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ABSTRACT: Health remains a persistent focus of research. Currently, many commonly used synthetic dyes are toxic
to some extent. Tartrazine is a common synthetic dye used in the food, pharmaceutical, printing, and dyeing industries.
Long-term exposure to this substance or its ingestion may pose significant health risks. In addition, oxidizing agents
used in water treatment may threaten environmental and human health if they are not properly controlled. Hydrogen
peroxide (H,O;) is one of the most widely used oxidants and therefore requires effective monitoring. Against
this background, this study contributes to the efficient detection of environmentally harmful substances and the
development of functional materials. In this study, hydrogels synthesized from methacrylamide (MAM) serve as a
template, and carbon quantum dots (CQDs) synthesized from m-phenylenediamine (MPD) are incorporated into the
hydrogels. Owing to their porous structure and large specific surface area, a hydrogel material exhibiting blue-green
fluorescence is successfully synthesized and named MAM composite hydrogel materials (MCHM). MCHM serve as a
bifunctional platform for fluorescent-electrochemical detection, and they effectively reduce the limitations of single-
signal detection and enhance the reliability and accuracy of the detection process. This work provides a promising
platform for developing functional sensing materials for environmental monitoring and food safety analysis.
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1 Introduction

Health remains a persistent focus of research. Dye wastewater is an important part of industrial
wastewater. A large number of residual synthetic dyes in the wastewater has the characteristics of stable
chemical properties and is difficult to degrade. If discharged directly without effective treatment, these dyes
will not only inflict severe damage on the aquatic ecosystem, but also pose a latent threat to human health
through the bioaccumulation effect within the ecosystem’s food chain [1]. As a typical water-soluble azo
synthetic dye, tartrazine is widely used in food processing, pharmaceutical coating, textile printing, and
dyeing. However, such synthetic dyes not only do not serve the purpose of supplementing the nutritional
requirements of human beings, but also may cause irreversible harm to the human body to a certain
extent [2]. When the human body consumes tartrazine at high concentrations, the metabolic process of
tartrazine can substantially augment the filtration and excretion load on the kidneys, thereby disrupting
their normal physiological functions. Relevant studies have shown that tartrazine metabolites may exhibit
genotoxicity, and long-term cumulative exposure may increase the risk of cancer and adversely affect
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the immune and reproductive systems [3,4]. Common methods for the detection of tartrazine include
high-performance liquid chromatography and capillary electrophoresis [5].

Meanwhile, hydrogen peroxide (H;0,), as a green and strong oxidant, occupies an important position
in the field of life and medical and other industries due to its high efficiency of disinfection, simple
decomposition products, and no pollution residue. In daily life, it is often used in scenarios such as wound
cleaning and disinfecting the home environment. In the medical field, it can be used as a mucous membrane
disinfectant, an instrument sterilization agent to assist clinical diagnosis and treatment [6,7]. In industrial
production, it is a key additive for paper bleaching and wastewater treatment. In the food industry, it is
used in food preservation, fruit and vegetable cleaning to extend the shelf life of food and reduce the risk of
microbiological contamination. However, the dosage and range of H,O; need to be strictly controlled, and if
overdosed, it may cause serious damage to the organism [8-10]. Direct contact with high concentrations of
H,0, may corrode skin and mucous membrane tissues, causing symptoms such as redness, swelling, pain,
and even ulceration. When excessive H,O; enters the human body, it will break the dynamic balance of the
redox system in the body [11-13], prompting the generation of a large number of reactive oxygen radicals,
which will attack the biological macromolecules (such as proteins, lipids, nucleic acids, etc.) [14-16], thereby
damaging cellular structure and function and potentially inducing inflammation and accelerating cellular
aging in the long run or after repeated exposure. Commonly used methods for the detection of H,O; include
potassium permanganate titration and enzyme-catalyzed methods [17-19].

M-phenylenediamine (MPD) is recognized as a mature, low-cost, and versatile precursor for carbon
quantum dots (CQDs) synthesis. Featuring high reactivity, outstanding optical characteristics, and desirable
biocompatibility, MPD has been found to have broad applications in fluorescent sensing, bioimaging, and
environmental analysis.

