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ABSTRACT: Due to their high water content, stimulus responsiveness, and biocompatibility, hydrogels, which are
functional materials with a three-dimensional network structure, are widely applied in fields such as biomedicine,
environmental monitoring, and flexible electronics. This paper provides a systematic review of hydrogel charac-
terization methods and their applications, focusing on primary evaluation techniques for physical properties (e.g.,
mechanical strength, swelling behavior, and pore structure), chemical properties (e.g., composition, crosslink density,
and degradation behavior), biocompatibility, and functional properties (e.g., drug release, environmental stimulus
response, and conductivity). It analyzes the challenges currently faced by characterization methods, such as a lack of
standardization, difficulties in dynamic monitoring, an insufficient micro-macro correlation, and poor adaptability to
complex environments. It proposes solutions, such as a hierarchical standardization system, in situ imaging technology,
cross-scale characterization, and biomimetic testing platforms. Looking ahead, hydrogel characterization techniques
will evolve toward intelligent, real-time, multimodal coupling and standardized approaches. These techniques will
provide superior technical support for precision medicine, environmental restoration, and flexible electronics. They
will also offer systematic methodological guidance for the performance optimization and practical application of
hydrogel materials.
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1 Introduction
Hydrogel is a kind of three-dimensional network structure material formed by physical or chemical

crosslinking of hydrophilic polymers, which can absorb and retain a large amount of water without
dissolving. Its basic characteristic is that it swells significantly in water, and the water content can usually
reach more than 90% of its own weight, while still maintaining the mechanical properties of solid materials.
The hydrogel may be composed of natural polymers (such as gelatin, sodium alginate, chitosan, hyaluronic
acid, etc.), synthetic polymers (such as polyacrylamide (PAAm), polyethylene glycol (PEG), poly N-isopropyl
acrylamide (PNIPAM), etc.), or a composite system of the two. The stability and response behavior of
hydrogels are determined by the crosslinking mode.

Significant advances have been made in hydrogel research in recent years, particularly in the rational
design of material architectures and functional diversification.

In regard to material structure design, performance is enhanced through composite modification
and structural optimization. For instance, metal-organic framework (MOF)-doped hydrogel composites
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have been shown to exhibit enhanced adsorption and detection capabilities for pollutants [1]. Addition-
ally, molecularly imprinted hydrogels incorporating aggregation-induced emission (AIE) monomers have
demonstrated specific optical recognition of lysozyme [2]. Furthermore, core-shell structured hydrogel beads
have been developed, which integrate pre-enrichment with functionalized cores and signal amplification by
engineered bacteria, resulting in a substantial enhancement in detection sensitivity [3].

These developments have yielded transformative applications across multiple domains, including
biomedical engineering [4–8], environmental surveillance [9–13], and flexible electronic systems [14–16].
The field is currently undergoing a paradigm shift toward multifunctional integrated platforms. Concomitant
with advancements in characterization methodologies (e.g., super-resolution microscopic techniques, in
situ spectroscopic analyses), exhaustive investigations of structure-property interrelationships in hydrogels
have provided fundamental insights, catalyzing innovative implementations in intelligent sensing modalities
[17–19] and precisely controlled therapeutic delivery platforms [20–24] with unprecedented potential.

1.1 Basic Properties of Hydrogels
The basic properties of hydrogel are mainly determined by its high water content and crosslinked

network structure, which not only endow it with mechanical properties similar to biological soft tissue, but
also make it have unique advantages such as stimulation response, biocompatibility and porous structure.
Hydrogel has both solid mechanical properties and liquid transport properties, which makes it a bridge
between material science and life science. Hydrogels have been widely used in biomedical, environmental
monitoring, flexible electronics and other fields due to their unique properties.

1.1.1 High Water Content and Swelling Behavior
The most notable feature of hydrogels is their high water content after reaching swelling equilibrium,

typically exceeding 70% of their wet weight in water, with superabsorbent hydrogels reaching over 95%.
This property is attributable to the strong interactions between hydrophilic groups on the polymer chains
(e.g., hydroxyl, carboxyl, and amide groups) and water molecules. The water content of hydrogels exerts
a dual influence on their mechanical properties and their biocompatibility. It also affects their material
transport capabilities. Research findings indicate that HA hydrogels can achieve a swelling ratio of 8:1 (wet
weight:dry weight) in physiological saline, providing ideal conditions for their use as drug carriers. Swelling
behavior constitutes a fundamental functional characteristic of hydrogels, and its quantitative assessment
can be facilitated by the implementation of the swelling ratio.

According to the standards for evaluating the swelling performance of hydrogels (e.g., ASTM F2258 or
the modified ASTM D570 method), there is significant variation in the mass swelling rate (Qm) of different
types of hydrogels. Specifically, physically crosslinked types exhibit a range of 200% to 500%, while chemically
crosslinked superabsorbent hydrogels can reach levels exceeding 1000%. The initial kinetics can be analyzed
using the Peppas power-law model (limited to Mt/M∞ ≤ 0.6), while equilibrium swelling rates require
integration with Flory-Huggins thermodynamic theory.

Lin proposed that by preparing polyacrylamide/chitosan (PAAM/CS) hydrogel, its excellent swelling
property and adsorption performance make this material not only able to efficiently adsorb xylenol orange
(XO), but also realize dual signal detection of Fe3+ and Al3+ in water through XO loading, thus providing a
multifunctional solution for water environmental pollutant treatment and monitoring [25]. Polyvinyl alcohol
(PVA) hydrogel significantly improved the fluorescence detection efficiency of mold and yeast by virtue of
its high water holding capacity (71.7%), and the detection time was shortened from ≥5 d of national standard
to 36 h [26].
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1.1.2 Stimulus Responsiveness
Intelligent hydrogels can produce reversible physical or chemical responses to environmental stimuli,

which makes them unique advantages in the field of sensing and controlled release. According to the different
stimulation signals, they can be divided into the following categories:

Poly(N-isopropylacrylamide) (PNIPAM) is a prototypical temperature-sensitive hydrogel with a lower
critical solution temperature (LCST) ranging from 30 to 35○C (typically around 32○C). When the temperature
exceeds the LCST, PNIPAM undergoes a hydrophilic-hydrophobic transition, causing the hydrogel to rapidly
dehydrate and shrink (with a volume shrinkage rate of up to 90%) [27]. This property has been used
to develop temperature-controlled drug delivery systems, such as the EV71 virus detection sensor [5].
Temperature-sensitive hydrogel (PNIPAM) can realize SERS detection of protein at single molecule level by
adjusting the spacing of gold nano-triangular plate array dynamically through temperature-regulated volume
phase transition [28].

pH responsiveness: Hydrogels containing weak acid/base groups (such as carboxyl and amino groups)
will undergo protonation/deprotonation with pH changes, resulting in changes in network charge and
swelling degree. Zhang et al. achieved multi-mode detection of pH (6.0–11.0) and trace water (minimum
detection limit 0.0060%) based on deprotonation and aggregation mechanisms, and successfully applied
to the fields of biological imaging and information encryption [29]. pH-responsive hydrogels (such as
polyacrylic acid/chitosan) produce reversible deformation through coordination between carboxyl groups
and metal ions to achieve visual detection of Fe3+ [30].

Photoresponsiveness: Photosensitive groups (such as azobenzene and spiropyran) can be introduced
into the hydrogel network to achieve photo-controlled deformation. The hydrogel modified by upconversion
nanoparticles is excited by near-infrared light to achieve high-sensitivity dual-mode detection of formalde-
hyde (fluorescence/colorimetric detection limits of 10 and 25 nM, respectively), providing a new strategy for
high-precision portable detection for food safety monitoring [31].

Biomolecular responsiveness: aptamer-functionalized hydrogels can specifically recognize target
molecules (such as ATP, miRNA, etc.) and trigger changes in network structure. For example, DNA hydrogels
achieve highly specific detection of miRNA-21 (detection limit 27.8 pM) by hybridization chain reaction
(HCR), significantly reducing detection time and simplifying the procedure [29,32]. Table 1 summarizes the
response mechanism, response time, typical materials and application cases of temperature, pH, light and
biomolecule stimulus-responsive hydrogels.

Table 1: Characteristics and applications of typical stimulus response hydrogel

Stimulus type Response mechanism Response time Typical materials Application cases
Temperature Hydrophilic-

lipophilic balance
transition

3–8 min PNIPAM (Poly(N-
isopropylacrylamide))

Temperature-
controlled drug

release
pH Protonation/

deprotonation
1–5 min Polyacrylic acid Heavy metal

detection
Light Photoisomerization 1–10 s Spiropyran Light-

controlled
deformation

Biomolecules Specific
recognition

0.5–3 h DNA hydrogel miRNA
detection
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In recent years, the research of stimulus-responsive hydrogel has been further extended to the devel-
opment of multi-responsive materials. Zhao proposed a device-free, label-free paper-based flow sensor
based on enzyme-induced stimulus-responsive polymer solution viscosity change. This technology realizes
high-sensitivity detection of hyaluronidase (HAase) by increasing the water flow distance on pH test paper
(detection limit up to 0.2 U/mL). This method has important application value in clinical instant detection
field [30,33]. In addition, the application of photoresponsive hydrogel in macromolecular detection has also
attracted much attention, such as the photoresponsive hydrogel particle sensor developed by Wang, which
generates fluorescence and structural color dual optical signal output by triggering phase transition, so that
the quantitative detection of alkaline phosphatase has high accuracy and reliability [34].

1.1.3 Biocompatibility and Degradability
In biomedical applications, hydrogels need to have good biocompatibility and controlled degradation

to ensure their safety and functionality. Medical grade hydrogels must meet stringent biocompatibility
standards (e.g., ISO 10993). Sodium alginate and galactosidase modified gold nanoparticle composite
hydrogel has excellent biocompatibility, detection limit up to 100–1000 CFU/mL, used for wound bacterial
infection monitoring [35].

Degradation performance is another key indicator. Methods to regulate degradation behavior
include changing crosslinking density (covalent crosslinking degrades slower than ionic crosslinking),
introducing enzyme-sensitive bonds (e.g., matrix metalloproteinase substrate peptides), and adjusting
hydrophilic/hydrophobic balance. Optimization of biocompatibility and degradability is the key to clinical
transformation of hydrogels. Future research could further enhance its performance through material mod-
ification (e.g., introduction of bioactive peptides) or composite design (e.g., nanomaterial enhancement).
For example, poly (1-pyrenebutyric acid)/sodium alginate hydrogel developed by Li et al. can degrade
72.4% within 24 h, effectively avoiding secondary pollution and providing a new idea for the design of
green sustainable fluorescence sensors [36]. In addition, biosafety assessment of degradation products has
also received increasing attention. For example, Zhang et al. confirmed the low toxicity of DNA hydrogel
degradation products by mass spectrometry analysis [37].

1.1.4 Porous Structure and Permeability
The porous structure of hydrogels plays an important role in their mechanical properties and material

transport. The porous structure of hydrogel (pore size 10–500 μm) directly affects substance transport
(such as oxygen, nutrients, drug diffusion) and cell migration, which is an important basis for its function
realization. Material transport: porous structure provides efficient diffusion channels for hydrogels, suitable
for drug delivery or cell culture. Cell migration: large pore size hydrogel (>100 μm) is more conducive to cell
migration and tissue ingrowth.

