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Abstract

Hyaluronidase (HAase) is a clinically significant enzyme involved in tumor progression, extracellular matrix remodeling,
and inflammation. Hence, HAase is an important biomarker for disease diagnostics. Here, a label-free, pH-responsive bio-
sensor using ultraviolet (UV)-treated liquid crystals (LCs) for HAase detection is presented. The sensor utilizes a cascade
enzymatic reaction where HAase hydrolyzes hyaluronic acid (HA) into oligosaccharides, which are sequentially degraded by
B-glucuronidase, chitosanase, and amine oxidase into glucosaminic acid, hydrogen peroxide, and protons (H"). This results in
a significant decrease in pH. The pH change alters the protonation state of the 4-cyano-4'-biphenylcarboxylic acid UV-induced
product of 4-cyano-4'-pentylbiphenyl, triggering a distinct optical reorientation of the LC at the aqueous interface. Reorienta-
tion is evident as a dark-to-bright transition in polarized optical microscopy. The sensor is highly sensitive with a detection
limit of 0.0018 U/mL and a linear detection range from 0.3 to 40 U/mL. The sensor also demonstrates excellent selectivity
and can detect HAase in dilute human serum and urine samples, highlighting its potential as a practical diagnostic platform.
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Introduction

Hyaluronic acid (HA) is a high-molecular-weight linear
polysaccharide composed of repeating disaccharide units
of N-acetylglucosamine and D-glucuronic acid. As a major
structural component of the extracellular matrix, HA plays
essential roles in tissue hydration, cellular signaling, wound
healing, and modulation of the tumor microenvironment
[1, 2]. Its dynamic turnover in the human body is tightly
regulated by hyaluronidases (HAases), a family of endo-
glycosidases that cleave f—1,4-glycosidic bonds in HA to
yield smaller oligosaccharides. HAase is increasingly being
recognized as a clinically relevant biomarker because of its
elevated expression under various pathological conditions
[3, 4]. The overexpression of HAase has been documented
in several malignancies, including bladder, prostate, colo-
rectal, and breast cancers, where it contributes to extracel-
lular matrix degradation, tumor invasion, and metastatic

P< Chang-Hyun Jang
chjang4u@gachon.ac.kr

Department of Chemistry, Gachon University, San
65, Bokjeong-Dong, Sujeong-Gu, Seongnam-City,
Gyeonggi-Do 461-701, South Korea

dissemination [5]. Sensitive and reliable detection of HAase
is of paramount importance for the early diagnosis of can-
cer, monitoring disease progression and evaluating thera-
peutic efficacy. Numerous analytical approaches have been
developed to detect HAase activity, including viscosimetry,
turbidimetry, fluorometric assays, and surface-enhanced
Raman scattering (SERS) [6-9]. However, these techniques
often require complex instrumentation and labeled reagents
or exhibit limited selectivity in biologically complex envi-
ronments. As an alternative, liquid crystal (LC)-based bio-
sensors have emerged as promising platforms for label-free,
real-time, and optical transduction of molecular events.
LCs are a unique state of soft matter that combine the
orientational order of crystalline solids with the fluidity of
liquids [10, 11]. This hybrid nature gives LCs exceptional
sensitivity to external stimuli, such as temperature, electric
fields, surfactant interactions, and pH changes [12]. Among
various types, nematic LCs—particularly 4-cyano-4'-
pentylbiphenyl (SCB)—are widely used in sensing applica-
tions due to their optical anisotropy (birefringence), thermal
stability, and responsiveness to interfacial molecular events.
In the field of biosensing, LC-based sensors have emerged
as powerful tools for label-free real-time detection of bio-
molecular interactions [13, 14]. These systems typically
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rely on the orientational transition of LCs at the aqueous/
LC interface, which is triggered by surface-bound events,
such as enzymatic reactions [15, 16], protein adsorption
[17], or chemical recognition [18, 19]. The reorientation of
LCs leads to measurable changes in optical textures when
observed under polarized optical microscopy (POM), often
visualized as a shift between bright and dark states. Com-
pared with conventional methods, LC-based sensors offer
advantages that include high sensitivity, visual readout with-
out labeling, low fabrication cost, and adaptability to point-
of-care diagnostics [20, 21].

