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ARTICLE INFO ABSTRACT
Handling Editor: Dr Jing-Juan Xu Background: Hyaluronidase (HAase) is a clinically important glycosidase that functions both as a drug diffusion
enhancer and a disease biomarker. The quantification of HAase activity in biopharmaceutical products has
Keywords: received limited attention and still relies on conventional methods. Furthermore, the rapid and accurate
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Pharmaceutical quality control
Non-invasive clinical screening

determination of HAase activity is of great significance for cancer diagnosis and could facilitate the development
of non-invasive examination methods. These considerations highlight the urgent demand for developing novel,
rapid and accurate strategies for detecting HAase activity.

Results: In this work, we developed a “signal-on” electrochemical sensor based on an enzyme-responsive hydrogel
for the sensitive and rapid detection of HAase activity. The sensor was constructed by crosslinking hyaluronic
acid (HA) and polyethylenimine (PEI) to form a hydrogel that electrostatically encapsulates methylene blue
(MB). HAase-triggered hydrogel degradation releases MB, generating a measurable current increase. The results
demonstrated a strong linear relationship (R = 0.9973) between the change in current and HAase activity within
the range of 0.78-90 U/mL, with a limit of detection of 0.48 U/mL. The sensor exhibits good specificity,
repeatability, and storage stability. Moreover, the sensor has been successfully applied to the analysis of bio-
pharmaceutical products and human urine samples.

Significance: This facile electrochemical sensor is capable of addressing both drug quality control and disease
monitoring. With rapid detection in just 15 min, it significantly improves the efficiency of drug quality
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evaluation and disease diagnosis. This innovative approach offers a promising tool for the quality evaluation of
HAase pharmaceuticals and their diagnostic monitoring.

1. Introduction

Hyaluronidase (HAase) is a glycosidase widely distributed in animals
and microorganisms [1-3] and plays a crucial role in various physio-
logical and pathological processes [4]. Hyaluronic acid (HA), a major
component of the extracellular matrix (ECM), serves as the primary
substrate of HAase. By hydrolyzing HA, HAase reduces tissue viscosity
and enhances tissue permeability [5], which enables its use as an
effective spreading factor in clinical activities [6]. HAase also functions
as a significant indicator for the development of bladder cancer and has
been proven to be significantly elevated in the urine of bladder cancer
patients [7,8]. While cystoscopy remains the clinical gold standard for
bladder cancer diagnosis, its invasiveness and the resulting physical pain
often lead to poor patient compliance during long-term surveillance [9,
10]. This necessitates the development of non-invasive diagnostic al-
ternatives, such as urine-based methods, which can bridge the gap be-
tween diagnostic precision and patient comfort. Given its dual function
as both a therapeutic agent and a disease biomarker, accurate moni-
toring of HAase activity is critically important. For biopharmaceutical
applications, the efficacy and safety of HAase drugs are highly depen-
dent on their enzymatic activity, which is prone to inactivation during
transportation and storage [11]. Rapid activity assays prior to use pro-
vide timely quality assessment, ensuring drug safety and therapeutic
effectiveness. Similarly, in clinical diagnostics, fast and accurate detec-
tion of HAase activity in biological samples can improve diagnostic ef-
ficiency, facilitating earlier disease intervention and improved patient
management. Therefore, the accurate and rapid quantification of HAase
activity is crucial for both pharmaceutical quality control and clinical
diagnosis.

A variety of methods have been established for the assay of HAase
activity. Traditional techniques such as the turbidimetric [12] and
viscosimetric methods [13] have long been used, with the former being
adopted as the standard method by both the Chinese Pharmacopoeia
(CP) [14] and the United States Pharmacopoeia (USP). Although these
approaches enable accurate determination of enzyme activity, they
generally involve tedious procedures and require lengthy processing
times, making them unsuitable for on-site rapid testing. In recent years,
several novel methods, such as colorimetry [15,16], fluorescence spec-
trometry [17], surface-enhanced Raman spectroscopy (SERS) [18,19],
electrochemiluminescence (ECL) [20-22] and photoelectrochemical
techniques [23,24], have been exploited for the determination of HAase
activity in complex biological samples. However, the rapid measure-
ment of HAase activity in biopharmaceutical products has received
relatively limited attention. Consequently, there is a pressing need for a
detection platform capable of rapidly and reliably detecting HAase ac-
tivity applicable to both biopharmaceutical products and complex bio-
logical samples.