Permeability depends on pore connectivity and surface chemistry. Hydrogels with hierarchical pore
structure can be prepared by freeze-thaw method, which can significantly improve the diffusion coefficient
of small molecules such as drugs. For example, the unique pore structure of DNA-functionalized cryogels
enables rapid detection of aflatoxin B1 within 45 min [30].

In recent years, important progress has been made in the precise regulation of porous structures. For
example, Gao et al. achieved SERS detection of proteins at the single molecule level by dynamically adjusting
the spacing of plasma nanostructures through gold nanotriangular plate arrays (AuTAG) constructed on the
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surface of thermally responsive hydrogels [28]. Three-dimensional porous polyacrylamide hydrogel embed-
ded with upconversion optical probe to construct intelligent nanosensor, its porous structure enhances
formaldehyde diffusion efficiency, detection limit as low as 10 nM [31].

β-cyclodextrin/carbon dot-loaded cellulose nanofiber/MIL-100 (Fe) hydrogel (βCCM) improves mala-
chite green adsorption performance (1789 mg/g) and fluorescence detection sensitivity (LOD = 0.09 μg/L)
through three-dimensional porous structure [38]. In addition, the introduction of microfluidic technology
also provides a new method for the controllable preparation of hydrogel porous structure, such as the
microfluidic chip developed by Liu et al. can prepare hydrogel microspheres with uniform pore size
distribution [39].

1.2 Application of Hydrogel
1.2.1 Biomedical Field

The application of hydrogel in biomedicine mainly includes three aspects:
Drug delivery system: The three-dimensional network of hydrogels effectively embeds and protects drug

molecules. Gelatin hydrogel patch loaded with basic fibroblast growth factor (bFGF) can significantly reduce
the expression of inflammatory factors, increase SOD activity and effectively improve oxidative stress [40].
Intelligent responsive hydrogels are more able to achieve space-time controlled release, such as pH-sensitive
chitosan hydrogels for stomach targeted drug delivery.

Tissue Engineering Scaffolds: Hydrogels mimic the microenvironment of the extracellular matrix
(ECM). After wrapping tendon stem cells with chitosan/β-glycerophosphate/collagen composite hydrogel,
it can significantly increase the deposition of type I collagen, up-regulate the expression of genes related to
tendon differentiation, and promote the repair of Achilles tendon injury in rats [41].

Diagnostic sensing: The high throughput modification properties of hydrogels make them ideal sensing
platforms. DNA hydrogels incorporating the CRISPR/Cas12a system achieved ultrasensitive detection of
methicillin-resistant Staphylococcus aureus (MRSA) (10 copies/μL) [37]. Additionally, hydrogels can be
administered via local injection into tumor tissue and, when combined with near-infrared irradiation,
provide support for tumor treatment and related monitoring [42].

In recent years, the application of hydrogel in biomedical field has been further extended to personalized
medicine and precise diagnosis. For example, Yang et al. developed a cascade signal amplification system
based on DNA hydrogel microneedle array, which achieved high sensitivity detection of microRNA in
interstitial fluid (detection limit 241.56 pM), providing a new tool for minimally invasive personalized
diagnosis [43]. Aptamer-based portable biosensors enable specific in situ detection of cytochromes at the
biomembrane-material interface by integrating DNA aptamers and fluorescence detection technology [44].
Wearable europium metal-organic frame microneedle patch achieves high sensitivity detection of cortisol
(detection limit up to 10−9 M) by fluorescence quenching sensing technology [45].

In addition, important breakthroughs have also been made in the application of hydrogel in organ
chip and organoid culture. For example, Duan et al. integrated oxygen gradient and hydrogel sensor
through multi-layer microfluidic technology to realize in situ spatiotemporal detection of pancreatic beta
cell function [46].

1.2.2 Environmental Monitoring and Food Safety
Hydrogel sensors show significant advantages in detecting environmental contaminants:
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Heavy metal detection: functional hydrogels based on specific recognition enable highly selective
detection. Carboxylated agarose hydrogel binds to X-ray fluorescence nanoparticles and increases protein
detection sensitivity to 2 μg/mL through dehydration condensation effect [47]. Biomimetic chromotropic
hydrogels (Cys-BCH) achieve a detection limit of 0.3 nM through specific binding of sulfhydryl groups to
mercury ions [48].

Antibiotic residue analysis: molecular imprinting technology endows hydrogels with specific recogni-
tion capabilities. The wood-derived fluorescent molecularly imprinted hydrogel (FMIH) has a maximum
adsorption capacity of 544.4 mg/g for tetracycline, a detection limit as low as 0.11 μg/L, and a cost that is only
1/34 of that of commercial activated carbon [49].

Food Freshness Monitoring: Smart color hydrogels can indicate food quality in real time. Alizarin Red
S-based hydrogel sensor platform improves freshness detection accuracy of aquatic products to 84% [50].
A fluorescence-visualization dual function sensor based on CRISPR/Cas 12a system and DNA hydrogel
achieves a detection limit of Salmonella typhimurium as low as 150 CFU/mL [51].

Hydrogels also show great potential for integrating environmental remediation and monitoring. For
example, SCDs-KTOCS gel developed by Wang et al. realizes simultaneous detection and removal of Hg(II)
pollutants in water through a dual mechanism of fluorescence emission and efficient adsorption [52]. It plays
a role in the rapid transport of water and self-purification [53].

The anti-interference ability of hydrogel in complex environment is continuously improved, such as
CS/CN/Ag flexible substrate developed by Luo et al., which can simultaneously realize surface-enhanced
Raman spectroscopy detection and photocatalytic degradation of sulfonamide pollutants (efficiency up to
99.22%) [54].

In addition, conductive hydrogels have also demonstrated excellent performance in the field of acoustic
sensing. As shown in Fig. 1, by comparing the output voltage (A), sound pressure sensitivity (B), and
signal-to-noise ratio (C) of the traditional hydrogel (RHC-14) with the new conductive hydrogel (CH), it
is demonstrated that the latter exhibits higher detection sensitivity and directionality (D,E) across a wide
frequency range (20–800 Hz). This technology offers a new strategy for monitoring low-frequency signals
in complex environments [55].

1.2.3 Flexible Bioelectronics, Neural Interfaces, and Wearable Sensors
Conductive hydrogel materials possess a unique combination of flexibility and electrical activity, render-

ing them highly promising for applications in flexible bioelectronics, neural interfaces, and wearable sensors.
Advances in the Application of Conductive Hydrogels in Flexible Bioelectronics

Conductive hydrogels, characterized by their distinctive flexibility and electrical activity, have emerged
as pivotal materials within the domain of flexible bioelectronics. Researchers have continuously refined
their performance through composite modification and structural design, thereby establishing a significant
foundation for related applications.

Cui et al. [56] developed a composite hydrogel composed of phytic acid-chitosan/
polyethyleneimine/gold nanoparticles (PA-CS/AuNPs/PEI), which exhibited a 23% increase in triboelectric
power output compared to traditional chitosan-based materials. This advancement provides a novel
perspective on energy supply in wearable devices. Zhang et al. [57] elucidated the self-adhesive mechanism
of the PEDOT:PSS/WPU/SOR ternary blend, thereby providing theoretical underpinnings for the stable
application of stretchable conductive polymer materials in flexible electronic devices. Wang et al. designed
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a photosensitive biphasic structure conductive polymer hydrogel (PB-CH) that achieved 5-μm high-
resolution patterning while maintaining high conductivity of approximately 30 S cm−1 at 50% strain, thereby
meeting the requirements for the fabrication of precision devices [58].

Figure 1: CH of performance testing. (A) Output voltages of CH and RHC-14 in the frequency range (20–800 Hz). (B)
Measured sound pressure sensitivity of CH and RHS-14 at different frequencies. (C) SNR comparison between CH and
RHC-14. (D) Schematic diagram of the directionality test. (E) Pattern of CH at 100 Hz (i) and 700 Hz (ii). Reproduced
with permission from Ref. [55]. Copyright 2024, American Chemical Society

Advancements in flexible electronics have led to significant expansions in the application scope of
hydrogels [59]. For instance, Shi et al. enhanced the resolution of epidermal electrical signal detection arrays
by reducing the interface gap between the hydrogel and the skin and enhancing adhesion [60]. Similarly,
Sun et al. developed a composite conductive hydrogel medium for self-powered real-time lactate monitoring
with a detection limit as low as 4.38 nM [61]. Ullah et al. noted that hydrogels play a key role in enhancing
human-machine interface applications. However, challenges remain to be overcome regarding stability,
biocompatibility, and scalability [62].
Applications of Conductive Hydrogels in Neural Interface Technology

Conductive hydrogels have been instrumental in propelling the advancement of neural modulation and
brain-computer interface (BCI) technologies, thereby achieving substantial progress in the realm of precise
monitoring and prosthetic control.
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The optimization of neural interface materials and systems is a subject of significant interest in
contemporary research.

PEDOT:PSS hydrogels have emerged as pivotal materials for neural interfaces, with Li et al. demon-
strating their capacity to markedly enhance the monitoring accuracy and control capabilities of neural
interfaces [63]. Shi et al. investigated the issue of photonic artifacts in ultra-soft electrode photonic neural
interfaces based on conical optical fibers, thereby establishing the foundation for the development of high-
precision implantable multimodal neural interfaces [64]. The Smart Wireless Artificial Neural System
(SWANS) was developed by and transmits signals through human tissue, achieving energy efficiency 15
times that of Bluetooth and near-field communication [65]. Yang et al. integrated triboelectric sensing
with pneumatic feedback technology into the TSPF-Ring system, achieving over 99% tactile classification
accuracy and significantly activating the sensorimotor cortex in stroke patients [66].

Multimodal sensing has been demonstrated to enhance neural prosthesis control.
Multimodal sensing systems have been shown to enhance the precision of prosthesis control. For

instance, Yin et al. [67] integrated A-mode ultrasound, surface electromyography, and inertial measurement
units, achieving a prosthetic gesture recognition accuracy of 96.9% ± 1.3%. Similarly, Mongardi et al.
developed a direction correction algorithm that is both fast and low-power, requiring only two gesture
calibrations to real-time correct sensor displacement. This algorithm achieved an average recognition
accuracy of 93.36% for nine gestures [68].

Notwithstanding the substantial progress that has been made, the field continues to grapple with
several challenges, including inadequate material stability [56,58,62], limited device durability [69,70], and
unresolved signal interference [71]. Future efforts should prioritize the optimization of material design and
fabrication processes, the development of novel anti-interference algorithms, and the conduction of clinical
translation studies to advance the large-scale application of conductive hydrogels in neural interfaces.
Applications of Conductive Hydrogels in Wearable Sensor Technology

The flexibility and electrical activity of conductive hydrogels make them a core material for wearable
devices, enabling multi-dimensional applications in physiological monitoring, human-machine interaction,
and energy harvesting.

The objective of this study is to develop a high-precision monitoring system for physiological signals.
PEDOT:PSS hydrogels have demonstrated remarkable efficacy in the field of sweat analysis, with

sensors developed based on these hydrogels exhibiting the capability to detect metabolites such as glucose
(1–800 μM) [72] and uric acid (0.42 μmol/L) [73] in sweat samples collected in real-time. A self-healing
nanocomposite hydrogel inspired by mussels, composed of polyvinyl alcohol/gold nanoparticles @poly-
dopamine (PVA/AuNPs@PDA), integrates human motion monitoring (response time 122.9 ms) with sweat
glucose detection functionality [74], further expanding the scope of physiological monitoring applications.