Hydrogels are formed by the chemical cross-linking of hydrophilic polymer chains to create a three-
dimensional network structure. They are highly absorbent and do not dissolve after absorbing water [20,21].
Based on the chemical properties of their solutes, hydrogels can be divided into three main categories, which
are small molecule solute-based hydrogels, polymer solute-based hydrogels, and nanomaterial composite
hydrogels [22]. This paper combines hydrogels with CQDs to synthesize a novel composite hydrogel
materials (MCHM), which falls within the category of nanocomposite hydrogels. The materials exhibit
good biocompatibility, and their microstructure can be controlled by adjusting the reaction conditions.
Moreover, recognition sites can be introduced through functional modification, making them suitable for
research into fluorescent detection and electrochemical sensing [23,24]. MCHM possess a porous structure
and a high specific surface area, offering excellent stability whilst also ensuring superior loading capacity.
By incorporating CQDs through appropriate synthesis techniques and regulating their release rate via a
controlled-release system, the service life can be extended, thereby achieving the ideal release profile for this
experiment. The materials offer significant structural advantages and hold great promise for applications in
the field of detection [25-28]. Compared with single-network hydrogels, a double-network structure can
further enhance the performance of fluorescent-electrochemical sensing [29,30].

In addition, a three-dimensional network structure possesses excellent elastic responsiveness, and its
porous structure can dynamically adjust itself according to the size of target analytes, enabling automatic
adaptability to both macromolecules and small molecules to facilitate their diffusion and interaction with
the hydrogel matrices. When analyzing small molecules, hydrogels exhibit a molecular sieving effect due to
their pore size, which prevents large molecular impurities from entering and affecting the results. According
to relevant literature, researchers have prepared sodium alginate hydrogels for the detection of uric acid,
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which successfully blocked macromolecules such as globulins [31,32]. This paper selects tartrazine and
H,0; as the target analytes, accurately reflecting the test results.

A large number of studies indicate that hydrogels have been widely adopted in the field of analyt-
ical testing for various substances. MCHM constructed in this study can achieve high-sensitivity and
high-accuracy detection of tartrazine and H,O; in industrial wastewater. MCHM offer significant prac-
tical value and are expected to be widely adopted in environmental monitoring and everyday testing
applications [33-36].

Meanwhile, MCHM have good functional designability, which can be used to achieve rapid response and
detection of target substances, such as tartrazine and H,0,, by introducing fluorescent groups, conductive
components, or specific recognition units into the network [25,27,28]. The hydrophilicity allows MCHM to
disperse rapidly and remain stable in water, thereby facilitating accurate testing and providing an efficient,
sensitive, and stable platform for water quality and food testing [37]. At present, functional materials have
become the core driving force to promote technological innovation in many fields, and are widely used in
new energy material preparation, drug target delivery, environmental pollutant monitoring, treatment, and
other key areas [38-42]. According to relevant literature, MCHM have been successfully used in clinical
wound microenvironment monitoring due to their excellent biocompatibility and rapid response [43-47].
By utilizing the oxidation of H,O, in wound exudate to activate hydrogel monomers [48-50], they can
accurately detect the concentration of H,O, during infection, offering a novel strategy for chronic wound
diagnosis and treatment [51-55]. Research on composite hydrogels for the simultaneous bifunctional
detection of tartrazine and H,O; are still limited, and related detection materials still suffer from problems
such as a single detection mode, weak anti-interference ability, and insufficient stability. Based on the
aforementioned researches, CQDs are incorporated into the substrate hydrogels to construct MCHM.
MCHM can achieve highly sensitive and selective bifunctional detection of tartrazine and H;O, in water via
fluorescent-electrochemical signals. This provides a new method for the simultaneous monitoring of complex
water environments. Scheme 1 depicts the detection and analysis process of synthetic materials [56-58].
Route (1) depicts the process of preparing CQDs from MPD. Route (2) depicts the process of preparing
hydrogels from materials such as MAM, sodium alginate (SA), and polyvinyl alcohol (PVA). Route (3)
depicts the electrochemical detection of the reaction changes between the glassy carbon electrode (GCE)
and MCHM, which clearly demonstrates the stability of the MCHM, providing a guarantee for subsequent
detection. Route (4) depicts the changes in the MCHM before and after detecting tartrazine. Route (5) and
Route (6) are used to detect tartrazine and H,O,, respectively.