To enhance the responsiveness to biochemical reac-
tions, SCB can be photochemically modified via ultravio-
let (UV) irradiation to form 4-cyano-4'-biphenylcarboxylic
acid (CBA), an amphiphilic molecule with pH-sensitive
properties [22-24]. This pH dependence forms the basis
of numerous optical biosensing strategies. At alkaline pH
(>7.0), CBA is deprotonated, forming a negatively charged
monolayer at the LC/aqueous interface [25]. This structured
interface induces homeotropic alignment of the SCB mol-
ecules, resulting in a dark optical image under POM. Con-
versely, at acidic pH, CBA becomes protonated, disrupting
the monolayer and causing a transition to a planar or tilted
LC alignment, which appears as a bright image under POM
[26].

In this study, we introduce a novel pH-driven, LC-based
biosensing platform for the detection of HAase, an enzyme
that is overexpressed in several cancers and inflammatory
conditions. The detection system is based on a multistep
enzymatic cascade, in which HAase catalyzes the initial
hydrolysis of HA into oligosaccharides. They are subse-
quently degraded by p-glucuronidase to D-glucuronic acid
and N-acetylglucosamine (GlcNAc). GlcNAc is further
cleaved by chitosanase to yield D-glucosamine, which is
then oxidized by amine oxidase in the presence of oxygen
to produce glucosaminic acid, hydrogen peroxide (H,0,),
and protons (H") in the following sequence of reactions:

Hyaluronic acid — (HAase) — HA-oligosaccha-
rides — (B-glucuronidase) — D-glucuronic acid + Glc-
NAc — (chitosanase) — D-glucosamine — (amine oxi-
dase + O,) — Glucosaminic acid + H,O, + H*

Each enzymatic transformation in the cascade is well-
documented in literature. Specifically, HAase hydrolyzes
hyaluronic acid into oligosaccharides [27-29], which are
further cleaved by p-glucuronidase into D-glucuronic acid
and N-acetylglucosamine [30]. Chitosanase subsequently
converts N-acetylglucosamine into D-glucosamine [31, 32],
which is finally oxidized by amine oxidase to yield glucosa-
minic acid, hydrogen peroxide, and protons [33]. These steps
collectively result in a significant pH decrease at the LC
interface, leading to the protonation of CBA. This protona-
tion disrupts the interfacial alignment cues, resulting in the
transition of SCB from a homeotropic (dark) orientation to
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a planar or tilted (bright) orientation. This optical change
is readily observable under POM and is directly correlated
with HAase activity. The platform is simple, label-free, and
allows the highly sensitive, real-time, and visual detection of
HAase. In addition, its performance was validated in com-
plex biological matrices. Given the clinical importance of
HAase as a biomarker for cancer progression, this LC-based
sensor offers significant potential for biomedical diagnos-
tics and demonstrates the practical utility of LC systems in
enzyme-responsive biosensing technologies.