The objective of this study is to optimize human-machine interfaces.
The viscoelastic nature of hydrogels guarantees the reliable transmission of mechanical signals. For

instance, the PVA/CNCs@PDA-Au nanocomposite hydrogel exhibits a deformation capacity of 508.6%
and a strength of 2.9 MPa, facilitating precise capture of human motion [75]. Following optimization
of the formulation, the response time can be further diminished [73]. Furthermore, the integration of
carbon nanotube topological networks with hydrogels, as demonstrated in the capacitive hydrophone, has
been shown to enhance low-frequency acoustic signal detection sensitivity to −159.7 dB. This significant
improvement over traditional hydrophones (RHC-14) in the low-frequency range is a testament to the
stability advantages of structural reinforcement [55].
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The present study explores the relationship between energy harvesting and the development of
new sensors.

Ion-conductive hydrogels have been utilized in conjunction with triboelectric nanogenerators (TENGs),
resulting in the development of a TENG system that facilitates battery-free human motion detection and
real-time fall detection through artificial intelligence. This innovation offers a novel power supply solution
for wearable devices [76].

Other novel sensors include: Zhang et al. developed bioelectronic sensors that can be directly printed
onto the skin [77]. This was accomplished using freeze-drying and thermal annealing of PEDOT:PSS/PVA
composite bioink combined with in situ DIW 3D biomanufacturing technology. This resulted in a dry-
state conductivity of approximately 6 S/m and a maximum strain of 170%. Guo et al. developed a flexible
fiber optic sensor with a sensitivity of 5.85 V/kPa in the low-pressure range of 0–0.15 N, which enables
precise monitoring of pulse waveforms and heart rate [78]; Dong et al. developed a wearable gas sensor
that achieves highly selective detection of exhaled NH3 through the heterojunction effect and protonation
mechanism [79]; Huang et al. prepared flexible electronic devices using a dynamic hydrogen bond interface
in-situ self-welding strategy, with interface toughness ≈ 700 Jm−2, enabling reliable collection of joint
rehabilitation pressure signals [70].

Machine learning has been demonstrated to have a positive impact on the performance of devices.
The integration of machine learning technology has been demonstrated to significantly enhance device

functionality. Jiang et al. combined a multi-layer microstructure composite thin-film piezoresistive sensor
array with deep learning, achieving a gesture recognition accuracy of 97.5% [80]. Similarly, Wang et al.
combined an arched structure self-powered triboelectric sensor with an LSTM network, achieving a sign
language recognition accuracy of 96. Fifteen percent [81]. Ren et al. developed a near-field sensing edge
computing system, achieving a gesture recognition accuracy of 96.77%, gait classification accuracy of 98.31%,
latency of less than 10 nanoseconds, and energy consumption of less than 0.34 pJ [82].

1.3 Significance of Study on Hydrogel Detection Method
Performance testing of hydrogels is not only the core of quality control, but also the cornerstone to

promote their application innovation.

1.3.1 Performance Evaluation and Optimization
Standardized testing methods are the basis for material development. Dynamic mechanical analysis

(DMA) can characterize the viscoelasticity of materials and guide the optimization of crosslinking networks.
The swelling method combined with Flory-Rehner theory can accurately calculate the crosslinking density,
which provides a basis for material modification. Microstructural characterization is equally important.
Micro-CT imaging can reconstruct pore network of hydrogel in 3D and quantify porosity, connectivity and
other parameters. Atomic force microscopy (AFM) can detect surface nanoscale morphologies, such as the
layered structure of graphene oxide self-assembled hydrogels [83]. In addition, hydrogel crosslinking density
is optimized by dynamic mechanical analysis (DMA), such as acrylamide hydrogel, which achieves label-
free detection of antibodies by adjusting the degree of crosslinking, with sensitivity of submilligrams per
liter [61].

In recent years, hydrogel performance evaluation technology has been developing towards high-
precision and multi-scale. For example, Luo et al. developed laser cavitation rheology technology to
minimally invasively detect the internal elastic modulus of hydrogels at high strain rates, achieving micron-
level resolution [84]. In addition, the progress of in-situ characterization technology also provides a new
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perspective for the study of hydrogel properties. For example, Liu et al. revealed the dynamic bond change
of hydrogel under strain through in-situ Raman spectroscopy [85].

1.3.2 Application Scenario Adaptability
Detection methods need to be customized for specific application scenarios. Clinical diagnosis requires

high sensitivity and specificity, and CRISPR/Cas12a hydrogel increases the sensitivity of MRSA detection to
10 copies/μL through cascade signal amplification [37]. Smartphone-based fluorescence detection platforms
(such as βCCM hydrogel) are more suitable for primary care, with Cr(VI) detection limits of 0.09 μg/L [38].
Environmental monitoring emphasizes anti-interference ability. The aptamer sensor protected by agarose
hydrogel (HP-EAB) can effectively block the interference of biological macromolecules in whole blood and
realize high selective detection of doxorubicin [86]. Development of pH-responsive hydrogel sensors adapted
to complex biological samples, such as loach mucus-inspired guanosine hydrogels to break through non-
specific adsorption interference in blood and detect tau protein, a marker of Alzheimer’s disease [85].

Industrial quality inspection is fast and simple, and the distance readout microfluidic chip (DPMC)
realizes the naked eye quantification of aflatoxin B1 through the change of capillary flow velocity, and the
detection time is less than 30 min [86]. Similarly, hydrogel-assisted paper-based sensors perform trypsin
detection without specialized equipment [87].

With the diversification of application scenarios, hydrogel detection technology also presents a per-
sonalized development trend. For example, pH-responsive hydrogel sensors have been developed to adapt
complex biological samples, such as loach mucus-inspired guanosine hydrogels, to break through non-
specific adsorption interference in blood and detect tau protein, a marker of Alzheimer’s disease [85].

For extreme environmental monitoring, the Ag/SA SMH membrane developed by Gai et al. enables
highly sensitive detection of trace uranyl (detection limit 6.7 × 10−9 mol/L) under strongly acidic conditions
(pH 1.0) [88]. In the field of home medicine, the paper-based water flow distance sensor developed by Tai
et al. realizes visual quantitative detection without instrument through viscosity change caused by alkaline
phosphatase degradation [89].

2 Classification of Key Techniques for Hydrogel Detection Methods
Hydrogels have shown promising applications in biomedicine, environmental monitoring, flexible

electronics and other fields due to their excellent hydrophilicity, biocompatibility and stimulus response
characteristics. Accurate characterization of hydrogel properties is very important for its application
development. Based on four aspects of physical properties, chemical properties, biocompatibility and
functionality, this chapter systematically combs the key technologies of hydrogel detection methods to
provide methodological guidance for R&D and quality control of hydrogel materials.

2.1 Characterization of Physical Properties
Physical properties are the basis for hydrogel applications. The physical properties of hydrogels directly

affect their key characteristics such as mechanical strength, swelling behavior and microstructure, and are
the basic indicators for evaluating the applicability of materials. Physical properties testing mainly includes
mechanical properties, swelling behavior, pore structure and morphology.
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2.1.1 Mechanical Property Test: Tensile/Compression Test, Dynamic Mechanical Analysis (DMA)
Principles and Methodology:
Tensile/compression testing: Uniaxial loads are applied using a universal testing machine and stress-

strain curves are recorded in order to calculate the modulus, strength and ductility (ISO 37/ASTM D638).
DMA: Oscillatory stress is applied to measure the storage modulus (G’), the loss modulus (G”) and tan

δ to characterise viscoelasticity (ASTM D4065).
Key Parameters:
Tensile strength (≥50 kPa medical threshold), compressive modulus, fracture strain and the G’/G” ratio

(which indicates whether the material is elastic or viscous).
Method Evaluation:
Advantages of tensile/compression testing: It directly quantifies load-bearing capacity and is suitable

for rigid materials.
Limitations: It cannot characterise frequency-dependent behaviour.
DMA advantages: reveals molecular chain motion (nano-filler dimensions influence viscoelasticity);

suitable for dynamic applications (e.g., wearable sensors). Limitations: expensive equipment; high sample
preparation requirements.

Selection logic: Static mechanics selects tensile/compression testing. For studying cell-matrix interac-
tions in tissue engineering or dynamic responses in flexible electronic devices, DMA is mandatory.

The mechanical properties of hydrogels are usually quantified by tensile strength, compressive modulus
and dynamic mechanical analysis (DMA). Fig. 2 shows the stress-strain curves of original and self-healing
hydrogels with different concentrations of CNCs@PDA-Au added. The curves show the relationship between
the ultimate fracture stress and fracture strain of the hydrogels and the concentrations of different nanoma-
terials [73]. According to ISO 37 standard, the tensile strength of medical grade hydrogel should be ≥50 kPa.
For example, mussel-inspired nanocomposite hydrogel (MPS@PDA-Au) developed by Wang et al. shows
strength of 2.9 MPa and deformability of 508.6%, which is significantly better than traditional materials [74].
Compressive modulus testing is often performed using a universal testing machine (ASTM D575) with a
strain rate setting of 1 mm/min. DMA technique is used to characterize the frequency-dependent storage
modulus (G’) and loss modulus (G”), as Xu et al. found that nanofiller dimensions significantly affect
the viscoelasticity of hydrogels [90]. MPS@PDA-Au nanocomposite hydrogel was tested for mechanical
properties (508.6% deformability, 2.9 MPa strength) by tensile/compressive testing for human motion
monitoring [74]. Polyvinyl borate (PVB) hydrogels detect glucose by electrical resistance change, combined
with DMA analysis of mechanical-chemical coupling properties [91].

The mechanical properties of hydrogels are an important basis for their practical application, and
the mechanical properties of different types of hydrogels vary significantly, as shown in Table 2. The table
compares the tensile strength and compressive modulus of polyacrylamide/chitosan, hyaluronic acid and
MPS@PDA-Au nanocomposite hydrogel. The data show that the mechanical strength of synthetic polymer-
based hydrogel (such as MPS@PDA-Au) is significantly better than that of natural polymer hydrogel. The
accurate test results of mechanical properties provide key data support for the mechanism analysis and
application optimization of nanomaterial modification to improve the mechanical properties of hydrogel.

