was found that LC microdroplets within this size range could 
support stable WGM lasing with relatively high Q-factors and 
well-defined spectral characteristics, making it suitable for sub-
sequent spectral analysis. Initially, the microdroplet exhibited 
a radial configuration (inset 1), with the corresponding WGM 
spectrum (blue curve). After the addition of 200 U/l ALT, the 
microdroplet gradually transitioned to a bipolar configuration 
(inset 2) within approximately 150 s, accompanied by an obvi-
ous redshift in the WGM spectrum (orange curve). The reso-
nant spectral shift of the WGM lasing, induced by changes in 
the aqueous environment surrounding the functionalized LC 
microdroplet, validates its potential as an enzymatic reaction 
sensor. Furthermore, the finite difference time domain (FDTD) 
simulation [  44 ] was performed to analyze the electric field dis-
tribution within the LC microcavity for these 2 configurations. 
For the TE polarization mode, the electric field oscillates paral-
lel to the microdroplet surface. The effective refractive index 
of the microcavity is determined by the alignment of 5CB 
molecules. In the radial configuration, the field primarily inter-
acts with the ordinary refractive index (nₒ﻿), whereas in the 
bipolar configuration, it predominantly senses the extraordi-
nary refractive index (nₑ﻿). As shown in Fig.  3 C, the simulated 
electric field distributions are displayed in the x–y, x–z, and y–z 
views. These results reveal distinct variations in field behavior 
as LC microcavity transitions between radial and bipolar con-
figurations. Accordingly, the evolution of POM images with 
their relevant schematic illustrations and WGM spectra during 
the enzymatic reaction was systematically analyzed in Fig.  3 D 
and E. It is observed that the LC microcavity transitions from 
radial to bipolar configuration, accompanied by a redshift in 
the WGM spectra, within 150 s in the reaction solution con-
taining ALT. The corresponding shifts in the WGM resonant 
wavelength at each 30-s interval are shown in Fig.  S10 . These 
results demonstrate that WGM lasing in the proposed func-
tionalized LC microcavity can serve as an effective standard for 
enzyme activity detection, offering a highly sensitive and label-
free approach for biosensing.        

   Generally, the normal reference range for ALT is typically 
0 to 40 U/l, with critical threshold concentrations of 40, 80, and 
200 U/l being particularly relevant for the clinical diagnosis of 
early liver injury [ 3 , 7 ,  45 ]. In this experiment, a fixed volume 
of 0.02 ml of ALT enzyme was added to each reaction solution. 
The relationship between ALT concentration and its catalytic 
reaction time was systematically investigated by evaluating 
various ALT concentrations (0, 40, 60, 80, 120, 160, 200, and 
240 U/l) in 0.5-ml reaction solutions, where the substrates con-
taining l-Ala and α-KG were present in excess. These tests were 
performed in triplicate for minimizing experimental error. 
Figure  4 A illustrates the linear correlation between reaction 
time and ALT concentration. It is shown that as ALT concentra-
tion increases, the reaction time decreases significantly, which 
can be attributed to the enzyme’s efficient catalysis of amino 
group transfer and the rapid production of pyruvate under 
constant substrate conditions [ 8 , 9 ]. Furthermore, it also pres-
ents the confidence and prediction intervals for these 3 tests, 
meaning good consistency of the experimental data. As shown 
in Fig.  4 B, the average reaction time is plotted as a function of 
ALT concentration. A linear regression analysis defines the 
sensitivity as Δt/Δ[ALT], yielding an average sensitivity of 
approximately −0.67 s/(U/l). This indicates that for every 1 U/l 
increase in ALT concentration, the reaction time is reduced by 

approximately 0.67 s. To further validate the correlation between 
enzymatic reaction time and ALT concentration, the Michaelis–
Menten equation [  46 ] was applied to calculate theoretical reac-
tion times of enzymatic reaction (Fig.  S7 ). Figure  4 C shows the 
correlation between the experimentally measured reaction times 
(hollow points) and the theoretical predicted values (blue line), 
where the former is obtained from real-time measurements 
and the latter is calculated using the Lineweaver–Burk equation 
[  47 ]. These experimental results exhibit good consistency with 
the theoretical predictions.        