This paper describes the development of a novel fluorescent-electrochemical bifunctional sensor based
on MCHM, which enables highly sensitive detection of tartrazine and H,O;. Most existing CQDs-based
sensors are fabricated using methods such as film coating and powder modification, which often suffer
from material detachment, poor stability, and poor reproducibility [59,60]. To overcome these limitations,
this study introduces innovations in both material design and methodology. The main innovations of this
work are as follows:

(1) MCHM are constructed by using MAM as the substrate and incorporating CQDs into the three-
dimensional cross-linked network of the hydrogels. This design not only provides a uniform and
anti-aggregation support for CQDs, but also forms continuous electron- and mass-transfer channels.
As a result, it resolves the common problems of modifier-layer detachment and signal instability in
conventional sensors at the substrate-material level, thereby significantly improving the stability and
reproducibility of the overall sensing system.
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(2) The synergistic effect of MCHM significantly improves the sensing performance toward both tartrazine
and H,0,. Conventional CQDs-based sensing systems mainly rely on optical responses and typically
show limited electrochemical response capability [61]. The porous structure and conductivity of
MCHM further enhance the fluorescent response and electrochemical activity of CQDs. Furthermore,
by optimizing the material composition and detection conditions, the proposed sensor achieves a
wider linear detection range and lower detection limits for both analytes.

(3) The integrated gel structure of MCHM enables bifunctional fluorescent-electrochemical sensing. The
two sensing platforms mutually validate each other, thereby effectively improving detection accuracy.
By combining the high conductivity of the hydrogels with the optical properties of CQDs, this material

design integrates the advantages of both components and provides a new platform for the detection of
tartrazine and H,O,.
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Scheme 1: The detection and analysis process of synthetic materials.
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2 Materials and Methods
2.1 Materials

Experimental materials MAM, SA, PVA, anhydrous calcium chloride (CaCl,) and MPD are purchased
from Guangdong Yuanfeng Chemical Science and Technology Co., Ltd. H,0,, potassium dihydrogen
phosphate, dipotassium hydrogen phosphate, and potassium hexacyanoferrate (IT) ([Fe(CN)s]>~/4") are
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. Carrageenan is purchased from
Hainan Changgqing Agar Factory. Potassium persulphate (KPS) and N, N’-methylenebisacrylamide (Bis)
are purchased from Tianjin Huasheng Chemical Reagent Co., Ltd. Deionized water is from the biology
laboratory of University of Science and Technology Liaoning. Dialysis membrane (molecular weight cut off
1000 Daltons, Spectra/Por® 7), is purchased from Repligen Co., Ltd.

2.2 Instruments

JEM-2100 transmission electron microscope (TEM), JEOL Ltd.; Zeiss SIGMA HD Field Emission
Scanning Electron Microscope (SEM), Carlsbad Management Co., Ltd; Perkin Elmer Spectrum 3 Fourier
Transform Infrared Spectroscopy (FTIR), Perkin Elmer Instruments Co., Ltd.; N3 PhiniX X-ray Diffractometer
(XRD), Edo Nano Technology (Shanghai) Co., Ltd. MKW-5250 X-ray Photoelectron Spectroscopy (XPS),
Shanghai Makeway Semiconductor Technology Co., Ltd. R-210 Rotary Evaporator, BUCHI Labortechnik
AG, Switzerland Co., Ltd. DHG-9070A Oven, Shanghai Jinghong Laboratory Instrument Co., Ltd. BUCHI
(Switzerland) Co., Ltd. LGJ-10 Freeze dryer, Beijing Songyuan Huaxing Technology Develop Co., Ltd. F-2700
fluorescent Spectrophotometer and U-3900 Ultraviolet-Visible spectroscopy (UV-Vis) spectrophotometer,
Hitachi High-Technologies Co., Ltd. CHI660E Electrochemical Workstation, Shanghai Chenhua Instrument
Co., Ltd.