In recent years, the study of mechanical properties of hydrogels has been extended to the character-
ization of dynamic mechanical behavior. For example, Chen et al. revealed changes in molecular chain
orientation of P(AA-co-N-MA)/PEDOT:PSS hydrogels under strain by in situ Raman spectroscopy [92].
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Figure 2: (A) Effect of nanomaterials on self-healing and mechanical properties of hydrogels. (B) Stress-strain curves
of hydrogels with 3 mg/mL nanomaterials at 1, 2, 3 h healing. (C) Cyclic stretch curves of original and self-healing
hydrogels. (D) Conductivity of hydrogels and self-healing hydrogels with different nanomaterial concentrations. (E)
Conductivity at different healing times. (F) Light microscopy images of hydrogels at 0, 1, 1.5, 2, 2.5, 3 h healing: (a) 0 h,
(b) 1 h, (c) 1.5 h, (d) 2 h, (e) 2.5 h, (f) 3 h. (G) Physical images of stained hydrogel self-healing process and load-bearing
test: (a) Uncut dual-colour hydrogel, (b) Cut into two pieces, (c) Reassembled for self-healing, (d) After complete self-
healing, (e) Load-bearing test. Reproduced with permission from Ref. [73]. Copyright 2024, American Chemical Society

Table 2: Comparison of mechanical properties of typical hydrogels

Material type Tensile strength/kPa Compressive modulus/MP Application field
Polyacrylamide/chitosan 120 5.0 Heavy metal adsorption

Hyaluronic acid 50 0.5 Tissue engineering
MPS@PDA-Au 2900 2.9 Wearable sensors
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2.1.2 Evaluation of Swelling Behavior: Swelling Ratio Measurement, Swelling Kinetic Model
Principles and Methodology:
Determination of swelling rate: Calculated based on mass change, using the formula SR= (Ws −Wd)/Wd

× 100% (ASTM D570).
Kinetic models: Fickian diffusion model (diffusion-controlled) vs Schott’s second-order model (swelling

rate-controlled).
Key Parameters:
Equilibrium swelling rate (200%–1000% in the medical range), diffusion index (determination of the n

value), swelling rate constant.
Method Evaluation:
Advantages of swelling rate determination: simple operation (e.g., temperature-responsive PNIPAM

hydrogel optimisation); limitations: only endpoint data is provided.
Advantages of kinetic models: Predicting complex environmental behaviour (e.g., a formaldehyde-

responsive hydrogel exhibiting a 160 nm blue shift in reflectance spectroscopy).
Limitations: Model assumptions may introduce errors (e.g., non-homogeneous structures deviating

from Fickian diffusion).
Selection logic: Rapid screening of materials based on swelling rate.
Designing drug-controlled release systems requires the combination of kinetic models to predict

release behaviour.
Swelling behavior is the most remarkable characteristic of hydrogel, which directly affects its drug-

carrying capacity, response speed and service life. Swelling ratio measurement is usually carried out
according to ASTM D570 standard: first weigh the mass of xerogel (Wd), then soak it in deionized water
or simulated body fluid until swelling equilibrium (Ws), calculate swelling ratio (SR) = (Ws − Wd)/Wd ×

100%. The swelling ratio of medical grade hydrogels is typically in the range of 200–1000%, depending on
the material composition and crosslinking density.

For swelling kinetics, mathematical models (such as Fickian diffusion model, Schott second-order
kinetic model, etc.) were established to analyze the swelling mechanism and rate-controlling steps of
hydrogel. These models can predict the swelling behavior of hydrogels under different environmental
conditions and provide theoretical guidance for material design and application. Temperature-sensitive
hydrogels (PNIPAM) optimize temperature response characteristics by swelling ratio measurement and are
used to regulate the spacing of plasmonic nanostructures [28]. Formaldehyde-responsive photonic hydrogels
were analyzed by swelling kinetics model to achieve a blue shift of reflection spectrum exceeding 160 nm [93].

The swelling behavior of hydrogel is closely related to its functionality. The swelling characteristics
under different conditions can be visually displayed through experiments. As shown in Fig. 3, the structural
evolution and performance difference between pCBMA-Al3+ and pCBMA hydrogel during swelling process
are revealed through Raman spectra, swelling size change, conductivity and SEM images, which provides
experimental basis for regulating swelling kinetics and functional optimization of hydrogel through ion
coordination. In recent years, important progress has been made in dynamic monitoring techniques of
swelling behavior. For example, the photonic crystal-based swelling sensor developed by Sun et al. enables
real-time monitoring of hydrogel swelling process through reflection spectral shift [95]. In addition, machine
learning has also been applied to the prediction of swelling behavior, such as Wang et al. successfully
predicted the swelling rate change of hydrogel under different environmental conditions by using neural
network model [96].
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Figure 3: Schematic illustration of the swelling behavior of hydrogels. (A) Raman spectra analysis of the pCBMA-Al3+
and pCBMAhydrogels. Swelling size (cm) of the pCBMA-Al3+ (B) and pCBMA (C) at different times. (D) Conductivity
of the pCBMA-Al3+ and pCBMA (inset shows the resistance values of the pCBMA-Al3+ and pCBMA). Cross-sectional
SEM images of freeze-dried hydrogels: pCBMA (E), pCBMA-Al3+ (F). (G) The pore size distribution curves of the
pCBMA and pCBMA-Al3+ hydrogels. Copyright 2024, Springer-Verlag GmbH, DE. Reproduced with permission from
Ref. [94]. Copyright 2024, Elsevier

2.1.3 Pore Structure and Morphology Characterization: SEM, AFM, Micro-CT Imaging
Principles and Methodology:
SEM: A scanning electron beam is passed over the surface with a resolution of up to 1 nm (e.g., Gao

observed an AuTAG array with pores ranging from 50 to 200 nm).
AFM: Probe scanning over the surface to quantify roughness (e.g., Liu discovered that Zn2+ triggers

nanotopography in hydrogels).
Micro-CT: Three-dimensional X-ray reconstruction for analysing pore connectivity (e.g., Wang’s

evaluation of the ‘liver lobule’ microstructure).
Key Parameters:
Pore size distribution (SEM/AFM), surface roughness (AFM) and porosity/connectivity (micro-CT).
Method evaluation:
SEM Advantages: high-resolution morphological observation. Limitations: requires vacuum drying,

which may damage natural structures; provides only surface information.
Advantages of AFM: in situ liquid-phase detection. Limitations of AFM: small scanning range

(<100 μm).
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MicroCT advantages: non-destructive three-dimensional structural analysis. Limitations: limited reso-
lution (~0.5 μm); metal fillers interfere with imaging.

The selection logic is as follows: surface morphology is selected using SEM/AFM (with AFM being
mandatory in liquid environments), and micro-CT is required for evaluating pore connectivity in tissue
engineering scaffold development.

The pore structure and surface morphology of hydrogels have a decisive influence on their bio-
compatibility, material transport and mechanical properties. The microstructure, surface morphology and
three-dimensional spatial distribution of hydrogel were characterized by scanning electron microscope
(SEM), atomic force microscope (AFM) and micro-computed tomography (micro-CT), which provided
basis for material performance optimization. Scanning electron microscopy (SEM) is the most commonly
used morphology observation technique, which can visually display the microstructure and pore size
distribution of hydrogels, which shows SEM images of silver nanoparticles assembled microcavity array
hydrogel at different growth times, revealing the effect of nanoparticle deposition time on the regulation
of hydrogel pore structure, providing morphological basis for hydrogel sensor design based on pore
engineering [39]. Gao et al. confirmed by SEM that the pore size of AuTAG array hydrogel is 50–200 nm [28].
Atomic force microscopy (AFM) can quantify the surface roughness. Micro-CT imaging is used for 3D
pore network reconstruction, and Wang et al. analyzed pore connectivity of “hepatic lobules” micro-tissue
through micro-CT [96].

The precise regulation of pore structure is the key to the optimization of hydrogel properties. For
example, graded porous DNA hydrogel prepared by freeze-drying method by Lu et al. significantly improved
the detection sensitivity of aflatoxin B1 [30]. In addition, the development of new imaging technology also
provides new means for the study of hydrogel microstructure, such as super-resolution optical microscope
developed by Zhang et al. to realize the visualization of hydrogel nano-scale pore structure [97]. SEM was
used to observe the pore structure of photonic crystals assembled by mesoporous silica particles, and it was
found that solute preferentially occupied mesopores, which could lead to an increase in reflection index,
thus solving the detection failure problem caused by the decrease of refractive index contrast of traditional
colloidal photonic crystals [98].

2.2 Chemical Characterization
The chemical properties of hydrogels determine their stability, functional properties and biocompat-

ibility, and are the basis of material design and application. Chemical properties testing mainly includes
component analysis, crosslinking density determination and degradation behavior research.

2.2.1 Composition Analysis: FTIR, XPS, NMR
Principles and Methodology:
FTIR: functional group vibration spectrum (COOH peak at 1700 cm−1).
XPS: elemental composition and valence (e.g., Zhang confirmed the dispersion of single Pt atoms).
Nuclear magnetic resonance (NMR): Molecular structure analysis (e.g., Chen analysed the PEG-DA

cross-linked network).
Key Parameters:

- Characteristic peak positions (FTIR)
- Elemental binding energies (XPS)
- Chemical shifts (NMR)
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Method Evaluation:
FTIR
Advantages: Rapid functional group screening.
Limitations: Low sensitivity (>1% component).
XPS advantages:

- High sensitivity
- Low sensitivity

XPS advantages: Quantitative surface element analysis (depth < 10 nm).
Limitations: Requires a vacuum environment and cannot detect H/He.
NMR advantages: Non-destructive structural analysis.
Limitations: Samples must be soluble and there is low sensitivity.
Selection logic: Choose XPS for analysing surface modifications; choose solid-state NMR for character-

ising cross-linked networks; choose FTIR for rapid quality control.
Component analysis is an important means to confirm the chemical structure and functional groups

of hydrogel. as shown in Fig. 4. It shows the preparation process and FT-IR characterization results of
PPNAH biosensor. Through the change of characteristic functional groups in infrared spectrum (such as
the appearance of amide bond absorption peak at 1600 cm), the successful coupling of penicillin enzyme
and hydrogel matrix is confirmed, which provides chemical structure evidence for the specific recognition of
penicillin G by this sensor [97]. Fourier transform infrared spectroscopy (FTIR) is used to identify functional
groups such as the-COOH peak (1700 cm−1) in polyacrylic acid. X-ray photoelectron spectroscopy (XPS)
can quantify the elemental composition, Zhang et al. confirmed the atomic dispersion of Pt in Co3O4/Pt
monoatomic catalyst by XPS [72]. Nuclear magnetic resonance (NMR) was used to analyze the crosslinking
network, and Chen et al. used 1 H-NMR to determine unreacted monomer residues in polyethylene glycol
diacrylate (PEG-DA) [99].

The sensitivity and resolution of compositional analysis techniques continue to improve. For example,
synchrotron radiation XPS technology developed by Wang et al. realized nano-resolution imaging of element
distribution on hydrogel surface [100], and characterized the structure of synthesized 3-QW-NiFe metal
hydrogel by energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) [100]. In addition, the development of in-situ characterization technology also provides
a new perspective for the study of hydrogel chemical properties, such as Liu et al. monitoring the dynamic
process of hydrogel crosslinking reaction through in-situ FTIR [85]. To further elucidate the intricate
composition and chemical states within advanced hydrogel composites, comprehensive spectroscopic char-
acterization is indispensable. As shown in Fig. 5, the elemental mapping (Panel A) of the 3-QW-NiFe xerogel
confirms the homo-geneous distribution of C, N, O, Fe, and Ni, indicating a well-integrated metallic hydrogel
network. The FTIR spectra (Panel B) and XRD patterns (Panel C) provide evidence for successful composite
formation and crystallographic structure. Furthermore, the full XPS survey spectra (Panel D) and the high-
resolution scans of Ni 2p (Panel E) and Fe 2p (Panel F) offer critical insights into the elemental composition
and valence states, revealing the synergistic interactions between the metal ions and the organic matrix that
are pivotal for the hydrogel’s enhanced functional properties [100].
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Figure 4: Fabrication and characterization of PPNAH biosensors. (A) Schematic manufacturing diagram (A1→A4),
PG identification (A4 →A5) and recycling (A5 →A6). SEM images of (B) PNAH, (C) penicillinase-modified PNAH
(PPNAH), (D) and PG-recognized PPNAH (PPNAH@PG). (E,F) SEM/EDS images of PPNAH and scale bars are
15 μm in Fig. 1, such as FT-IR spectra of (G) PNAH, PPNAH, and PPNAH@PG. (H) Reflectance spectra and digital
photographs (inset) of PPNAH before (red line) and after (blue line) in response to PG. PG = 1000 U/mL ≈ 2.8 mM.
Reproduced with permission from Ref. [97]. Copyright 2024, Elsevier
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Figure 5: (A) Elemental mapping of C, N, O, Fe, and Ni of 3-QW-NiFe xerogel. (B) IR spectra. (C) XRD pattern of
3-QW powder and 3-QW-NiFe xerogel. Full XPS survey spectra of 3-QW powder and 3-QW-NiFe xerogel (D), high
resolution spectra of Ni 2p (E) and Fe 2p (F), respectively. Reproduced with permission from Ref. [100]. Copyright
2025, Elsevier