   The WGM lasing response is presented in Fig.  4 D, with bar 
markers denoting completed reaction intervals, identified by 
the wavelength remaining unchanged between adjacent test 
intervals [λT(i+30) = λT(i)]. In particular, Fig.  4 D (ii) illustrates a 
continuous redshift of the WGM resonance peak during ALT 
catalysis, with the wavelength steadily increasing from 0 to 270 s 
and then stabilizing from 270 to 360 s, which can indicate that 
the reaction reaches completion within the 240- to 270-s inter-
val. It is found that there is almost no shift in the WGM reso-
nant wavelengths at 0 U/l ALT. In this case, an equal volume 
of PBS solution was used to replace the enzymatic solution. 
This result further demonstrates that the spectral response of 
the functionalized LC microcavity is influenced by changes in 
the reaction solution owing to enzymatic reaction products. 
The final wavelength shift corresponds to the saturation of LC 
molecular reorientation upon complete consumption of α-KG 
(Fig.  S2 A). It was also found that the total spectral shift remains 
consistent, while higher ALT concentrations accelerate the 
reaction kinetics, leading to a shorter response time. The con-
tinuous shifts in WGM spectra corresponding to these concen-
trations are shown in Fig.  S11 . The inverse relationship between 
ALT concentration and reaction time can be determined based 
on WGM lasing within the functionalized LC microcavity in 
Fig.  4 E, with corresponding completed reaction time range 
from T(i-30) to T(i). Furthermore, reducing the spectral acqui-
sition interval can further enhance the detection resolution, 
making the method more suitable for high-precision applica-
tions. To improve the accuracy of this proposed method, Fig. 
 4 F presents the analysis of the wavelength shifts (insert 1) at 
adjacent time intervals within each completed reaction period. 
At the same reaction completion stage, a higher ALT concentra-
tion accelerates the enzymatic reaction rate and leads to a 
quicker attainment of equilibrium. As a result, the pH change 
during this phase becomes smaller, causing only a slight shift 
in the WGM resonance wavelengths. By correlating these spec-
tral shifts with reaction time, the ALT concentration can be rap-
idly classified as mild (40 to 80 U/l), moderate (80 to 200 U/l), 
or severe (>200 U/l) liver injury [ 3 , 4 ], thereby facilitating effec-
tive evaluation of liver injury severity.

   To further validate the applicability of proposed ALT bio-
sensing method, the mouse serum tests were conducted as 
in vivo experiments for ALT detection. In Fig.  5 A, both the 
control group (normal liver) and the model group (liver injury) 
consisted of 2 mice each and were maintained under identical 
conditions. These samples containing ALT were collected from 
each group, with liver injury induced in the model group using 
carbon tetrachloride (CCl₄). As provided in Fig.  S3 C and D, 
the significantly increased ALT levels (40 U/l < ALT < 80 U/l), 
observed in the model group (B1 and B2), as compared to the 
control group (A1 and A2), indicate the successful induction 
of liver injury. Besides, a controlled experiment was carried out 
to confirm that the enzymatic reaction was induced by ALT in 
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the serum, using reaction solutions with varying high-pH lev-
els. As shown in Fig.  S12 A, the observed transition from radial 
to bipolar configuration within LC microcavity occurred exclu-
sively under pH conditions (pH7.7) favorable to ALT activity, 
indicating that the molecular reorientation was specifically 
induced by the ALT-catalyzed reaction. Figure  5 B and C pres-
ents the WGM lasing spectral resonance peak shifts after add-
ing the serum samples. A redshift was clearly observed within 

6 min, attributed to the reorientation of 5CB molecules within 
the functionalized LC microcavity. The time at which the WGM 
spectral redshift stabilizes varies among samples and serves as 
an analysis of the completion of the ALT-catalyzed enzymatic 
reaction. As shown in Fig.  5 D, the short axis of the 5CB mol-
ecules responds to a low refractive index (nₒ) in the radial con-
figuration. Upon reorganization of the 5CB molecules, their 
orientation at the surface becomes perpendicular, inducing a 