Materials and methods
Materials

The 5CB nematic LC was purchased from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan). Glass microscope slides
(76 X 26 mm, 1.0 mm thick) were obtained from Matsunami
Glass Ind., Ltd. (Osaka, Japan). Copper transmission elec-
tron microscopy (TEM) grids (75 mesh, pitch =340 pm,
hole =285 pm, bar =55 pm) were purchased from Gilder
Grids (Grantham, UK). Sulfuric acid (H,SOa4, >95%),
hydrogen peroxide (H,0,, 30%), methylene chloride
(CH,Cl,, >99.5%), octyltrichlorosilane (OTS, >97%),
sodium hydroxide (NaOH), and hydrochloric acid (HCI)
were purchased from Daejung Chemicals & Metals Co.,
Ltd. (Siheung, Korea). Ultrapure deionized (DI) water
(resistivity 18.2 MQ-cm) was obtained using a Milli-Q sys-
tem (Millipore, Billerica, MA, USA). Human serum, HA,
bovine testes HA, bovine liver f-glucuronidase, Streptomy-
ces griseus chitosanase, and porcine kidney amine oxidase
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Additional enzymes used for the selectivity tests, including
trypsin, lysozyme, a-amylase, urease, catalase, and lipase,
were also purchased from Sigma-Aldrich. Adenine and
glycine were used as small molecule controls. Phosphate-
buffered saline (PBS; 10 mM phosphate, 138 mM NaCl,
2.7 mM KCI; pH 7.4) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

Functionalization of glass slides with OTS

Glass slides were cleaned in freshly prepared piranha solu-
tion (7:3 v/v mixture of H,SO4 and H,0,) at 80 °C for 1 h.
Slides were then rinsed thoroughly with DI water, dried
under nitrogen, and heated at 120 °C overnight. The cleaned
slides were immersed in 0.2% OTS solution in anhydrous
n-heptane for 30 min at room temperature. After treatment,
the slides were rinsed with CH (Cl) and dried under a nitro-
gen flow.
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UV treatment of 5CB

Following literature protocols [22, 34], 5CB was UV-irradi-
ated at 365 nm for 48 h to generate carboxylic acid-function-
alized derivatives (CBA). This duration was selected based
on prior work and our preliminary trials, where shorter
exposure times yielded incomplete surface conversion and
inconsistent pH sensitivity. Although the molar fraction
of CBA was not directly measured, previous studies under
identical conditions estimate the conversion to be approxi-
mately 0.42-0.48 mol%, which is sufficient to induce reli-
able anchoring transitions near pH="7.

5CB is photochemically oxidized to generate pH-respon-
sive CBA. Briefly, 600 pL of 5CB was placed in a clean
glass vial and irradiated using a long-wavelength UV lamp
(365 nm) for 48 h at a distance of 8 cm. UV-treated SCB
was protected from ambient light and used immediately after
preparation.

Preparation of aqueous solutions

All enzyme and analyte solutions were prepared in DI water
and adjusted to pH 7.0 using either 0.1 M HCl or 0.1 M
NaOH. HA was dissolved at a final concentration of 0.2 pM,
based on optimization results. -glucuronidase, chitosanase,
and amine oxidase were prepared at their respective opti-
mized concentrations of 22, 15, and 18 pg/mL. For speci-
ficity studies, control enzymes including trypsin, lysozyme,
urease, catalase, lipase, and a-amylase were individually
prepared at 1 mg/mL to ensure sufficient enzymatic activity
for interference evaluation.

Preparation of real samples

Human serum and urine samples were first filtered through
a 0.2 um membrane to remove particulates and then diluted
tenfold with DI water to minimize background interfer-
ence and reduce sample viscosity. HAase was subsequently
added to the diluted samples at final concentrations of 1,
5, 10, 15, 20, and 30 U/mL, which corresponded to the
validated detection range of the sensor. For each test, the
enzyme cascade comprising p-glucuronidase (22 pg/mL),
chitosanase (15 pg/mL), and amine oxidase (18 pg/mL) was
added sequentially following HAase treatment to simulate
the complete enzymatic conversion pathway leading to local
acidification. The prepared samples were analyzed using an
LC-based biosensor under standard assay conditions.

Assay procedure
OTS-treated glass slides were affixed to an 8-well chamber.

A copper TEM grid was placed in each well, and CBA was
added to the grid. Excess LC was removed using a capillary

tube. Analyte solutions (200 pL), including the full enzyme
cascade, were added directly onto the grid, and the interface
was allowed to equilibrate. POM images were captured, and
the optical intensity was quantified using ImageJ software
(NIH, Bethesda, MD, USA). Calibration curves were con-
structed using OriginPro software (OriginLab Corporation,
Northampton, MA, USA).