2.2.2 Determination of Crosslinking Density: Swelling Method, Mechanical Modulus Back Extrapolation
Method Principle:
Swelling Method: Based on the Flory-Rehner theory, the modulus (G) is calculated using the equation:

G = (RT ∗ φˆ(1/3)) / (V_r ∗ (φˆ(1/3) − φ/2)).
Modulus Back-Calculation Method: ν_e = G/(RT) (rubber elasticity theory).
Key Parameters:
Crosslink density (mol/m3) and swelling equilibrium parameter (φ).
Method Evaluation:
Advantages of the Swelling Method: Broad applicability (e.g., adjusting Mg2+ concentration in DNA

hydrogels)
Limitations: It assumes an idealized network structure and ignores entanglement.
Modulus inversion advantages: Direct correlation with mechanical properties
Limitations: Only applicable in the elastic dominance region (fails when G’ > G).
Selection logic: Swelling method for soft gels with high water content and modulus inversion for highly

crosslinked elastomers.
Crosslinking density is a key parameter affecting the mechanical properties, swelling behavior and

stability of hydrogels. The swelling method is the most commonly used method for determining the
crosslinking density. Based on Flory-Rehner theory, the crosslinking density is calculated by equilibrium
swelling ratio. Mechanical Modulus Backward Method By measuring the elastic modulus of hydrogels, the
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crosslinking density is estimated by the elastic theory of rubber. DNA hydrogel can adjust the crosslinking
density by adjusting Mg2+ concentration. The swelling ratio measurement shows that the swelling ratio
decreases by 30% and the mechanical modulus increases to 120 kPa at high crosslinking density (Mg2+

concentration 10 mM) [101].
Accurate determination of crosslinking density is crucial to the regulation of hydrogel properties. For

example, Cao et al. significantly improved the sensitivity of alginate hydrogels to putrescine (detection limit
10−9–10−10 mol/L) by optimizing the crosslinking density [102].

2.2.3 Degradation Behavior: In Vitro Simulated Degradation Experiment, Mass Spectrometry Analysis
Principles and Methodology:
In Vitro Degradation: Monitor mass loss in a phosphate-buffered saline (PBS)/enzyme solution. For

example, Li’s polybutyrate hydrogel degraded by 72.4% over 28 days.
Mass Spectrometry Analysis: Identify the molecular weights of degradation fragments (e.g., no degra-

dation fragments were detected in the chitosan hydrogel).
Key Parameters:
Mass loss rate, fragment molecular weight distribution, and enzymatic degradation rate constant.
Method Evaluation:
Advantages of in vitro degradation: low cost and high throughput (ISO 10993 standard process).

Limitations: cannot simulate in vivo dynamic environments.
Advantages of mass spectrometry: precise fragment analysis. Limitations: cannot distinguish between

fragment sources (material vs. metabolic products).
Selection logic: Use in vitro degradation for initial screening and combine mass spectrometry for

biosafety verification in preclinical studies.
The study of degradation behavior is particularly important for the application of hydrogels in biomed-

ical field. In vitro simulated degradation experiments are usually carried out in PBS solution (pH 7.4) or
solutions containing enzymes (such as lysozyme and collagenase) at 37○C. The degradation performance
was evaluated by periodically measuring the mass loss, mechanical property change and degradation
product release of the samples. Mass spectrometry can identify the molecular structure and composition
of degradation products and assess their biological safety. For example, poly (1-pyrenebutyric acid)/sodium
alginate hydrogel developed by Li et al. degraded 72.4% in 28 days [36]. After incubation in phosphate
buffer at pH 6.8 for 7 days, weighing method showed mass loss < 5%, confirming its chemical stability; mass
spectrometry analysis did not detect chitosan degradation fragments, indicating that the ion-imprinted layer
inhibited matrix decomposition, and the stable degradation behavior ensured the reusability of IICA in Cd
(II) adsorption and detection [103].

Precise regulation of degradation behavior is the key to clinical application of hydrogel. For example,
Yang et al. developed enzyme-sensitive peptide-modified hydrogels whose degradation rate can be precisely
controlled by enzyme concentration [43]. In addition, breakthroughs have been made in real-time moni-
toring technology of degradation products, such as microdialysis coupled with mass spectrometry system
developed by Liu et al., which realizes online analysis of hydrogel degradation products [85].
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2.3 Biocompatibility Characterization
The application of hydrogel in biomedical field must meet strict biocompatibility requirements, includ-

ing cell compatibility, histocompatibility and degradation safety. Biocompatibility testing is a key step in
evaluating the clinical potential of hydrogels.

2.3.1 Cytocompatibility Characterization: Cell Proliferation/Toxicity Test (MTT, Live and Dead Staining)
Method Principle:
MTT Assay: Mitochondrial dehydrogenase reduces MTT to purple formazan, and the OD value

quantifies the survival rate.
Live/Dead Staining: Dual staining with calcein-AM (green) and iodopurine (red) is observed under

fluorescence microscopy.
Key Parameters:
Cell survival rate (≥70% is the medical threshold) and the proportion of live and dead cells.
Method Evaluation:
MTT
Advantages: Quantitative and efficient (e.g., verifying low toxicity in cellulose hydrogel).
Limitations: It indirectly reflects metabolic activity rather than directly measuring survival rate.
Live/dead staining advantages: It directly assesses single-cell status (e.g., gelatin patch wound healing

studies).
Limitations: Semi-quantitative and low throughput.
Selection logic: Use MTT for high-throughput screening and live/dead staining for 3D cultures or

complex microenvironments.
Cellular compatibility is the primary indicator for evaluating the biological safety of hydrogels. MTT

assay is the most commonly used method to detect cytotoxicity, which reflects cell survival rate by measuring
mitochondrial dehydrogenase activity. According to ISO 10993-5 and GB/T 16886.5 standards, the cell
survival rate of medical materials should be ≥70% (L929 fibroblasts as the model). The method of living
and dead staining shows the living state of cells visually by double staining with calcein AM (live cells)
and propidium iodide (dead cells). Nitrogen-doped carbon quantum dots prepared from cellulose hydrogel
were verified to have low toxicity by MTT and used for Hg2 detection [104]; gelatin hydrogel patches were
evaluated for cell compatibility by live and dead staining and used for wound repair research [40] The cell
compatibility evaluation system was continuously improved. For example, Debnath et al.’s photopatterned
hydrogel microwell array combined with a deep learning algorithm enables high-throughput biocompatibil-
ity assessment (mAP up to 0.989) at the single cell level [105]. In addition, the development of 3D cell culture
model also provides an evaluation platform closer to in vivo environment for hydrogel biocompatibility
research, such as pancreatic β cell microtissue model constructed by Duan et al. [46].

2.3.2 In Vivo Biodegradation Characterization: Animal Model Tracking, Tissue Section Analysis
Principles and Methodology:
Animal Model: Tissue samples were taken after implantation and stained with H&E to observe

inflammation. This was confirmed by Chen, who found that the P(AA-co-N-MA) hydrogel does not
cause inflammation.



J Polym Mater. 2025;42(3) 641

Tissue sections: Masson staining to assess collagen deposition and immunohistochemistry to detect
specific proteins.

Key Parameters:
Inflammation score (ISO 10993-6), neovascularization density, and collagen area ratio.
Method Evaluation:
Advantages of Animal Models: Evaluation in a real physiological environment
Limitations: High ethical costs and significant species differences.
Advantages of tissue sections: Analysis of pathological mechanisms
Limitations: Endpoint analysis lacks dynamic processes.
Selection logic: Animal experiments are mandatory according to regulations, and mechanistic studies

require the use of multi-staining techniques.
In vivo biodegradation study the degradation behavior and host response of hydrogels were evaluated by

animal models. Common methods include subcutaneous implantation, muscle implantation or implantation
in specific sites (such as bone defect area), and periodic sampling for histological analysis. H&E staining
was used to observe inflammatory reaction, Masson staining to evaluate collagen deposition, and immuno-
histochemistry to analyze specific protein expression. According to ISO 10993-6 standard, the degree of
inflammatory cell infiltration after implantation for 28 days is an important indicator for evaluating the
histocompatibility of materials. Chen et al. demonstrated that P(AA-co-N-MA)/PEDOT:PSS hydrogel had
no significant inflammatory response within 28 days by mouse model [92].

Precision and non-invasiveness of in vivo evaluation technology is an important development trend. For
example, Liu et al. developed fluorescence-NMR dual-mode probe, which realized real-time non-invasive
monitoring of hydrogel degradation process [45]. In addition, the application of large animal models also
provides more reliable data support for clinical transformation of hydrogels, such as Yang et al. assessing
the biocompatibility of DNA hydrogel microneedles [43]. The stability of agarose hydrogel sensors has been
confirmed by animal models, blocking the adsorption of biological macromolecules in whole blood [86].

2.4 Functional Characterization
Functional testing is aimed at optimizing the performance of hydrogels in specific application scenarios,

covering drug release, environmental response and electrochemical characteristics, etc., and is a bridge
connecting basic research and practical application of materials.

2.4.1 Evaluation of Drug Release Performance: HPLC, Fluorescent Label Tracking
Principles and Methodology:
HPLC: Chromatographic separation and quantification of drug concentration (e.g., 40% doxycycline

release from lanthanum ion hydrogel over 24 h).
Fluorescent labeling: Labeling drug molecules to monitor release kinetics in real time (e.g., tracking

formaldehyde diffusion as done by Liu).
Key Parameters:
Cumulative release rate, burst release effect, and release rate constant.
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Method Evaluation:
High-performance liquid chromatography (HPLC)
Advantages: Precise quantification of multiple components (e.g., sustained-release data from ZIF-

8@hydrogel).
Limitations: Sample destruction and inability to monitor in situ.
Fluorescent labeling advantages: Real-time, in situ tracking (e.g., bFGF gelatin hydrogel).
Limitations: Labeling may alter drug properties.
Selection logic: Choose HPLC for quantitative release curve analysis and choose fluorescent labeling to

study release mechanisms or spatial distribution.
Drug release performance is the core evaluation index of drug-loaded hydrogels. High performance

liquid chromatography (HPLC) is the mainstream technique for drug release analysis. Mei et al. con-
firmed the sustained release efficiency of lutetium ion hydrogel to doxycycline by HPLC (40% release in
24 h) [106]. Fluorescence labeling method is used for real-time tracking, such as Liu et al. using near-
infrared probes to monitor formaldehyde diffusion in hydrogel [31]. Release kinetics optimize treatment
effectiveness. Gelatin hydrogels loaded with bFGF were used in wound healing studies to track drug release
by fluorescent labeling [40]. The drug loading and release efficiency of different hydrogels vary significantly,
as shown in Table 3. Table 3 compares the drug loading, 24-h release rate and detection technology of
different hydrogels, showing that intelligent responsive hydrogels (such as lutetium ion hydrogel) can realize
controlled release of drugs through structural design, providing data reference for optimization of targeted
drug delivery system.