Fig. 4. The linear fitting of reaction time with increasing ALT for (A) 3 tests and (B) their average. (C) Relative relation between experimental and predicted reaction time. 
(D) Spectral responses for different concentrations of ALT: (i) 0 U/l; (ii) 40 U/l; (iii) 60 U/l; (iv) 80 U/l; (v) 120 U/l; (vi) 160 U/l; (vii) 200 U/l; (viii) 240 U/l. (E) Schematic 
illustration of relationship between ALT concentration and reaction time by WGM spectra. (F) Transforming time with increasing ALT and its corresponding wavelength shift.
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change in refractive index of LC microcavity from the ordinary 
(nₒ) to the extraordinary (nₑ) refractive index [ 28 ,  48 ]. The cor-
responding WGM lasing response over time and its continuous 
changes in WGM spectra are also shown in Figs.  S12 B and  S13 , 
respectively. Accordingly, the completed reaction time intervals 
and the adjacent resonance wavelength shifts after serum addi-
tion were analyzed. As shown in Fig.  5 E, the experimentally 
measured reaction times closely match the theoretical predic-
tions, with reaction times for B1 and B2 both falling within the 
range of 210 to 240 s. However, the adjacent wavelength shift 
for B1 is smaller than that of B2 in Fig.  5 F, reflecting earlier com-
pletion of the reaction owing to its higher ALT concentration. 
The analysis of wavelength shifts within this same period enables 
further discrimination between their ALT concentrations.        

   In both in vitro and in vivo ALT detection experiments, the 
feasibility of biosensing method based on the functionalized 
LC microcavity using WGM laser was demonstrated. Compared 
to traditional liver injury diagnose techniques, the proposed 
method offers notable advantages, especially in identifying ALT 
concentrations associated with early liver injury, as summa-
rized in Table  S1 . This biosensor requires fewer substrate mate-
rials, which is straightforward to implement, is label-free, and 
enables rapid response within minutes and real-time monitor-
ing, showcasing its enhanced biosensing performance.   

Conclusion
   The proposed method for liver injury monitoring by ALT detec-
tion using functionalized LC microcavities offers a promising 
alternative to traditional biosensing techniques, demonstrating 
remarkable advantages in terms of sensitivity, simplicity, and 
real-time monitoring. This biosensing platform based on WGM 
laser is capable of detecting subtle changes in the refractive 

index of the LC microcavity, enabling precise, label-free, and 
cost-effective ALT concentration detection. The strong correla-
tion between ALT concentration and WGM spectral shifts 
allows for accurate measurement of enzyme activity, positioning 
this approach as an ideal tool for clinical ALT detection. 
Furthermore, the system’s capability to operate in both in vitro 
and in vivo settings, as demonstrated through mouse serum 
tests, underscores its potential for intraoperative monitoring or 
home-based healthcare. This biosensing method obviously 
enhances the sensitivity and accessibility of ALT detection in 
the range of 0 to 240 U/l, facilitating more efficient liver health 
monitoring and early liver injury diagnosis.   

Materials and Methods
Fabrication of functionalized LC microcavity
   The functionalized LC microcavity was prepared by mechani-
cally mixing 2.18 g of 5CB (98% purity, UCHEM) with 0.1 wt 
% DCM (95% purity, Aladdin) and 0.08 wt % stearic acid 
(C18H36O2, 98% purity, Aladdin). As shown in Fig.  S1 A, the 
mixture was thoroughly vortexed for 30 min to ensure uniform 
dispersion of both DCM and stearic acid within microcavity. 
The LC microcavity was generated using a syringe pump to 
precisely control the flow rate of the LC mixture into a tapered 
microtube with an outer diameter of approximately 5 μm, which 
was fabricated via the flame tapering method. This approach 
enables fine tuning of the microcavity size and ensures repro-
ducibility in microcavity formation (Fig.  S1 B).   

Preparation of mouse serum
   The mouse serum samples were collected from a carbon tetra-
chloride (CCl₄)-induced liver injury model. Eight-week-old 
male mice were randomly divided into a control group and a 