POM

The optical textures of SCB were characterized using a POM
using an Eclipse LV100 POL instrument (Nikon, Tokyo,
Japan) with a model DS-Fi3 digital camera (Nikon) at a
gain of 1.0 X, resolution of 2880 x 2048 pixels, and a shut-
ter speed of 1/10 s using a 4 X objective lens. The focus was
on the interface between the aqueous phase and 5CB. Gray-
scale intensities of the optical images were measured using
Imagel software. Each step was repeated at least three times.
Mean grayscale intensities and standard deviations (SDs)
were computed.

Results and discussion
Mechanism of HAase detection

We developed a pH-responsive LC biosensor based on
UV-treated 5CB for the detection of HAase. The detection
strategy relies on a multistep enzyme cascade that generates
acidic byproducts, ultimately lowering the pH of the aque-
ous phase in contact with the LC. The enzymatic cascade
was (1) Hyaluronic acid + HAase — HA-oligosaccharides,
(2) HA-oligosaccharides + p-glucuronidase — D-glucuronic
acid+ GIcNAc, (3) GlcNAc + chitosanase — D-glucosamine,
and (4) D-glucosamine + amine oxidase — Glucosaminic
acid+H,0, +H". This cascade significantly reduced pH due
to the formation of glucosaminic acid and protons, along
with H,O,. To provide direct evidence of the acidification
process, we monitored the pH variation of the reaction sys-
tem over time following the addition of HAase and the full
enzyme cascade. As shown in Fig. S1, the pH gradually
decreased from neutral (~7.0) to approximately 6.1 within
30 min, reflecting the progressive generation of protons
through the multistep enzymatic reactions. In contrast, con-
trol samples lacking HAase showed negligible pH changes,
remaining around 7.0 throughout the same period. This
confirms that pH modulation—and the resulting LC optical
transition—is directly dependent on HAase activity.

CBA is amphiphilic, and its deprotonated form (CB")
exhibits partial solubility in aqueous environments,
whereas the neutral CBA is preferentially retained within
the hydrophobic LC phase. This distribution is driven by
hydrophobicity and ionization state. Literature reports
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UV-treated 5CB forming carboxyl-functionalized layers at
the interface that respond sharply to pH variation [22, 34].

At pH values below 7.0, CBA becomes protonated, dis-
rupting its self-assembled monolayer at the LC—aqueous
interface. This transition causes the LC alignment to shift
from homeotropic (dark image under POM) to planar or
tilted (bright image). The resulting optical texture change
provides a label-free visual signal that is directly corre-
lated with HAase activity.

Our sensor system consists of a UV-treated 5CB layer
confined between an OTS-treated glass slide and a copper
TEM grid (Fig. 1). The LC layer directly interacts with
an aqueous solution containing enzymatic components.
Under neutral or alkaline pH conditions (pH >7.0), CBA
is deprotonated and self-assembles at the interface, induc-
ing vertical (homeotropic) orientation of SCB. This align-
ment blocks the transmission of polarized light, yielding a
dark texture (Fig. 1b). However, in the presence of HAase,
the enzymatic cascade lowers the pH of the solution. The
resulting protonation of CBA weakens the interfacial
alignment forces, causing the SCB molecules to adopt a
planar or tilted orientation. As a result, the POM image
becomes bright because of light transmission through the
analyzer (Fig. 1c). This transition from dark-to-bright opti-
cal signals is directly correlated with the HAase concentra-
tion and is readily quantifiable using image analysis tools.
Thus, the sensor can translate the enzymatic activity into

a macroscopic optical response with high sensitivity and
spatial resolution.

pH-dependent optical behavior of UV-treated 5CB

To validate the pH responsiveness of UV-treated SCB and
establish its role as a transduction element in the HAase
detection platform, we systematically investigated the optical
behavior of CBA-doped 5CB under various pH conditions.