Table 3: Comparison of drug release properties

Hydrogel type Drug loading (mg/g) 24-h release rate Detection technique
Lutetium-ion hydrogel 5.8 40% HPLC

PLGA microspheres 12.3 65% Fluorescence labeling
ZIF-8@hydrogel 8.7 30% Microdialysis +HPLC

Drug release monitoring technology is constantly developing towards real-time and accurate. For
example, temperature-sensitive hydrogels can be used to determine drug release efficiency by HPLC, which
can be combined with temperature trigger mechanism to improve targeting [28]. In addition, important
progress has also been made in the research of stimulus-responsive release systems, such as the near-
infrared light-controlled hydrogel developed by Zhao et al., which realizes the time-space accurate release of
drugs [42].

2.4.2 Characterization of Environmental Responsiveness: Real-Time Monitoring of Temperature/pH/Light
Responsiveness
Method Principle:
Real-time monitoring: Spectroscopy (wavelength shift, reflection, or absorption) or electrical signals

(resistance or capacitance) in response to stimuli.
Key Parameters:
Response time (seconds), sensitivity (e.g., pH hydrogel detection of Fe3+ with a limit of 0.58 μmol/L),

and cyclic stability.
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Method Evaluation:
Spectroscopy
Advantages: Non-contact detection (e.g., photonic crystal hydrogel detection of penicillin G).
Limitations: Optical interferences may affect accuracy.
Advantages of the electrical signal method: easy integration with electronic devices (e.g., PEDOT:PSS

hydrogel Fe3+ detection). Limitations: requires conductive materials.
Selection logic: Choose the spectroscopic method for high biocompatibility requirements and the

electrical signal method for wearable device integration.
Environmental responsiveness is an important characteristic of intelligent hydrogels. Stimulus-

responsive hydrogels can be dynamically monitored by changes in spectra or electrical signals. For example,
temperature-sensitive hydrogels developed by Gong et al. release EV71 virus at 45○C [5], while photonic
crystal hydrogels detect penicillin G by reflection wavelength shift [97]. pH responsive hydrogels detect Fe3+

by color change (detection limit 0.58 μmol/L) [107].
Environmental response monitoring technologies are becoming increasingly sensitive and responsive.

For example, the high-frequency ultrasonic imaging system developed by Shi et al. has achieved millisecond
resolution observation of hydrogel phase transition process [60]. In addition, breakthroughs have also been
made in the study of multi-response hydrogels, such as the temperature-pH dual-response hydrogel designed
by Chen et al., which can simultaneously indicate two environmental parameters through color changes [92].

2.4.3 Electrochemical Performance Measurement: Impedance Spectrum, Conductivity Test
Method Principle:
Impedance spectroscopy (EIS) measures impedance at different frequencies and fits an equivalent

circuit (e.g., MXene sensors for hydrogen peroxide detection).
Conductivity testing: The four-probe method eliminates contact resistance (e.g., changes in the

conductivity of PEDOT:PSS hydrogels).
Key Parameters:
Conductivity (≥1 S/m is the threshold for flexible electronics), charge transfer resistance (R_(ct)), and

double-layer capacitance.
Method Evaluation:
EIS advantages:

- Analyze interface reaction mechanisms (e.g., the linear relationship between Fe3+ concentration and
conductivity);

- Limitations: Data analysis is complex.
Four-probe method advantages: Accurate bulk conductivity. Limitations: Not suitable for

anisotropic materials.
Selection logic: Choose EIS for sensor interface optimization and the four-probe method for screening

conductive materials.
Electrochemical properties are critical to the application of conductive hydrogels. Electrochemical

impedance spectroscopy (EIS) analyzes charge transfer and substance transport processes by measuring
impedance response at different frequencies. Chen et al. confirmed that Fe3+ concentration is linearly related
to P(AA-co-N-MA)/PEDOT:PSS conductivity through EIS [92]. The conductivity of conductive hydrogels
(such as polyaniline/polyvinyl alcohol system) is usually required to be ≥1 S/m to meet the requirements
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of flexible electronic devices. Electrochemical technology improves detection accuracy. The MXene-based
sensor monitors H2O2 through impedance spectroscopy, with a detection limit of 1.08 × 10−3 mM [108];
the conductive PEDOT:PSS hydrogel detects Fe3+ through changes in conductivity, and integrates electronic
equipment to achieve health warning [92].

Conductivity, as a core performance index, directly affects signal conduction and sensing accuracy in
flexible electronic devices. Performance optimization and function expansion of conductive hydrogels are
research hotspots. For example, the conductivity peaks with the CNCs@PDA-Au nanomaterial concentra-
tion of 3 mg/mL, revealing the intrinsic correlation between the nanomaterial loading and the hydrogel
conductive network construction efficiency, providing a key basis for optimizing the functional design of
conductive hydrogels through conductivity testing [73]. The PDEA-HRP/MXene/PG composite hydrogel
electrochemical biosensor developed by Ma et al. not only realizes high sensitivity detection of H2O2
in a wide linear range of 0.04–1.80 mM (detection limit up to 1.08 × 10−3 mM), but also successfully
constructs a variety of biomolecular electrocatalytic logic gate systems including 5-input/5-output logic gate
networks, which provides a new detection platform for disease prevention and diagnosis and biomolecular
calculation [108].

3 Challenges Faced by Existing Detection Methods
Although significant progress has been made in the detection technology of hydrogel, there are still

many challenges in standardization, dynamic monitoring, micro-macro correlation and complex envi-
ronmental adaptability. This chapter systematically analyzes the core limitations of the existing detection
methods, and combined with typical cases and cutting-edge research, reveals the technical bottlenecks and
improvement directions.

3.1 Standardization
3.1.1 Problem: Lack of Standardization

The rapid development of hydrogel detection techniques has been accompanied by significant material
preparation diversity and methodological confusion. Material preparation and testing procedures vary
significantly between laboratories, resulting in results that are not comparable. For example, when silver
nanoparticles modify hydrogel substrates, the reducing agent (e.g., sodium borohydride vs. ascorbic acid)
or crosslinking method (photoinitiation vs. ionic crosslinking) used in different laboratories leads to
differences in nanoparticle size distribution (10–100 nm), which directly affects SERS signal intensity and
reproducibility [109,110]. In terms of detection process, there is no uniform specification for key steps such
as background subtraction and calibration curve establishment in fluorescence detection, which makes the
detection limit of similar sensors in literature fluctuate by 1–3 orders of magnitude (e.g., Hg2+ detection
limit varies from 0.2 μM to 15 nM [104,111]). In addition, the absence of quality control indicators (such as
industry standard values for crosslinking density and minimum requirements for degradation rates) makes
it difficult to compare test methods developed by different teams horizontally, hindering the process of
technical standardization.

This challenge directly impacts the characterization of hydrogels’ chemical properties (such as com-
positional analysis and crosslinking density measurement) and functional performance (such as drug
release evaluation). For instance, the lack of standardized methods for determining crosslinking density
leads to incomparable mechanical test results across different research teams, thereby hindering material
optimization and application suitability assessment.
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3.1.2 Solution: Establishment of Grading Standard System
The standardization of hydrogel testing technology is the key to promote the comparability of material

properties and industry standardization. The establishment of grading standard system can effectively solve
the problems of chaotic testing process and incomparable results. Hierarchical standardization: Develop
subdivision standards by material type (e.g., synthetic gel, natural gel, intelligent response gel); Cross-
platform calibration: Establish reference sample libraries (e.g., NIST standard hydrogel) for data calibration
between devices; Open source algorithm sharing: Develop uniform data processing software (e.g., Python
script) to reduce human interpretation bias.

This solution addresses the standardization requirements for characterizing the chemical properties
(e.g., Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), nuclear
magnetic resonance (NMR)) and physical properties (e.g., mechanical testing, swelling behavior) of hydro-
gels. For instance, the establishment of a unified FTIR testing process and data analysis algorithm would
ensure the comparability of analysis results for hydrogel functional groups across different laboratories,
thereby providing a reliable basis for material design.

3.2 Dynamic Process Monitoring
3.2.1 Problems: Dynamic Transient Changes Are Difficult to Capture

The dynamic characteristics of hydrogels make real-time monitoring of their rapid gelation and
degradation process a major challenge. Although traditional methods such as rheometer can characterize
gelation time, it is difficult to capture the dynamic crosslinking process at molecular level. Although the
Glu-MIPH sensor developed by Sun et al. can monitor the molecular recognition process through Debye
diffraction ring change, its time resolution (≥10 s) is still insufficient to reveal the rapid conformation
change of sub-second level, which reveals the bottleneck of traditional detection technology in tracking sub-
second dynamic events and provides an improvement direction for developing high time resolution in-situ
monitoring technology [112]. To further illustrate the challenges in capturing rapid dynamic responses, Fig. 6
presents the selectivity, response time, and sensitivity of a typical molecularly imprinted photonic hydrogel
sensor (Glu-MIPH) for L-glutamic acid detection. As shown in Fig. 6A, the sensor exhibits excellent
selectivity against interfering compounds. Fig. 6B demonstrates its rapid response within seconds, yet even
such advanced systems struggle to resolve sub-second conformational changes, highlighting the limitations
of current technologies in monitoring ultrafast hydrogel dynamics. The linear detection ranges in Fig. 6C,D
further underscore the need for higher temporal resolution in real-time sensing applications.

The crosslinking process of DNA hydrogels depends on Mg2+ concentration, but its gelation time (from
seconds to hours) and network structure evolution lack dynamic characterization means, and can only be
indirectly inferred from ex post swelling ratio or mechanical modulus [101]. In terms of degradation behavior,
in vitro simulation experiments (such as phosphate buffer incubation) cannot completely reproduce the
complex environment in vivo (such as enzyme concentration gradient, pH microenvironment), resulting
in the degradation rate of chitosan hydrogel in animal models faster than in vitro by 30%–50% [8].
Such differences may trigger bias in drug release kinetics predictions or distortions in biocompatibility
assessments, limiting clinical translation. In addition, the lack of real-time monitoring technology makes it
difficult to accurately obtain the dynamic changes of key parameters such as local pH value and mechanical
properties during degradation, which restricts the design optimization of controllable degradation hydrogel.

This challenge imposes elevated demands on testing methodologies, such as dynamic mechanical
analysis (DMA) and swelling kinetics modeling of hydrogels. For instance, while traditional DMA can
adequately characterize the viscoelasticity of hydrogels, it lacks the capability to capture the instantaneous



646 J Polym Mater. 2025;42(3)

response of the cross-linked network in dynamic environments (e.g., temperature changes) in real time. This
limitation restricts the optimization of the application of smart hydrogels.

Figure 6: (A) Detection selectivity and immunity to interference. The concentration of each compound is 10 mM,
regardless of the pure and mixed solutions (Mix-1 and Mix-2). (B) Response time (in 10 mM L-Glu solution). (C)
Detection sensitivity. Image: Linear correlation of L-Glu concentrations in the range of 1–10 μM. (D) Linear correlation
of L-Glu concentrations in the range of 20–100 μM. Reproduced with permission from Ref. [112]. Copyright 2025,
Elsevier

3.2.2 Solution: Dynamic Monitoring of New Technologies
Emerging technologies offer the possibility of solving the dilemma of capturing dynamic transients.