Fig. 5. (A) Experimental serum of control and model groups. Resonance peaks of WGM lasing with (B) control and (C) model groups. (D) Transformation of 5CB molecules for 
radial and bipolar configurations: (1, 4) microscopic image, (2, 5) POM, and (3, 6) geometric diagram. (E) Detecting time of experiments and predicted theoretical time, and 
(F) corresponding wavelength shifts for the control (A1, A2) and model (B1, B2) groups.
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liver injury model group (n = 2 per group). Mice in the model 
group received a single intraperitoneal injection of 1% CCl₄ at 
a dose of 5 ml/kg to induce acute hepatocellular injury, while 
control mice were injected with an equal volume of physiologi-
cal saline. After 48 h, whole blood was collected into pro-
coagulant tubes, allowed to clot at room temperature for 2 h. The 
samples were centrifuged at 3,000 rpm for 10 min, and the super-
natant serum was harvested for analysis. ALT levels were quanti-
fied using a commercial ALT (ALT/GPT) colorimetric assay kit 
(Nanjing Jiancheng Bioengineering Institute, China) according 
to the manufacturer’s instructions. Both the control and liver 
injury model groups included 3 replicate measurements per 
mouse (N = 6). The model group showed significantly elevated 
ALT levels compared to the control group [significance level: 
***(P < 0.001)], confirming the successful induction of liver 
injury, as illustrated in detail in Fig.  3 C and D.   

Experiment setup and procedures
   As shown in Fig.  S8 , the pumping light source was employed by 
frequency-doubled pulses of a Nd:YAG pulsed laser (wavelength: 
532 nm, frequency: 10 Hz, pulse duration: 6 ns, pump spot size: 
6 mm), and then the pumping lasing was injected into a tapered 
optical fiber tip through multimode optical fiber via the 1,064-nm 
filter and a focusing system. The desired-sized functionalized LC 
microcavity was produced using a microtube by adjusting the 
injection speed and the operating time of the syringe pump. The 
buffer solution was applied onto a polymethyl methacrylate 
(PMMA) substrate, serving as the host medium for the LC 
microcavity. The lasing emission from the LC microcavity was 
collected using a 20× (numerical aperture = 0.5) objective. A 
532-nm filter was used to remove the pump light, and the lasing 
emission was directed through a beam splitter to a spectrometer 
(HiperS-320i, Zolix, China) with an 1,800 lines/mm grating 
(0.07 nm spectral resolution, 40.3 nm span) and a charge-
coupled device (CCD) camera (DP21, Olympus, Japan), with 
the linear polarizer placed in the optical path to acquire polar-
izing optical microscopy (POM) images. Besides, the tempera-
ture of the buffer solution could be controlled using a heating 
platform (minimum regulation value of 0.1 °C) and monitored 
in real time with a temperature probe (Fluke, resolution 0.1 °C) 
to ensure an optimal reaction environment.   

Simulation of WGM lasing within LC microcavity
   The simulation model, comprising a microsphere and a 
3-dimensional (3D) parabolic model, was designed to repli-
cate the geometry of the LC microcavity and the tapered opti-
cal fiber, as illustrated in detail in Fig.  S4 .    

Acknowledgments

   Funding: This work was supported by the National Natural 
Science Foundation of China (52271344) and the Fundamental 
Research Funds for the Central Universities.
   Author contributions: J.W.: Writing—original draft, methodol-
ogy, investigation, and formal analysis. Y.S.: Validation and 
formal analysis. X.D.: Formal analysis and supervision. J.S.: 
Visualization and formal analysis. X.Y.: Conceptualization and 
project administration. Y.Z.: Formal analysis and conceptualiza-
tion. Z.L.: Supervision and formal analysis. Y.L.: Writing—review 
and editing and conceptualization. H.L.: Writing—review and 
editing, investigation, and funding acquisition.

   Competing interests:﻿ The authors declare that they have no 
competing interests.   

Data Availability

   All data relevant to this work are available in the manuscript 
and Supplementary Materials. The data are available from the 
corresponding author upon reasonable request.   

Supplementary Materials

         Supplementary Text
   Figs. S1 to S13
   Table S1    

References

	 1.	 Song C, Chen H, Yu B, Zhang L, Wang J, Feng C, Yang X,  
Tian X, Fan Y, Ji X, et al. Magnetic fields affect alcoholic 
liver disease by liver cell oxidative stress and proliferation 
regulation. Research. 2023;6:0097.

	 2.	 Yuan L, Han X, Li W, Ren D, Yang X. Isoorientin prevents 
hyperlipidemia and liver injury by regulating lipid metabolism, 
antioxidant capability, and inflammatory cytokine release in 
high-fructose-fed mice. J Agric Food Chem. 2016;64(13): 
2682–2689.