Upon UV exposure, SCB undergoes photochemical oxi-
dation that generates CBA at its terminal alkyl chain. CBA
acts as a pH-sensitive amphiphile capable of deprotonation
in basic conditions, forming 4-cyano-4'-biphenylcarboxylate
(CB"), which is hydrophilic and thus tends to associate at
or near the LC/aqueous interface and self-assembles. The
neutral, protonated form of CBA is more hydrophobic and
partitions preferentially into the LC bulk. This differential
partitioning is driven by the hydrophobicity of the biphenyl
core and the ionization state of the carboxyl group. These
molecular events at the LC—aqueous interface are sufficient
to induce pH-responsive anchoring transitions, even in the
absence of full aqueous solubility.

In alkaline environments (pH>7.0, Fig. 2), CBA is largely
deprotonated, forming anionic CB~ that assembles at the inter-
face and induces vertical (homeotropic) alignment of the LC
molecules. This results in a dark optical appearance under
POM. Conversely, at an acidic pH (pH< 7.0, Fig. 2), CBA
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Fig.2 Optical response of UV-treated SCB under various pH conditions using a mesh size of 285 um

remains protonated and is partially solubilized in the hydro-
phobic LC bulk phase, disrupting the interfacial ordering and
resulting in a tilted or planar alignment of the 5CB molecules,
which appears as a bright optical texture under POM.

The transition from bright to dark was clearly observed
as the pH increased from 6.5 to 7.0, confirming that the
critical threshold of the CBA-based pH response lies near
physiological pH. Pure 5CB (without UV treatment) did not
exhibit such sensitivity to pH variation, verifying that the
observed anchoring transition arose solely from the presence
of CBA. Thus, we selected UV treatment for 48 h to gener-
ate the optimal amount of CBA with a critical pH transition
point of approximately 7.0.

Optimization of HA and enzyme concentration

To ensure reliable detection and avoid perturbation of LC
alignment caused by excessive enzymatic reaction products,
we optimized the concentrations of HA, p-glucuronidase,
chitosanase, and amine oxidase involved in the cascade
reaction. These enzymes act sequentially following HAase-
mediated hydrolysis of HA, contributing to a gradual and
cumulative pH reduction through the production of D-glu-
curonic acid, D-glucosamine, and ultimately glucosaminic
acid and protons.

To determine the appropriate concentration of HA
that does not independently perturb LC alignment in the
absence of HAase, a series of HA solutions (0.1, 0.2, 0.5,
and 1.0 pM) were applied to UV-treated LC films. As shown
in Fig. 3a, HA concentrations of 0.1 and 0.2 pM main-
tained the characteristic dark texture of homeotropically
aligned LCs, indicating minimal pH alteration or interfa-
cial disruption. At 0.5 pM, a slight increase in brightness
was observed, which we attribute to partial tilting of LC
molecules caused by localized acidification from the HA
solution. This suggests that higher HA concentrations can
lower the local pH enough to affect interfacial anchoring. At
1.0 pM, the LC texture appeared significantly brighter, indi-
cating a disruption of homeotropic alignment and a clear
pH-driven anchoring transition. Based on these observa-
tions, 0.2 pM was selected as the optimal HA concentration

for subsequent assays, as it preserves LC orientation in the
absence of enzymatic activity while allowing sufficient sub-
strate availability for HAase-catalyzed reactions.

B-Glucuronidase concentration was optimized by fix-
ing HA at 0.2 uM and using excess amounts of the other
enzymes: HAase (100 U/mL), chitosanase (100 pg/mL),
and amine oxidase (100 pg/mL). Enzyme titration revealed
that at concentrations < 15 pg/mL, B-glucuronidase had
no noticeable effect on the LC optical response (Fig. 3b).
Between 15 and 22 pg/mL, the brightness of LC films
increased linearly, confirming progressive hydrolysis of
HA-derived oligosaccharides into D-glucuronic acid. At
concentrations > 22 pg/mL, the optical intensity plateaued.
Thus, 22 pg/mL was selected as the optimal concentration
of B-glucuronidase.