This experiment employs a standard three-electrode system: a modified GCE is used as the working
electrode, a silver/silver chloride electrode as the reference electrode, and a platinum plate (or platinum
wire) as the counter electrode. The GCE has a 3 mm core, an outer rod diameter of 6 mm, a length of 80 mm,
and a polytetrafluoroethylene (PTFE) sheath. The silver/silver chloride electrode has a glass tube diameter
of 3.8 mm and a length of 50 mm, as well as a PTFE tube diameter of 6 mm and a length of 30 mm. The
platinum wire electrode has a purity of 99.99%, with the diameter is 1.0 mm and the height is 37 mm. For
platinum wire electrode, the diameter is 1.0 mm and the height is 10 mm. The outer rod diameter is 6 mm,
and the total length is 80 mm. The terminals of all three electrodes are 15 mm long. A standard 100 mL
three-electrode electrolytic cell is used.

2.3 Preparation of CQDs

Hydrothermal synthesis of the CQDs is carried out as follows: 0.2 g of MPD is weighed and dissolved
in 20 mL of deionized water, and the mixture is stirred at room temperature (25°C) for 30 min to obtain a
homogeneous solution. The resulting solution is transferred into a 50 mL polytetrafluoroethylene autoclave,
ultrasonicated for 10 min, and then subjected to a hydrothermal reaction at 200°C for 4 h [62,63]. After
the reaction, the resulting solution is filtered through a 0.22 pm microporous membrane and concentrated
under reduced pressure using an R-210 rotary evaporator at 40-45°C. The concentrate is then freeze-dried,
ground into a fine powder, and hermetically sealed in sample tubes for storage. The synthesis process is
shown in Scheme 1.
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2.4 Preparation of Hydrogels Substrate Material

5 g of PVA is dissolved with 40 mL of deionized water at 90°C, heat 30 mL of deionized water to
80-85°C, add 2 g of SA, 1 g of carrageenan and 2 g of gelatin sequentially until all are dissolved. Then
mix the solutions completely, and add 0.5 g glycerol; the preparation of the hydrogels substrate material is
completed. The synthesis process is shown in Scheme 1.

MAM, PVA, and SA synergistically build the three-dimensional hydrogels network. Polymerized MAM
acts as the main skeleton. PVA forms hydrogen bonds to enhance toughness and resilience, while SA forms
ionic crosslinks with metal ions, providing greater strength and stimulus responsiveness. These multiple
crosslinking modes produce stable and tough hydrogels suitable for the preparation of MCHM.

2.5 Preparation of MCHM

The substrate material is cooled to room temperature, and the fluorescent CQDs solution is added.
Then add 5 mL 5% of MAM solution, 0.1 g of Bis, and 0.1 g of KPS. Pour the thoroughly mixed solution
into the mould, and then cross-linking is carried out in an oven at 40-45°C for 2 h. Take out the material
and put it into the refrigerator and store at —12°C for 12 h and thaw for 2-6 h (cycle this step 3 times) [64].
MCHM are placed in 3% CaCl, solution for 4 h. After washing with deionized water, the desired MCHM
are obtained. The synthesis process is shown in Scheme 1.

In order to combine covalent crosslinking, hydrogen bonding and ionic coordination yield a stable
three-dimensional hydrogel network for MCHM fabrication [65]. KPS/Bis-crosslinked MAM builds the
covalent skeleton. CaCl, strengthens mechanics and anti-swelling via ionic coordination. CQDs intro-
duce fluorescence and stabilize the network. The resultant MCHM possess favorable stability, toughness,
adjustability and sensing performance.

The obtained MCHM are frozen at —12°C for 24 h, followed by 24 h freeze-drying [66,67]. After fully
drying, the samples are ground into fine powder, the powder is sealed in sample tubes for subsequent
characterization and testing.