	 3.	 Wang Y, Li Y-J, Gao S, Yu X, Chen Y, Lin Y-F. Tetrahedral 
framework nucleic acids can alleviate taurocholate-induced 
severe acute pancreatitis and its subsequent multiorgan injury 
in mice. Nano Lett. 2022;22(4):1759–1768.

	 4.	 Chen VL, Du X, Chen Y, Kuppa A, Handelman SK,  
Vohnoutka RB, Peyser PA, Palmer ND, Bielak LF, Halligan B,  
et al. Genome-wide association study of serum liver enzymes 
implicates diverse metabolic and liver pathology. Nat 
Commun. 2021;12(1):Article 816.

	 5.	 Muratore KA, Zhou D, Du JJ, Chlystek JS, Motesadi K, 
Larsen EK, Molgora BM, Lee TC, Pamarti S, Erramilli S, 
et al. Alanine aminotransferase assay biosensor platform 
using silicon nanowire field effect transistors. Commun Eng. 
2023;2(1):Article 8.

	 6.	 Ward LD, Tu H-C, Quenneville CB, Tsour S, Flynn-Carroll AO, 
Parker MM, Deaton AM, Haslett PAJ, Lotta LA, Verweij N,  
et al. GWAS of serum ALT and AST reveals an association of 
SLC30A10 Thr95Ile with hypermanganesemia symptoms. Nat 
Commun. 2021;12(1):Article 4571.

	 7.	 Moed S, Zaman MH. A quantitative electrochemical assay for 
liver injury. Biosens Bioelectron. 2019;131:74–78.

	 8.	 Liu XX, Mei XC, Yang J, Li YC. Hydrogel-involved colorimetric 
platforms based on layered double oxide nanozymes for point-
of-care detection of liver-related biomarkers. ACS Appl Mater 
Interfaces. 2022;14(5):6985–6993.

	 9.	 Sha HF, Yan B. Dye-functionalized metal-organic frameworks 
with the uniform dispersion of MnO2 nanosheets for 
visualized fluorescence detection of alanine aminotransferase. 
Nanoscale. 2021;13(47):20205–20212.

	10.	 Li YC, Cheng HB. Microfluidic point-of-care testing device for 
multiplexed detection of liver function blood markers. Biomed 
Opt Express. 2024;15(10):5803–5817.

	11.	 Wang Z, Singh R, Marques C, Jha R, Zhang BY, Kumar S. 
Taper-in-taper fiber structure-based LSPR sensor for alanine 
aminotransferase detection. Opt Express. 2021;29(26):43793.

https://doi.org/10.34133/research.0824


Wang et al. 2025 | https://doi.org/10.34133/research.0824 9

	12.	 Yadav S, Dwivedi DK, Lohia P, Singh Y. Highly sensitive PCF-
SPR RI sensor for ALT detection: Clinical application for liver 
injury diagnosis. Plasmonics. 2025.

	13.	 Yaman D, Jimenez M, Gonzalez SF, Corrigan D. Current trends 
in electrochemical approaches for liver biomarker detection: A 
mini-review. Analyst. 2024;149(21):5156–5164.

	14.	 Shitikov A, Bilenko I, Kondratiev N, Lobanov V, Markosyan A,  
Gorodetsky M. Billion Q-factor in silicon WGM resonators. 
Optica. 2018;5(12):1525–1528.

	15.	 Tian SS, Wang Q, Liang S, Han Q, Zhang DB, Huang ZM,  
Ning JQ, Mei SL, Xie W, Zhao HB, et al. High Q-factor single-
mode lasing in inorganic perovskite microcavities  
with microfocusing field confinement. Nano Lett. 
2024;24(4):1406–1414.

	16.	 Chen B, Wu SZ, Ren YH, Wang XY, Wei DZ, Liu J.  
Nonlinear photon generations from subwavelength 
whispering-gallery-mode resonator. Nano Lett. 
2024;24(24):7467–7473.

	17.	 He L, Özdemir ŞK, Yang L. Whispering gallery microcavity 
lasers. Laser Photonics Rev. 2013;7(1):60–82.

	18.	 Liu WJ, Chen YL, Tang SJ, Vollmer F, Xiao YF. Nonlinear 
sensing with whispering-gallery mode microcavities: From 
label-free detection to spectral fingerprinting. Nano Lett. 
2021;21(3):1566–1575.