Electrochemical methods present notable advantages for sensing and
detection owing to their operational simplicity, low instrument cost, and
quick response [25,26]. However, they typically require the immobili-
zation of biorecognition elements onto the electrode's surface [27],
which is not only laborious and time-consuming but also suffers from
poor reproducibility of electrode modification [28]. Homogeneous
electrochemistry presents a promising alternative strategy to overcome
this limitation. By transferring the heterogeneous reactions occurring at
the electrode surface into homogeneous reactions in solution, it enables
direct detection of electrochemical signals from electroactive species,
thereby improving the reliability of electrochemical sensors [29,30]. A
powerful approach to constructing homogeneous electrochemical sen-
sors involves the use of stimulus-responsive materials to encapsulate
electroactive molecules [31]. In this strategy, the target analyte acts as a

stimulus to trigger the responsive materials, leading to the release or
exposure of the encapsulated electroactive probes. The concentration or
activity of the target analyte can be sensitively and quantitatively
determined by monitoring the signal of the released electroactive
probes, which correlates straightway with the analyte. Therefore, con-
structing a homogeneous electrochemical sensor based on HA hydrogel
may be a promising method for HAase activity detection.

Methylene blue (MB), a widely utilized cationic electroactive dye,
can efficiently bind to negatively charged molecules via electrostatic
interactions [32]. HA, as an excellent hydrogel precursor, possesses
strong polyanionic characteristics owing to its abundant carboxyl
groups, enabling the stable encapsulation of cationic species such as MB.
Based on this principle, we developed a rapid electrochemical sensor for
detecting HAase activity, utilizing an enzyme-responsive hydrogel. The
activity of HAase was quantified by directly measuring the electro-
chemical signal of MB in the supernatant and comparing it to
enzyme-free controls. The entire assay can be completed within 15 min.
This electrochemical sensor has been successfully applied to the quan-
titative detection of HAase activity in both biopharmaceutical products
and human urine samples, demonstrating its potential for broad prac-
tical applications.

2. Experimental section
2.1. Reagents and materials

Hyaluronidase (HAase, from bovine testes, >300 U/mg), chymo-
trypsin (Chy), hyaluronic acid sodium salt (HA, from Streptococcus equi),
N-hydroxysuccinimide (NHS), potassium dihydrogen phosphate
(KH2PO4) and dipotassium hydrogen phosphate (KoHPO4) were all
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). Potassium hyaluronate (from the cockscomb flower),
methylene blue (MB), polyethylenimine (PEI), 1-(3-(dimethylamino)
propyl)-3-ethylcarbodiimide hydrochloride (EDC), sodium dihydrogen
phosphate (NaH,PO4), disodium hydrogen phosphate (NagHPO4), so-
dium chloride (NaCl), potassium chloride (KCl), gelatin, mannitol, urea,
acetic acid and 1-alanine (L-Ala) were all acquired from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Potassium acetate was
obtained from Meryer Chemical Technology Co., Ltd. (Shanghai, China).
HAase certified reference material (CRM) was provided by the National
Institutes for Food and Drug Control (NIFDC, Beijing, China). HAase
testing samples were obtained from commercially available products.
Fetal bovine serum (FBS) was purchased from Gibco (Waltham, MA,
USA). Thrombin (Tb, 5000 U) was purchased from Nanjing Dulai
Biotechnology Co., Ltd. (Nanjing, China). Peptide-N-Glycosidase F
(PNGase F) and O-Glycosidase were obtained from New England Biolabs
(Ipswich, MA, USA). All aqueous solutions were prepared using ultra-
pure water (18.2 MQ cm resistivity) purified through a Milli-Q water
purification system (Millipore, Billerica, MA, USA). PBS (0.01 M) was
prepared by mixing 0.01 M KoHPO4 and 0.01 M KH3PO4, both con-
taining 0.01 M KCl, and adjusting the pH to 7.40. Human urine samples
were provided by healthy volunteers from Nanjing University and
bladder cancer patients from The First Affiliated Hospital of Nanjing
Medical University, approved by the Medical Ethical Committees of
Nanjing University and The First Affiliated Hospital of Nanjing Medical
University respectively. All urine samples were aliquoted and stored
frozen for later use. For the spike-recovery experiment, the urine sam-
ples were freshly spiked with HAase before experiments.
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2.2. Apparatus