The optimization of chitosanase concentration was
then assessed under similar cascade conditions of 0.2 pM
HA, 100 U/mL HAase, 22 ug/mL B-glucuronidase, and
100 pg/mL amine oxidase. Chitosanase concentrations
from 2 to 20 pg/mL were examined (Fig. 3c). No optical
change occurred below 8 pg/mL. A progressive increase
in brightness was observed from 8 to 15 pg/mL, corre-
sponding to effective cleavage of N-acetylglucosamine
into D-glucosamine. Above 15 pg/mL, signal saturation
was reached. Therefore, 15 pg/mL chitosanase was chosen
as the optimal concentration.

Finally, amine oxidase was optimized using the same
approach with 0.2 pM HA, 100 U/mL HAase, 22 pg/
mL B-glucuronidase, and 15 pg/mL chitosanase. Below
10 pg/mL, no significant changes in LC alignment were
detected (Fig. 3d). Optical intensity increased gradually
from 10 to 18 pg/mL, reflecting the enzymatic oxidation
of D-glucosamine to glucosaminic acid and H*. At con-
centrations > 18 pg/mL, no further increase in signal was
observed. Consequently, 18 pg/mL amine oxidase was
established as the optimal level.

Quantitative detection of HAase

To evaluate the sensing performance of the LC-based plat-
form for HAase, polarized optical images were recorded at
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increasing enzyme concentrations. As depicted in Fig. 4a,
LC films underwent a distinct optical transition from dark-
to-bright with increasing HAase concentration. At low con-
centrations (e.g., 0.3—1 U/mL), the optical appearance began
to show slight brightening in the isolated LC microdomains,
suggesting the initiation of pH-induced disruption. At con-
centrations > 5 U/mL, the brightness became more uniform
and intensified across the entire field of view, indicating
progressive acid generation via the cascade reaction. At the
highest concentrations (20-40 U/mL), the LC alignment
fully transitioned to a bright planar state, confirming that
the accumulation of protons effectively protonated the car-
boxylic acid headgroups and disrupted homeotropic anchor-
ing. The collective results demonstrate the high sensitivity
of the system to HAase activity through visual changes in
LC alignment.

The corresponding calibration curve revealed a strong
linear relationship between HAase concentrations of 0.3
to 40 U/mL and optical intensity (Fig. 4b). Representa-
tive LC images corresponding to each HAase concentra-
tion in Fig. 4b are provided in the Supporting Information
(Fig. S2) for visual reference. The calculated regression
equation of y=1.818x +23.288 had an excellent correla-
tion coefficient of R*=0.999, demonstrating quantitative
reliability. The limit of detection (LOD) calculated as 3o/
slope was 0.0018 U/mL, reflecting the sensor’s superior
sensitivity, allowing detection of HAase levels well below
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Amine oxidase concentration (pg/mL)

the physiological concentrations reported in clinical stud-
ies (Table 1). Notably, HAase levels in normal human
serum are 0.256 +0.198 U/mL, while normal human urine
contains 0.0042 +0.0012 U/mL [35]. This low detection
threshold highlights the sensor’s suitability for real-time
monitoring of HAase in biologically relevant samples
and its potential for clinical application in early diag-
nosis of HAase-associated diseases, such as cancer and
inflammation.