	19.	 Soraya C, Robert D, Anna P, Marcel S, Stephanie KS, Malte CG.  
DNA sensing with whispering gallery mode microlasers. Nano 
Lett. 2025;25(11):4467–4475.

	20.	 Toropov N, Cabello G, Serrano MP, Gutha RR, Rafti M, 
Vollmer F. Review of biosensing with whispering-gallery mode 
lasers. Light Sci Appl. 2021;10(1):42.

	21.	 Guan B, Kok T-W, Riesen N, Lancaster D, Suu K, Priest C.  
Microsphere-enabled micropillar array for whispering 
gallery mode virus detection. ACS Appl Mater Interfaces. 
2024;16(9):12042–12051.

	22.	 Ghali H, Chibli H, Nadeau JL, Bianucci P, Peter Y-A.  
Real-time detection of Staphylococcus aureus using 
whispering gallery mode optical microdisks. Biosensors. 
2016;6(2):Article 20.

	23.	 Alexandr J, Zdeněk P, Jan J, Silvie B, Petr J, Mehdi A, Alper K, 
Pavel Z. Optically transportable optofluidic microlasers with 
liquid crystal cavities tuned by the electric field. ACS Appl 
Mater Interfaces. 2021;13(43):50657–50667.

	24.	 Piegdon KA, Declair S, Förstner J, Meier T, Matthias H, 
Urbanski M, Kitzerow HS, Reuter D, Wieck AD, Lorke A,  
et al. Tuning quantum-dot based photonic devices with liquid 
crystals. Opt Express. 2010;18(8):7946–7954.

	25.	 Zhang Z, Wang Q, Li Y, Wang C, Yang X, Shang L. Cholesteric 
cellulose liquid crystal fibers by direct drawing. Research. 
2024;7:0527.

	26.	 Franklin D, Ueltschi T, Carlini A, Yao S, Reeder J, Richards B,  
Van Duyne RP, Rogers JA. Bioresorbable microdroplet lasers 
as injectable systems for transient thermal sensing and 
modulation. ACS Nano. 2021;15(2):2327–2339.

	27.	 Zhang JC, Zhu HY, Zhang YL, Zhu XM, Wang Z, Chen FL,  
Li K, Li XF, Zhang WL. Scattering-assisted and logic-
controllable WGM laser in liquid crystal micropillar.  
J Lightwave Technol. 2022;40(15):5216–5223.

	28.	 Humar M, Muševič I. Surfactant sensing based on whispering-
gallery-mode lasing in liquid-crystal microdroplets. Opt 
Express. 2011;19(21):19836–19844.

	29.	 Adamow A, Szukalski A, Sznitko L, Persano L, Pisignano D, 
Camposeo A, Mysliwiec J. Electrically controlled white laser 

emission through liquid crystal/polymer multiphases. Light Sci 
Appl. 2020;9(1):19.

	30.	 Yang X, Tang SJ, Meng JW, Zhang PJ, Chen YL, Xiao YF.  
Phase-transition microcavity laser. Nano Lett. 
2023;23(7):3048–3053.

	31.	 Mysliwiec J, Szukalska A, Szukalski A, Sznitko L. Liquid 
crystal lasers: The last decade and the future. Nanophotonics. 
2021;10(9):2309–2346.

	32.	 Wang H, Xu T, Fu Y, Wang Z, Leeson MS, Jiang J, Liu T. Liquid 
crystal biosensors: Principles, structure and applications. 
Biosensors. 2022;12(8):Article 639.

	33.	 Wang Z, Mallik AK, Wei FF, Wang ZC, Rout A, Wu Q, 
Semenova Y. Thermo-optic tuning of a nematic liquid crystal-
filled capillary whispering gallery mode resonator. Opt Express. 
2021;29(15):23569–23581.

	34.	 Wang Z, Jiang J, Liu Y, Wang H, Chen Y-C, Wang S, Liu T.  
Ultra-sensitive DNAzyme-based optofluidic biosensor with 
liquid crystal-Au nanoparticle hybrid amplification for 
molecular detection. Sens Actuators B Chem. 2022;359: 
Article 131608.