Square wave voltammetry (SWV) experiment was performed using a
CHI660E electrochemistry workstation (Chenhua, Shanghai, China) and
a screen-printed carbon electrode (model: TC201, Poten, Weihai,
China). The electrode consisted of carbon ink working and counter
electrodes, an Ag/AgCl reference electrode, and a PET substrate. No
additional activation procedures or pretreatment were applied before
use. The incubator was purchased from Shanghai Lichen Instrument
Technology Co., Ltd. The water bath was bought from Faithful In-
struments Co., Ltd. (Hebei, China). Zeta potential measurements were
performed on a Malvern Panalytical Zetasizer Nano Z instrument
(Malvern, UK). UV-vis measurements were conducted on a Hitachi
UH5300 spectrophotometer (Hitachi, Tokyo, Japan). Scanning electron
microscopy (SEM) images were taken on a Hitachi S4800 microscope
(Hitachi, Tokyo, Japan). Fourier-transform infrared (FT-IR) spectra with
attenuated total reflection (ATR) mode were collected on a Nicolet iS50
FTIR spectrometer (Thermo-Fisher, Waltham, MA, USA).

2.3. Fabrication of HA/MB-PEI hydrogel

HA sodium salt solution (60 pL, 1%) was mixed with EDC solution
(10 pL, 48.8 mg/mL), NHS solution (10 pL, 11.5 mg/mL) and MB so-
lution (10 pL, 1.5 mg/mL) in a 500 pL centrifuge tube. The mixture was
shaken for 30 min to activate carboxylic group of HA and form HA/MB
complex. Subsequently, PEI solution (40 pL, 0.5%) was added and
reacted with activated HA for 5 h. Following this reaction, hydrogels
formed inside the centrifuge tube via chemical bonding between HA and
PEIL Then, the excess reaction solution was removed, and the resulting
hydrogel was washed three times. In each wash, 200 pL of deionized
water was added, followed by vortexing for 5 s. The wash solution was
then removed. This procedure ensured the removal of surface-adsorbed
MB. Finally, the prepared HA/MB-PEI hydrogel was stored at 4 °C for
further use.

2.4. Electrochemical detection of HAase activity

A volume of 100 pL of HAase solution (0.01 M PBS: 0.01 M KoHPO4/
KH3PO4, 0.01 M KCI, pH 7.40) was applied to the HA/MB-PEI hydrogel
and incubated at 37 °C for 10 min to hydrolyze the hydrogel, resulting in
the release of MB. Subsequently, 50 pL of the collected reaction solution
was applied to a screen-printed carbon electrode for square wave vol-
tammetry (SWV) measurement over a potential window of —0.8 to 0 V.
The 0.01 M PBS blank control was processed using the same procedure
as that of HAase.