Miniaturized sensing technology: develop fiber optic probes or nano-electrodes implanted in hydrogel to
monitor parameters such as pH and ion concentration in real time; non-invasive imaging: use optical
coherence tomography (OCT) or Raman spectroscopy to achieve nondestructive dynamic imaging; com-
putational simulation assistance: combine finite element analysis (FEA) to predict dynamic processes and
reduce experimental blind spots.

Optical coherence tomography (OCT) is another promising technique, and Sun et al. successfully
tracked the dynamic evolution of pore structure in hydrogels using OCT [95]. In addition, computational
fluid dynamics (CFD) simulation can assist in predicting substance transport behavior, for example, Wang
et al. established a “liver lobe” model to accurately predict drug diffusion system [96].

These novel technologies complement the dynamic mechanical analysis and swelling behavior evalu-
ation methods of hydrogels. For instance, OCT technology can be utilized in conjunction with DMA to
observe the microscopic structural changes of hydrogels under mechanical loading in real time, thereby
establishing a more accurate dynamic performance model.
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3.3 Micro-Macro Performance Correlation Detection
3.3.1 Problem: Multiscale Modeling Challenges

Macroscopic properties of hydrogel (such as mechanical strength and drug release rate) are com-
plex related to its microstructure (pore size and crosslinking density), but existing studies mostly stay
in qualitative description and lack quantitative models, as shown in Tables 4 and 5. Tables 4 and 5 list
the defects of typical models in micro-macro correlation study and multi-scale correlation study cases
respectively, indicating that the quantitative analysis of factors such as channel tortuosity and dynamic bond
contribution in current research still needs to be improved. The three-dimensional porous structure of β-
cyclodextrin/carbon dot hydrogel can increase the adsorption capacity of malachite green to 1789 mg/g,
but the quantitative relationship between porosity (such as macroporous fraction) and adsorption kinetics
still depends on trial and error method [38]. The interface between nanomaterials and hydrogel matrix
lacks atomic characterization methods, which leads to the difficulty of selective regulation of sensors. The
fluorescence quenching mechanism of CdTe quantum dots in hydrogel may be due to electron transfer or
energy resonance, but it is difficult to distinguish it clearly by existing characterization techniques (such as
XPS and FTIR) [104,113], which restricts the rational design of high-performance sensors.

Table 4: Micro-macro correlation case studies

Research objective
Microscopic

characterization
techniques

Macroscopic
property
testing

Limitations of
correlation

model
Effects of pore size on drug

release
SEM +Mercury

intrusion porosimetry
HPLC analysis Neglecting

pore tortuosity
Relationship between

crosslinking density and
modulus

Swelling method +
NMR

Universal
testing

machine

Not accounting
for dynamic

bond
contributions

Surface roughness and cell
adhesion

AFM Live/dead
staining

Unquantified
adhesion force

distribution

Table 5: Multi-scale correlation study case

Research objective Microscopic
characterization Macroscopic testing Correlation model

Relationship between pore
size and drug release

Micro-CT (5 μm
resolution)

HPLC (High
performance liquid
chromatography)

Modified higuchi model

Correlation between
crosslinking density and
electrical conductivity

Solid-state NMR (Nuclear
magnetic resonance)

Four-probe method Percolation
theory-exponential model

Surface topography and
cell behavior

AFM (Atomic force
microscopy, nanoscale)

Live/dead staining Random forest
classification algorithm

This challenge directly affects the correlation between the pore structure and morphology character-
ization of hydrogels (e.g., SEM, AFM, micro-CT imaging) and their macro performance (e.g., mechanical
strength and drug release). For instance, while SEM can yield microscopic morphology information about
hydrogels, it lacks a direct quantitative correlation model with macro mechanical performance.
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3.3.2 Solution: Cross-Scale Characterization Techniques
Cross-scale experimental design: combining SEM (nano-scale), micro-CT (micro-scale) and mechani-

cal testing (macro-scale) to establish structure-property database; machine learning assisted modeling: using
neural network to fit the nonlinear relationship between microscopic parameters (such as pore diameter,
crosslinking density) and macroscopic properties; dynamic bond quantification technology: using in situ
Raman spectroscopy or atomic force microscopy (AFM) to quantify the change of hydrogen bond density
with strain.

These methodologies address the issue of multi-scale characterization of hydrogels. For instance, by
integrating the data from scanning electron microscopy (SEM) and mechanical testing through machine
learning models, it is possible to predict the impact of different pore structures on the drug release behavior
of hydrogels. This, in turn, allows for the optimization of material design.

3.4 Detection in Complex Environments
3.4.1 Problems: Limits of Detection

Hydrogels often face multi-physical field coupling environment (such as temperature fluctuation,
mechanical stress, biomolecular interference) in real application scenarios, while laboratory tests are mostly
carried out under simplified conditions, resulting in performance prediction distortion.

Multi-factor coupling effects: Single variable tests (e.g., humidity control only) cannot simulate
ion-temperature-mechanical multi-field coupling effects in sweat. Biological contamination interference:
implantable hydrogel is easy to be non-specific adsorption of proteins in vivo, affecting the detection
accuracy. Extreme environmental adaptability: high temperature/high pressure challenges. Hydrogels in
practical applications are often exposed to temperature, mechanical stress, chemical substances and other
factors coupled environment. Laboratory single-factor tests are difficult to simulate this complexity. For
example, wearable hydrogel sensors are affected by both stretching and temperature fluctuations in a sweaty
environment (containing Na/K/urea). Chen et al. reported that multi-field coupling can deviate conductivity
measurements of PEDOT:PSS hydrogels from single-factor test results by up to 35% [92]. In addition, non-
specific adsorption of proteins (e.g., albumin in serum) can also significantly affect the performance of
implantable hydrogels.

This challenge imposes heightened demands on the functional characterization of hydrogels (e.g., elec-
trochemical performance testing, environmental responsiveness monitoring). For instance, single-variable
conductivity testing in a laboratory setting is incapable of replicating the actual performance of wearable
devices under conditions of perspiration.

3.4.2 Solution: Bionic Test Platform
Biomimetic detection platform development: design multi-parameter controllable reactor, syn-

chronously simulate temperature, humidity, stress and chemical environment; anti-interference sensing
technology: use molecular imprinting or aptamer modification to improve selectivity; extreme environment
pre-training:screening resistant materials through accelerated aging experiments (such as high temperature
and high pressure cycles), combined with machine learning to predict life.

Microfluidic chips provide an ideal platform for complex environment simulation. Anti-fouling surface
modification is another solution, and the BSA-carbon black composite hydrogel developed by Yu et al.
maintains stable electrochemical properties (signal attenuation < 5%) in serum [114].
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These approaches address the limitations of electrochemical performance measurement and environ-
mental responsiveness characterization of hydrogels. For instance, biomimetic testing platforms have the
capacity to simulate sweat environments, thereby facilitating a more precise evaluation of the performance
of conductive hydrogels in wearable devices.

3.5 Multi-Dimensional Performance Analysis of Detection Technologies
To comprehensively evaluate the overall performance of different detection technologies, this paper

constructs a multidimensional evaluation matrix (see Table 6), which provides a quantitative compari-son
of six mainstream detection technologies across four dimensions: sensitivity, specificity, cost, and portability.

Table 6: Matrix comparison table (Scoring:☀1–5☀, more☀ indicates better performance)

Detection technology Sensitivity Specificity Cost Portability
CRISPR-Cas biosensor ☀☀☀☀☀ ☀☀☀☀☀ ☀☀☀✩✩ ☀☀☀✩✩

Surface-enhanced raman
scattering (SERS)

☀☀☀☀✩ ☀☀☀☀✩ ☀☀✩✩✩ ☀☀☀✩✩

Fluorescence detection ☀☀☀☀✩ ☀☀☀✩✩ ☀☀☀✩✩ ☀☀☀☀✩

High-performance liquid
chromatography (HPLC)

☀☀☀☀✩ ☀☀☀☀☀ ☀☀☀☀☀ ☀✩✩✩✩

Microfluidic chip ☀☀☀✩✩ ☀☀☀✩✩ ☀☀☀☀☀ ☀☀☀☀☀

Electrochemical impedance
spectroscopy (EIS)

☀☀☀✩✩ ☀☀☀✩✩ ☀☀☀✩✩ ☀☀☀✩✩

Note: Performance ratings in the table are indicated by stars (☀), with more stars representing better
performance (e.g.,☀☀☀☀☀ denotes optimal performance).

The matrix employs a multifaceted evaluation framework encompassing four pivotal dimensions to
assess the sensitivity, specificity, cost, and portability of the six predominant detection technologies. Utilising
a star rating system ranging from one to five stars, the matrix provides a comprehensive quantitative
assessment, facilitating informed decision-making. The use of CRISPR-Cas and HPLC is associated with
high levels of sensitivity and specificity, but these methods are costly. Microfluidic chips offer significant
advantages in terms of cost and portability. SERS and fluorescence detection offer a certain degree of
precision and field applicability. Finally, EIS is relatively balanced in terms of performance, making it an
intuitive reference for technology selection. SERS and fluorescence assay have been shown to possess a certain
degree of accuracy and applicability in the field, while EIS has been demonstrated to exhibit a more balanced
performance, thus providing an intuitive reference for technology selection.

4 Development Trends of Hydrogel Testing Methods
With the wide application of hydrogel materials in biomedicine, flexible electronics and environmental

engineering, higher requirements are put forward for its performance testing technology. Traditional detec-
tion methods have shown obvious limitations in sensitivity, real-time and multi-parameter collaborative
analysis. The future development of hydrogel detection technology needs to break through the bottleneck
of existing technologies and integrate intelligent, in-situ, multimodal and standardized concepts to meet the
needs of complex application scenarios.
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4.1 Standard System Construction
Establishing a sound standard system is the basis for the development of the industry. The International

Organization for Standardization (ISO) is developing a Guide to Intelligent Hydrogel Testing, which covers
three sub-standards: physical properties (ISO 23766), chemical properties (ISO 23767) and biocompatibility
(ISO 23768). Regional collaboration is also important, such as the Asia-Pacific interlaboratory comparison
program of organizations such as Zhang, which significantly improves data comparability (CV reduced from
15% to 5%) [97].

4.2 Intelligent Detection Technology
The rapid development of artificial intelligence technology has provided a new methodology for

hydrogel testing. Traditional detection methods rely on preset experimental schemes and artificial data
analysis, while AI technology can optimize the test process and mine hidden data features through deep
learning algorithms.

Deep Learning Energized Signal Analysis: Convolutional Neural Networks (CNN) are used to process
optical images (e.g., RGB values, SERS spectra) of hydrogel sensors to automatically identify target signals
in complex matrices. For example, smartphone-based colorimetric detection platforms use deep learning to
correct background noise and greatly improve the accuracy of pesticide residue detection [111,115].

The introduction of robotics is changing the traditional mode of detection: Wang et al. developed the
AutoHydro system to automate the entire process from sample preparation to data analysis (throughput
96 samples/d) [100]. Microfluidic chips are another direction, integrating micropumps, valve systems and
hydrogel sensors to automate the whole process of sample injection, reaction and detection. Liu et al.’s
“lab-on-a-chip” platform requires only 5 μL of sample to complete swelling ratio, pH response and cell
compatibility tests [39]. These advances will greatly improve detection efficiency and reproducibility. For
example, the “liver lobe” micro-tissue biosensor constructs microfluidic channels through 3D bioprinting
technology, and aflatoxin B1 detection is completed within 45 min [96]. For example, urease modified
hydrogel motor realizes urea molecular dynamic tracking through autonomous movement, and combined
with impedance spectroscopy analysis, the detection limit is as low as 0.1 μM [116].