	35.	 Jin L, Yang B, Xu Z, Wang W, Wu J, Sun D, Ma J. High-
performance optical fiber differential urea sensing system for 
trace urea concentration detection with enhanced sensitivity 
using liquid crystals. Sens Actuators B Chem. 2024;417: 
Article 136077.

	36.	 Duong TDS, Jang CH. Detection of arginase through  
the optical behaviour of liquid crystals due to the pH-
dependent adsorption of stearic acid at the aqueous/liquid 
crystal interface. Sens Actuators B Chem. 2021;339: 
Article 129906.

	37.	 Li SW, Chen ZH, Yang F, Yue WQ. Self-template sacrifice and 
in situ oxidation of a constructed hollow MnO2 nanozymes for 
smartphone-assisted colorimetric detection of liver function 
biomarkers. Anal Chim Acta. 2023;1278:Article 341744.

	38.	 Humar M, Ravnik M, Pajk S, Muševič I. Electrically tunable 
liquid crystal optical microresonators. Nat Photonics. 
2009;3(10):595–600.

	39.	 Yang Y, Wang ZJ, Zhang XB, Zhang Q, Wang TY. Recent 
progress of in-fiber WGM microsphere resonator. Front 
Optoelectron. 2023;16(1):10.

	40.	 Sundas M, Park SJ. Label- and enzyme-free detection of 
glucose by boronic acid-coupled poly (styrene-b-acrylic 
acid) at liquid crystal/aqueous interfaces. Anal Chim Acta. 
2018;1032:122–129.

	41.	 Kim YK, Senyuk B, Lavrentovich O. Molecular reorientation of 
a nematic liquid crystal by thermal expansion. Nat Commun. 
2012;3:Article 1133.

	42.	 Niu XF, Liu YJ, Wang F, Luo D. Highly sensitive and  
selective optical sensor for lead ion detection based on 
liquid crystal decorated with DNAzyme. Opt Express. 
2019;27(21):30421–30428.

	43.	 Duan R, Zhang ZT, Xiao L, Ren TH, Zhou XH, Thung YT,  
Ta VD, Yang J, Sun HD. Dome-shaped mode lasing from liquid 
crystals for full-color lasers and high-sensitivity detection. 
Chem Commun. 2023;59(12):1641–1644.

	44.	 Sung J, Shin D, Cho H, Lee S, Park S, Kim YD, Moon JS, Kim JH,  
Gong SH. Room-temperature continuous-wave indirect-
bandgap transition lasing in an ultra-thin WS2 disk. Nat 
Photonics. 2022;16:792–797.

	45.	 Bonacci M, Lens S, Mariño Z, Londoño MC, Rodríguez-Tajes S,  
Mas A, García-López M, Pérez-del-Pulgar S, Sánchez-Tapias JM,  
Forns X. Anti-viral therapy can be delayed or avoided in a 

https://doi.org/10.34133/research.0824


Wang et al. 2025 | https://doi.org/10.34133/research.0824 10

significant proportion of HBeAg-negative Caucasian  
patients in the Grey zone. Aliment Pharmacol Ther. 
2018;47(10):1397–1408.

	46.	 Douglas J, Carter CW Jr, Wills PR. HetMM: A Michaelis-
Menten model for non-homogeneous enzyme mixtures. 
iScience. 2024;27(2):Article 108977.

	47.	 Tan Y, Sun S, Deng Z, Alvarez PJJ, Qu X. Intrinsic peroxidase-
like activity of dissolved black carbon released from biochar. 
Sci Total Environ. 2023;898:Article 165347.

	48.	 Angana B, Uttam M. Design of a super-liquid crystal-phobic 
coating for immobilizing liquid crystal μ-droplets—without 
affecting their sensitivity. Langmuir. 2022;38(30):9221–9228.

https://doi.org/10.34133/research.0824

	Liquid Crystal Microcavity Biosensors for Real-Time Liver Injury Monitoring via Whispering Gallery Mode Laser
	Introduction
	Results and Discussion
	Conclusion
	Materials and Methods
	Fabrication of functionalized LC microcavity
	Preparation of mouse serum
	Experiment setup and procedures
	Simulation of WGM lasing within LC microcavity

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