3. Results and discussions
3.1. Principle of the electrochemical detection of HAase activity

The mechanism of the electrochemical sensor for detecting HAase
activity was illustrated in Scheme 1. Initially, the carboxyl groups of HA
were activated by EDC and NHS, enabling an amidation reaction with
the amino groups of PEI to form a cross-linked hydrogel. During this
activation process, the positively charged electrochemical molecule MB
was encapsulated within the hydrogel through electrostatic interaction.
After washing, a blue HA/MB-PEI hydrogel was obtained. In the absence
of HAase, the hydrogel structure was intact, with minimal release of MB
into the solution. In contrast, when HAase was present, it specifically
degraded the glycosidic bond of HA, causing disintegration of the
hydrogel and the subsequent release of encapsulated MB into the solu-
tion. Therefore, by measuring the current variation before and after the
addition of HAase, a straightforward correlation can be established be-
tween the change of current and HAase activity, allowing quantitative
determination of HAase activity.
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Scheme 1. Principle of the electrochemical detection of HAase activity.

3.2. Verification and characterization of the proposed hydrogel

The feasibility of the proposed method for detecting HAase activity
was first investigated. As shown in Fig. 1A, the addition of HAase led to
the degradation of HA, producing a distinct color change in the super-
natant. The electrochemical signals of supernatant before and after
enzymatic reaction were presented in Fig. 1B. Incubation of HA/MB-PEI
hydrogel in PBS yielded only a low background signal. Interestingly, the
addition of HAase triggered a markedly enhanced SWV response. This
significant difference in currents confirms that the electrochemical
response is directly driven by HAase activity, thereby validating the
feasibility of the sensing method.

Zeta potential measurements of HA, MB, HA/MB, PEI and HA/MB-
PEI were carried out in ultrapure water (Fig. 1C). HA exhibited a char-
acteristic negative potential of —29.1 mV due to its abundant carboxyl
groups. MB, as a typical cationic dye, carries a positive charge of
+0.97 mV in water. After the incorporation of MB, the zeta potential of
HA/MB increased to —23.1 mV, indicating the electrostatic interaction
between negatively charged HA and the positively charged MB and
confirming the encapsulation of MB within the hydrogel. PEI is rich in
amino groups, rendering it positively charged in aqueous solution
(+1.74 mV). Upon crosslinking HA/MB with PEI, the zeta potential of
HA/MB-PEI shifted from negative to positive (+9.9 mV). The observed
charge transitions in zeta potential provide clear evidence for the syn-
thesis of the hydrogel.

The morphology of the HA/MB-PEI hydrogel was characterized
using scanning electron microscopy (SEM). As shown in Fig. S1, the
hydrogel presented a complex and irregular porous structure, forming
an integrated three-dimensional network, indicative of a continuous
scaffold structure. To further verify the synthesis of the hydrogel, ATR-
FT-IR spectroscopy was performed (Fig. 1D). In the spectrum of HA, the
broad peak around 3286 cm™! originated from the O-H stretching vi-
bration. The characteristic absorption peaks at 1603 and 1409 cm™!
were attributed to asymmetric and symmetric stretching vibrations of
carboxylate anions, respectively. While the peak of HA at 1028 cm ™!
corresponded to the C-O stretching vibration of sugar rings. For PEI,
distinct C-H stretching vibrations arising from its carbon backbone
appeared at 2928 and 2808 cm!, while the peaks at 3282 and
1596 cm ™! corresponded to the N-H stretching and bending vibrations,
respectively. In addition, the absorption peak at 1453 cm™' was
assigned to C-N stretching vibration. Notably, the hydrogel spectrum
exhibited new peaks at 1636 em™! (amide I, C=0 stretching) and
1565 cm™ ! (amide II, N-H bending), indicating the formation of amide
bonds. Meanwhile, the disappearance of the 1603 em! peak, the
weakening of the 1409 cm ™! band, and the absence of the N-H ab-
sorption at 1596 cm™! collectively confirmed the occurrence of an
amidation reaction between HA and PEI, thereby verifying the suc-
cessful synthesis of the hydrogel.
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Fig. 1. (A) Photographs of enzyme-responsive HA/MB-PEI hydrogel incubated without (left) and with (right) 50 U/mL HAase; (B) SWV signal of control group and
experimental group (50 U/mL HAase) detected by the proposed hydrogel biosensor (n = 3); (C) Zeta potential of HA (blue), MB (pink), HA/MB (green), PEI (purple)
and HA/MB-PEI (red) (n = 3); (D) ATR-FT-IR spectra of HA, PEI and the HA/MB-PEI hydrogel. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