Selectivity test

To evaluate the specificity of the HAase-responsive LC
sensor, we investigated its response to structurally unre-
lated enzymes and common biological interferents. Solu-
tions containing 100 pg/mL of trypsin, lysozyme, urease,
catalase, lipase, and a-amylase were individually tested
under the same experimental conditions as HAase. As
shown in Fig. 5, none of the nontarget enzymes induced
a significant change in the optical signal of the LC film.
The POM images remained predominantly dark, indicat-
ing that these enzymes did not trigger the acid-generating
cascade necessary to alter the LC orientation. In contrast,
the presence of HAase resulted in a noticeable transition
to a bright texture. Furthermore, small molecules, such
as adenine and glycine (10 pM), were tested. They had
no effect on the optical texture of UV-treated SCB. These
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Fig.4 a Optical texture of
enzyme cascade-induced
UV-treated 5CB variation with
increasing HAase concentra-
tion. b Calibration curve for
quantitative HAase detection in
range of 0.3—40 U/mL. Mesh
size =285 um
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Table 1 Comparison of recent HAase detection methods based on sensing platform, LOD, and sample matrix

Methods Materials Samples LOD Detection range Reference
Fluorescence sensor Carbon dots and naphthalimide PBS buffer 0.09 U/mL 0.1-16 U/mL [36]
Fluorescence sensor Hyaluronan/tetraphenylethylene Urine 0.0017 U/mL - [7]
Fluorescence sensor Si QDs/HA-6-FeOOH nanoassem-  Urine 0.02ng/mL  0.1-12ng/mL  [37]
bly
Ratiometric fluorescence sensor Positively-charged pyrene analog Urine 0.007 U/mL - [8]
Electrochemiluminescence sensor ~ Ru(bpy);>* Urine 0.33U/mL 2.0-40U/mL [38]
Electrochemiluminescence sensor ~ Fe;0,@Ru@SiO,-HA Human serum and urine 1.8 U/mL 5.0t0 60 U/mL [39]
Electrochemiluminescence sensor ~ MC-y-Fe203/AAO Fetal bovine serum 0.348 U/mL.  1-50 U/mL [9]
Viscosity-based slippery sensor Slippery substrate, time-based Urine 023 U/mL - [6]
readout
Multicolor hydrogel-AuNRs sensor Target-responsive hydrogel +gold ~ Human serum 3.8 U/mL 10-60 U/mL [40]
nanorods
Liquid crystal sensor UV-treated 5CB/enzyme cascade Human serum and urine 0.0018 U/mL 0.3-40 U/mL  This work

results confirm the high specificity of the sensor platform
for HAase and minimal cross-reactivity with nontarget bio-
logical substances.

To evaluate the possibility of false-positive signals
arising from endogenous enzymes in serum or urine, we
performed negative control experiments in which diluted
biological samples were spiked with the cascade enzymes
(B-glucuronidase, chitosanase, and amine oxidase) but with-
out HAase.

Real sample analysis

To evaluate the practical applicability of the developed LC-
based biosensor, recovery tests were performed using human
serum and urine samples spiked with known HAase concen-
trations. Prior to analysis, each biological sample was filtered
through a 0.2 pm membrane to remove particulates and sub-
sequently diluted tenfold in DI water to minimize matrix inter-
ference and reduce viscosity. Due to the naturally low levels
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images responses induced by 20 U/mL HAase and 100 ug/mL of var-
ious control enzymes. Mesh size =285 pm

of HAase in human serum (~0.256 +0.198 U/mL) and urine
(~0.0042 +£0.0012 U/mL) [35], the blank samples yielded no
detectable optical signal, as their concentrations fell below
the established detection range of the sensor (0.3—40 U/mL).

The diluted samples were spiked with HAase at final con-
centrations of 1, 5, 10, 15, 20, and 30 U/mL. As shown in
Fig. 6, POM images of the LC interface reveal a concentration-
dependent transition from dark-to-bright textures, consistent
with the enzymatic generation of protons that alter LC align-
ment. The calculated recovery rates ranged from 96.47% to
106.10%, with relative standard deviations (RSD) between
1.68% and 5.35%, demonstrating excellent analytical accuracy

and repeatability (Table 2). Notably, even in complex biologi-
cal matrices, the biosensor maintained its optical responsive-
ness without requiring sophisticated sample pretreatment or
signal amplification. These results validate the robustness and
reliability of the sensing platform under realistic conditions
and support its potential deployment in clinical settings for
monitoring HAase-associated diseases, such as cancer and
inflammation. The ability of the system to function effectively
in both serum and urine matrices further highlights its versatil-
ity for noninvasive diagnostics and point-of-care applications.