4.3 In Situ and Real-Time Monitoring
4.3.1 Microsensor Integration

Hydrogel sensors are integrated with microfluidic chips, flexible electronic components or wearable
devices to achieve real-time tracking of targets in the original environment and avoid information distortion
caused by sample pretreatment. miRNA 21 and let-7a were detected directly in serum samples without
purification, with detection limits of 27.8 and 24.7 pM, respectively. The integration of microfluidic chips
reduces the detection time from several hours to 30 min in traditional methods and enables simultaneous
analysis of multiple indicators [32].

4.3.2 Nondestructive Imaging Technology Development
Optical Coherence Elastography (OCE) combines the high resolution (1–15 μm) and mechanical

sensitivity of OCT. Liu et al. successfully mapped the local Young’s modulus distribution of hydrogel with
OCE (accuracy ±2 kPa). Photoacoustic imaging (PAI) is another promising technique. Gao et al. realized
three-dimensional dynamic tracking of gold nanorod labeled hydrogel (depth 5 mm, resolution 50 μm)
through PAI [28]. These techniques are expected to promote the development of hydrogel in vivo monitoring.
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4.4 Multimodal Combined Technology
4.4.1 Combined System Design

Complementary detection techniques can be integrated to characterize hydrogel properties compre-
hensively. Rheo-Raman coupling system is a typical representative. Chen et al. revealed the strain-molecular
orientation relationship of PEDOT:PSS hydrogel by simultaneously collecting rheological data and Raman
spectra [92]. Another innovation is the AFM-IR technique, where Wang et al. correlated local chemical
composition (IR) with mechanical properties (AFM) at the nanoscale [100]. These combined techniques
provide a new perspective for understanding the structure-function relationship of hydrogels.

4.4.2 Data Fusion Analysis
Multi-source data fusion is the key to give full play to the advantages of joint application technology.

Figure Neural Network (GNN) also shows unique value. Liu et al. used GNN to analyze porous structure-
drug release relationship with prediction error < 5% [39]. These methods are pushing hydrogel detection into
the multidimensional era.

4.5 Examples of Cross-Scale Characterisation Techniques
In the domain of hydrogel detection, cross-scale characterization techniques have been demonstrated

to quantitatively assess the correlation between microstructure and macro performance by integrating
multiple detection methodologies. For instance, in the study of DNA-functionalized frozen gels for aflatoxin
B1 detection, cryo-scanning electron microscopy (Cryo-SEM) revealed their unique hierarchical pore
structure (pore sizes ranging from approximately 10 to 500 μm), which provides efficient channels for
material transport. Macro-scale swelling experiments demonstrated that target substance diffusion could be
completed within 45 min [30]. The correlation between the microscopic pore structure and macroscopic
diffusion efficiency, achieved through the cross-scale integration of pore structure characterization and
kinetic testing, provides a design basis for rapid detection.

An additional illustrative example is the use of gold nanotriangle array (AuTAG) hydrogels for
the detection of proteins. Atomic force microscopy (AFM) revealed nanoscale topological structures on
the hydrogel surface (roughness of approximately 5–20 nm), and surface-enhanced Raman spectroscopy
(SERS) signal acquisition at the single-molecule level confirmed the influence of dynamically regulated
nanostructure spacing on Raman signal enhancement [28]. Furthermore, macroscopic mechanical testing
revealed the synergistic effect of temperature-triggered hydrogel volume phase transitions (with deformation
rates up to 30%) and nanogap regulation, ultimately achieving a protein detection limit as low as the
sub-nanomolar level.

In the detection of formaldehyde in three-dimensional porous polyacrylamide hydrogels, micro-
computed tomography (μ-CT) three-dimensional reconstruction revealed their pore connectivity (pore
volume > 80%), while fluorescence spectroscopy confirmed the correlation between formaldehyde diffusion
efficiency and the pore network [31]. Macroscopically, the fluorescence detection limit of this hydrogel
reaches 10 nM. The cross-scale correlation between the microscopic pore structure and macroscopic sensing
performance is quantified through the combined use of μ-CT and spectroscopic techniques, providing a
functional optimization pathway for environmental pollutant monitoring.

Furthermore, in the study of malachite green adsorption by β-cyclodextrin/carbon dot hydrogels,
scanning electron microscopy (SEM) revealed their three-dimensional porous structure (specific surface area
approximately 150 m2/g), combined with isothermal adsorption experiments (maximum adsorption capacity
1789 mg/g), demonstrating a linear relationship between microscopic pore channels and macroscopic
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adsorption capacity [38]. Furthermore, the results of the fluorescence spectroscopy analysis demonstrated
the spatial alignment between the distribution of carbon dots and the adsorption sites. The integration
of microstructure, adsorption kinetics, and spectroscopic characterization across multiple scales enabled a
quantitative analysis of the adsorption mechanism.

5 Conclusions and Prospects
Hydrogel is a kind of functional material with unique physical and chemical properties and wide

application prospect. The development of its detection technology is of great significance to promote material
innovation and practical application. This paper systematically combs the research on hydrogel detection
technology at home and abroad, systematically summarizes the advantages and disadvantages of existing
detection methods, and discusses the future development trend of detection methods. Through systematic
analysis and summary, the following important conclusions can be drawn:

5.1 The Conclusions of This Study
5.1.1 Systematic Development of Detection Technology

At present, hydrogel testing has formed a complete technical system covering physical properties
(mechanical properties, swelling behavior, microstructure), chemical properties (composition analysis,
crosslinking density, degradation behavior), biocompatibility (cytotoxicity, in vivo degradation) and func-
tionality (drug release, environmental response, electrochemical properties). These methods provide
systematic support for material design, property optimization and quality control of hydrogels. However,
there are still some problems such as insufficient standardization and poor data comparability among
different detection methods, so it is urgent to establish unified detection standards and specifications.

5.1.2 Breakthroughs and Innovations in Key Technologies
In recent years, hydrogel detection technology has made remarkable progress in dynamic monitoring,

multi-scale characterization and complex environmental adaptability. For example, technologies such as
in situ Raman spectroscopy and optical coherence tomography (OCT) have enabled real-time observation
of hydrogel dynamic processes; cross-scale techniques (such as Rheo-Raman and AFM-IR) have provided
new perspectives for understanding the structure-function relationship of hydrogels; bionic test platforms
and anti-interference sensing technologies have improved detection reliability in complex environments.
These innovations lay the technical foundation for the high-precision detection and application expansion
of hydrogel.

5.1.3 Future Development Trend of Hydrogel Detection Technology
Intelligent: Artificial intelligence (such as deep learning and reinforcement learning) will penetrate

the detection process in an all-round way, realizing closed-loop optimization from experimental design to
data analysis.

In-situ vs. real-time: Advances in microsensors and non-destructive imaging technologies will drive
real-time dynamic monitoring of hydrogel properties, especially in biomedical and wearable devices.

Multimodal integration: quantitative prediction models from microstructure to macro-performance are
built by integrating complementary detection techniques and multi-source data fusion.

Standardization and standardization: Establish a full-chain standard system covering materials, equip-
ment and methods to promote the healthy development of the industry.
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5.2 Interdisciplinary Collaboration and Application Development
The present study explores the dynamics of interdisciplinary collaboration and its implications for the

expansion of applications.
Advancements in hydrogel detection technology are propelling profound interdisciplinary integration

across the domains of materials science, biomedicine, engineering, and data science. The depth and breadth
of interdisciplinary integration will directly determine the efficiency and social value of technology transfer.
Subsequent research endeavors should be grounded in the extant foundations and prioritize advancements
in the following domains:

5.2.1 Interdisciplinary Convergence: From Technological Crossroads to Paradigmatic Restructuring
The convergence of materials science and data science is poised to yield a closed-loop system of “smart

design and precise detection”. To illustrate, the application of high-throughput computing to screen for
the optimal ligand modification scheme for quantum dot hydrogels, in conjunction with machine learning
to predict their fluorescence quenching mechanisms, has led to a substantial reduction in the detection
limit for heavy metal ions, reaching the 10−12 M level. The integration of biomedicine and engineering
has led to the development of biomimetic detection platforms, which emulate the pH gradients and
enzyme concentration fluctuations present in the tumor microenvironment. These platforms utilize hydrogel
sensors that can respond in real-time to matrix metalloproteinases, resulting in detection sensitivity that is
three orders of magnitude higher than traditional methods. This interdisciplinary paradigm shift not only
optimizes detection performance but also drives the evolution of hydrogels from “passive materials” to “active
intelligent systems.

5.2.2 Commercialization Challenges: Bridging the Scale-Up Divide in Laboratory-to-Market Translation
The process of translating laboratory-level detection technology into industrial applications is accom-

panied by two significant challenges: cost control and standardization. To illustrate this point, consider the
example of nanopore detection based on microfluidic chips. In a laboratory setting, this method can achieve
single-molecule resolution. However, when scaled up for large-scale production, challenges emerge. For
instance, ensuring consistency in nanostructures becomes paramount. This necessitates a close collaboration
between materials science and precision manufacturing engineering, as deviations in pore diameter, for
instance, must be maintained below 5%. In the domain of clinical translation, the financial burden of
biocompatibility assessment persists, with long-term animal testing accounting for approximately 40% of
R&D expenditures. This underscores the imperative for the development of alternative testing models,
such as organoid chips, aimed at reducing testing cycles from six months to two weeks. Moreover, the
establishment of standardised pilot production platforms is imperative for fostering collaboration between
industry, academia, and research. In the domain of flexible electronics, for instance, the establishment of
uniform standards for the electrical conductivity and bending fatigue testing of conductive hydrogels is
imperative to ensure a production yield rate exceeding 95% for wearable devices.

5.2.3 Societal Implications and Ethical Frontiers: Equitable Technology Diffusion and Risk Governance
The dissemination of hydrogel detection technology may result in a technological divide and ecological

hazards. In the domain of environmental governance, the promotion of low-cost hydrogel sensors has the
potential to augment the capacity of developing countries to monitor pollutants. However, the large-scale
utilization of quantum dot materials necessitates a thorough evaluation of their long-term toxicity in water
bodies. For instance, the half-lethal concentration of CdTe quantum dots must be clearly defined. In the
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context of biomedical applications, the collection of physiological data through wearable hydrogel devices
poses signi�cant privacy concerns, necessitating the implementation of a data encryption system supported
by blockchain technology. Furthermore, the biological safety assessment of hydrogel degradation products
should be incorporated into international standards, such as the EUREACHregulation.�is could introduce
new testing items for the degradation pathways of smart hydrogels, ensuring a balance between technological
innovation and sustainable development.

In order to overcome the aforementioned challenges, it is necessary to establish a collaborative innova-
tion network that spans di�erent disciplines.�is network would include materials scientists, clinicians, and
ethicists. �ese professionals would work in conjunction to develop a research and development roadmap
for hydrogel detection technologies. �e roadmap would include safety assessment modules from the early
stages of new material development. An example of such a module would be quantum dot hydrogels.
Furthermore, the network would promote full-chain compliance from laboratory to market.

In a word, the innovation of hydrogel detection technology is not only related to the performance
optimization of the material itself, but also the core driving force to promote it from laboratory research to
practical application. By solving the bottleneck of existing technology and grasping the future development
trend, hydrogel will play an important role in more �elds and contribute to the sustainable development
of human society. �is process requires the joint e�orts of scientists worldwide and close cooperation
across disciplines.
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