3.3. Optimization of the experimental conditions

To enhance sensing performance, several key parameters were sys-
tematically optimized. As a crosslinking agent for hydrogel, the mass
fraction of PEI directly affects the stability of the hydrogel. Therefore,
different mass fractions of PEI were used in the synthesis of the hydrogel
in order to determine the optimal condition. As shown in Fig. 2A, an
excessively low PEI mass fraction (e.g., 0.1%) resulted in insufficient MB
encapsulation and weak electrochemical signals even after enzymatic
treatment. As the PEI mass fraction increased from 0.1% to 0.5%,
crosslinking was enhanced, improving the encapsulation of MB and
inducing a significantly higher current variation. However, when the
PEI mass fraction was further increased to 1.0%, the current variation
decreased, as a result of the excessive PEI content increasing the cross-
linking density and thereby hindering MB release within the given
enzymolysis time. Based on these results, a PEI mass fraction of 0.5%,
which produced the greatest current variation, was selected as the
optimal condition for the synthesis of the hydrogel.

The concentration of MB is another key parameter influencing
detection performance, as it straightway determines the level of elec-
trochemical peak current. Therefore, hydrogels were prepared using
various concentrations of MB solutions and were subjected to electro-
chemical detection under reaction with HAase (Fig. 2B). When the
concentration of MB was below 1.0 mg/mL, only weak current responses
were observed regardless of whether the enzymatic reaction was carried
out or not. As the concentration increased to 1.0 mg/mL, the current
variation rose in a concentration-dependent enhancement and reached a
plateau at 2.5 mg/mL. It is worth noting that when MB concentrations
exceeded 2.5 mg/ml, significant MB leakage occurred, resulting in a
high background signal. Although the absolute current variation at
2 mg/mL was higher than that at 1.5 mg/mL, the signal-to-background

ratio was lower (S/B = 3.4 at 2 mg/mL vs. 4.3 at 1.5 mg/mL). Therefore,
1.5 mg/mL was selected as the optimal MB concentration, making it the
optimal choice by balancing high response intensity against low back-
ground interference.

Temperature and pH are also important factors influencing the ac-
tivity of HAase and its enzymatic reaction. Accordingly, the effects of
temperature and pH on the hydrolysis of the hydrogel were systemati-
cally evaluated. As shown in Fig. 2C, the current variation induced by
the enzymatic reaction gradually increased as the temperature rose from
27 °C to 37 °C, reaching a maximum at 37 °C, and then decreased. It is
indicated that the physiological temperature of 37 °C is more suitable for
the enzymatic hydrolysis of hydrogels by HAase. The influence of pH on
the enzymatic hydrolysis reaction was similar to that of temperature,
and the result is shown in Fig. 2D. As the pH increased from 6.20 to 7.40,
the current variation caused by enzymatic hydrolysis became increas-
ingly significant, reaching a maximum value at pH 7.40, and then
decreased at higher pH values. The results suggested that the activity of
HAase toward the HA/MB-PEI hydrogel is relatively low under acidic or
alkaline conditions but highest under physiological conditions. There-
fore, 37 °C with a pH of 7.40 were determined to be the optimal con-
dition for the reaction.