To evaluate the potential for false-positive signals arising
from endogenous enzymes in biological samples, a series of
negative control experiments was conducted using tenfold
diluted human serum and urine. Each sample was individu-
ally treated with pB-glucuronidase, chitosanase, or amine
oxidase in the absence of HAase. A combined treatment
with all three cascade enzymes but without HAase was also
tested. As shown in Fig. S3 (panels a—d), the optical textures
remained uniformly dark in all cases, indicating that neither
individual nor combined enzyme treatments generated suf-
ficient protons to disrupt LC alignment. In contrast, when
HAase was added alongside the cascade enzymes (panel
e), a distinct bright transition was observed. These findings
confirm that endogenous enzyme activity in serum or urine
is insufficient to initiate the cascade reaction and does not
interfere with the specificity of the sensor.

Furthermore, pH measurements were performed for
each condition. As shown in Fig. S1, the pH values of sam-
ples containing HA and the cascade enzymes—without
HAase—remained stable (pH ~ 7.0), consistent with the
HA-only control. A notable pH drop (~6.1) was observed
only when HAase was present, aligning with the observed
optical brightening. These combined optical and pH results
confirm that the enzymatic cascade—and the resulting LC
reorientation—is specifically triggered by HAase activity.

0 U/mL 1U/mL 5 U/mL

10 U/mL 15 U/mL 20 U/mL 30 U/mL

Human
serum
SIS
iR ICI-\ [
Urine }.’J B =

Fig.6 Brightening of LC textures observed via POM with increasing HAase concentrations (1-30 U/mL) spiked into tenfold diluted human

serum and urine. Mesh size =285 um
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Table 2 Recovery and precision

e Sample Amount added Amount detected (U/mL) Recovery (%, RSD (%)
of HA'aSC detection in serum (U/mL) n=3)
and urine samples
Human serum 0 Non-detectable - -
1 0.97 97.00 3.42
5 4.96 99.20 4.62
10 10.61 106.10 5.23
15 14.87 99.13 3.74
20 19.62 98.10 4.62
30 28.94 96.47 1.68
Urine 0 Non-detectable - -
1 0.98 98.00 2.96
5 5.04 100.80 3.64
10 9.96 99.60 4.32
15 14.87 99.13 5.35
20 20.11 100.55 4.62
30 29.97 99.90 3.88

Conclusion

In this study, we developed a label-free pH-responsive
LC-based biosensor for the sensitive detection of HAase.
The sensing strategy integrates a multistep enzymatic cas-
cade comprising HAase, f-glucuronidase, chitosanase, and
amine oxidase that collectively generate glucosaminic acid
and protons, thereby markedly lowering the local pH. This
pH variation induces a distinct optical transition in UV-
treated SCB due to the protonation-dependent orientation
of CBA at the LC/aqueous interface. The resulting change
in optical texture observed via POM enabled direct visu-
alization and quantification of HAase activity. The calcu-
lated LOD of 0.0018 U/mL is significantly lower than the
physiological levels of HAase reported for normal human
serum and urine, confirming the sensitivity of the sensor.
The sensor demonstrated high sensitivity and selectivity
toward HAase with minimal cross-reactivity against other
enzymes and small biomolecules. Furthermore, the suc-
cessful application of the sensor to diluted human serum
and urine samples confirmed its robustness and potential
for practical bioanalytical use. This work highlights the
potential of LC-based systems as simple, low-cost, and
powerful tools for enzyme detection and noninvasive
diagnostics.
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