3.4. Analytical performance

Under the optimized experimental conditions, we measured the
current of supernatants collected from HA/MB-PEI hydrogels after
treatment with different activity concentrations of HAase, and the SWV
curves were displayed in Fig. 3A. In the absence of HAase (0 U/mL), the
lowest background current was observed. As the HAase activity con-
centration increased from 0 U/mL to 90 U/mL, a correspondingly
greater amount of MB was released from the hydrogel, resulting in a
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Fig. 3. (A) SWV curves toward various HAase activities (0-90 U/mL); (B) The linear relationship between HAase activity and current variation (n = 3).

gradual increase in the SWV peak current. Additionally, it can be seen
that the oxidation peak potential of MB shifted positively with
increasing HAase activity, which is in agreement with earlier reports
[33,34]. The possible reasons for the shift of oxidation peak potential
mainly arise from changes in the physicochemical environment of the
supernatant during hydrogel degradation. As the HAase activity
increased, larger amounts of MB were released into the supernatant,
which may enhance intermolecular interactions or lead to aggregation
of MB molecules, resulting in a higher oxidation potential. In addition,
HAase and hydrogel degradation fragments were not removed from the
supernatant before electrochemical measurement. Thus, the presence of
proteins and glycans may impede electron transfer of MB and contribute
to the observed positive shift in oxidation potential.

The change in SWV peak current (Aip) of the supernatant before and
after enzymatic hydrolysis was calculated as Ai, =i - ip, where ip was the
peak current without HAase, and i was the peak current at a given HAase
activity. The relationship between Ai, and HAase activity was estab-
lished as shown in Fig. 3B. A linear correlation was observed within the
HAase activity range of 0.78-90 U/mL, which could be described by the
equation: Ai, = 0.0412 Cpagse + 1.154 (R? = 0.9973). The limit of
detection (LOD) was calculated to be 0.48 U/mL (LOD = 3¢/s, where “c”
represented the standard deviation of blank solution, and “s” repre-
sented the slope of the calibration plot). The analytical performance of
this hydrogel-based assay was compared with previously reported
methods for HAase activity detection, as summarized in Table S1. It
could be seen that the proposed platform exhibited a wider linear range
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and a shorter detection time while maintaining a comparable LOD,
highlighting its advantages for rapid and sensitive HAase activity
detection.

The reproducibility of the hydrogel was evaluated by comparing the
enzymatic hydrolysis results across five consecutively prepared batches.
As shown in Fig. S2, the current variation after treatment with 50 U/mL
HAase was consistent among the five batches, with a relative standard
deviation (RSD) of 4.2%, confirming the good reproducibility of the
hydrogel preparation method. Potential interfering substances were
selected and tested to evaluate the specificity of the developed method,
including sodium chloride (NaCl), potassium chloride (KCl), urea, t-
alanine (L-Ala), mannitol, bovine serum albumin (BSA), O-Glycosidase,
Peptide-N-Glycosidase F (PNGase F), chymotrypsin (Chy) and thrombin
(Tb). As illustrated in Fig. 4, all interfering substances exhibited low
current responses with peak currents close to the blank signal, while
HAase treatment induced a significant current increase. This distinct
signal contrast demonstrated the high specificity of the hydrogel toward
HAase, verifying the method's reliability for accurate HAase activity
detection in complex matrices. The storage stability of the hydrogel was
evaluated by monitoring changes in current after 1, 3, 7, 14 and 28 days
of storage. As displayed in Fig. S3, the Aip values retained similar re-
sponses to those of freshly prepared hydrogels over a 28-day storage
period at 4 °C, indicating that the hydrogel can be stored stably for at
least 28 days without compromising sensor performance.

3.5. Confirmation of the electrochemical method with ChP method

To comprehensively assess the applicability of the electrochemical
HAase activity sensor in biopharmaceutical quality control, parallel
measurements were performed on HAase biologics using both the
developed electrochemical method and the official assay described in
the Chinese Pharmacopoeia (2020 edition, Part IV, Method 1207). The
standard calibration curve of the ChP method is shown in Fig. S4. As
summarized in Table 1, the electrochemical method demonstrated
comparable accuracy to the ChP method. It also exhibited improved
precision, as reflected by lower RSDs. A paired sample Wilcoxon signed-
rank test yielded a p-value of 0.225 (>0.05), indicating no statistically
significant difference between the two groups of measured values. These
findings collectively validate the feasibility of the established sensor for
applications in biopharmaceutical quality control and therapeutic
monitoring.

5F
4k
st
=
5]
=
bl
=
Q2F
I TTITTLIIT
1
0
CIEEN) y e S B W e u O O o
‘\bﬁ A Cs;é\ziv,s@ *° \),l*\ \)‘:\'g‘\‘\\@ ?\&C ‘60?,\%“
N ¥
o

Fig. 4. Peak current of hydrogels corresponding to the addition of 50 U/mL
HAase and interfering substances (n = 3).
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Table 1
Results of HAase activity using the proposed electrochemical method and the
ChP method (n = 3).

No. Specifications/ This work ChP

U,

(U/mg) Potency/(U/ RSD/ Potency/(U/ RSD/

mg) % mg) %

1 >300 295.1 +£19.0 6.5 327.7 £ 24.2 7.4
2 417 408.1 £ 12.2 3.0 387.0 £ 15.2 3.9
3 3521.6 3502.4 + 122.3 3.5 4011.1 + 404.0 10.1
4 376 390.7 £17.1 4.4 445.0 + 24.0 5.4
5 798 733 £13.7 1.9 731.8 £ 51.6 7.1

3.6. Application of the proposed biosensor in human urine samples

To evaluate the accuracy and precision of the proposed method,
spike-recovery experiments were conducted using urine samples which
were collected from two healthy volunteers and two bladder cancer
patients. The samples were centrifuged at 10,000 rpm for 10 min, and
the supernatant was used for the test. The procedure for detecting HAase
activity in urine samples followed the same protocol as that used for PBS
in the blank control experiment. As shown in Table 2, no endogenous
HAase activity was detected in healthy people, but significantly elevated
in the urine of bladder cancer patients, which is consistent with previous
reports [18,35]. Upon spiking, the detected HAase activities correlated
well with the spiked amounts, with recoveries ranging from 87.8% to
101.8% and RSDs between 0.3% and 8.6%. These results confirm that
the sensor is sufficiently robust to detect HAase within the concentration
ranges typically found in clinical samples [16,36]. Consequently, the
hydrogel-based sensor offers a practical and reliable approach for rapid
HAase activity monitoring in urine samples.

4. Conclusions

In summary, we presented an electrochemical sensing platform
based on an enzyme-responsive HA/MB-PEI hydrogel for the quantifi-
cation of HAase activity in two distinct application scenarios. The
optimal sensing conditions were established as follows: 1.5 mg/mL MB,
0.5% PEIL, enzymatic hydrolysis at pH 7.40 and 37 °C. Under these
conditions, the sensor exhibited a linear detection range from 0.78 to 90
U/mL, with a detection limit of 0.48 U/mL. The effectiveness of this
sensor has been successfully validated in HAase biological products and
human urine samples, demonstrating its strong potential for dual-scene
applications in both pharmaceutical quality control and clinical di-
agnostics. Compared with previous reports, the present method enables
rapid detection within 15 min, offering the potential for on-site

Table 2
Determination of the HAase activity in human urine samples (n = 3).

Samples Added/(U/ Found/(U/ Recovery/ RSD/
mL) mL) % %
Healthy Female 0 ND / /
volunteers 2 2.0 100.3 5.1
5 4.4 87.8 3.2
10 10.2 101.8 8.6
Male 0 ND / /
2 1.9 94.4 7.0
5 4.9 97.6 2.5
10 9.9 98.7 0.3
Bladder cancer Female 0 25.3 / 7.8
patients 10 349 96.1 3.3
20 44.3 95.2 6.6
40 65.7 101.2 3.7
Male 0 38.0 / 3.0
10 47.9 99.1 5.0
20 57.0 95.2 3.1
40 78.3 100.9 3.5

ND: not detected.
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detection. In addition, it requires simpler handling which only needs
dissolution and dilution. These features highlight the practical value of
this method for rapid HAase detection in different real-sample settings.
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