2.6 Fluorescent Analysis of Tartrazine Using MCHM

The viscosity of MCHM is closely related to temperature and the synthesis process. As MCHM are
synthesized under fixed conditions, with a consistent volume of liquid added each time, a stable humidity
level (80%) is maintained, ensuring that the viscosity of MCHM remains consistent. To ensure the accuracy
of the test results, both analysis and testing are carried out at room temperature. The experiment is
conducted using a neutral solution.

For fluorescent detection, a dilute MCHM aqueous solution prepared with deionized water is required.
After being filtered by dialysis membrane (molecular weight cut off 1000 daltons), analysis and detection
are performed under this condition.

Configure the MCHM solution to a concentration of 100 mg/L, dissolve by heating at 40°C, and the
tartrazine solutions with concentrations of 0.8 uM, 1.2 uM, 1.6 uM, 4 uM, 8 uM, 12 uM, 16 uM, 40 uM,
80 uM, 120 uM, and 160 uM are configured, respectively [68-70].

2.7 Electrochemical Detection of H;O2 by MCHM

The MCHM powder is prepared into a 1 g/L solution, and 8 pL of MCHM is immobilized on the surface
of the GCE. Their electrochemical properties are characterized using a CHI660E electrochemical workstation.
Configure 1 mM Phosphate buffered saline (PBS) (pH = 7.5) solution and 5 mM [Fe(CN)s]*~/*~ solution.
The electrochemical analysis methods used here include cyclic voltammetry (CV) and electrochemical
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impedance spectroscopy (EIS). CV can quickly indicate the redox behavior of MCHM [71-73], and EIS
enables a detailed analysis of the impedance [74,75]. The complementarity of the two methods can provide
a comprehensive analysis of the electrochemical performance of MCHM.

2.8 Recovery Rate Experiment

In this study, the recovery rates of tartrazine are tested on Xizhilang jelly (orange flavor) and Fanta (or-
ange flavor), which are purchased from supermarkets. The recovery rates of H,O, are evaluated using water
samples collected from Xinshi Farm and the Tiexi Water Supply Company in Anshan, Liaoning Province.

3 Results and Discussion

3.1 TEM of CQDs

As can be seen from Fig. 1a, the prepared CQDs exhibit a regular spherical morphology, are well
dispersed, and show no obvious agglomeration. The particles are uniform in size, ranging in the nanometre
scale, indicating that this method has successfully synthesized CQDs with an ideal morphology and size.
Fig. 1b shows that the average diameter size of the CQDs is 4.43 + 0.03 nm, with a narrow size distribution
and good uniformity [76].
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Figure 1: (a) TEM image of the as-prepared CQDs; (b) Particle size distribution histogram, with an average diameter
of 4.43 £+ 0.03 nm.

3.2 SEM of MCHM

Fig. 2 shows the SEM images of the MCHM powder. Fig. 2a is scanned at 50 X, and the overall
morphology of the material is observed. The MCHM powder consists of particle agglomerates that are
irregularly stacked to form a large number of micron-sized gaps. Fig. 2b shows the image scanned at
700 X. Further details of the particle surfaces are observed, and the particles exhibit a porous three-
dimensional network structure with interconnected pores ranging from a few micrometers to several
thousand micrometers. This porous structure enhances the swelling rate of the MCHM, making it suitable
for use as a fluorescent gel [77-79]. Fig. 2c shows the image scanned at 3000x. It can be clearly seen that
the CQDs are attached to the three-dimensional network system of the MCHM, which are wrapped by the
layer by layer, and the MCHM show the ‘curled’ morphology at the edge of the structure, which is in line
with the unique characteristics of the flexible chain of the MCHM. Fig. 2d shows the size distribution of the
MCHM [80,81]. The average diameter is 186.76627 + 1.3493 nm.
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Figure 2: (a) 50x SEM image; (b) 700x SEM image; (c) 3000x SEM image; (d) Particle size distribution histogram, with
an average diameter of 186.76627 + 1.3493 nm.

3.3 FTIR and XRD of MCHM

MCHM are a class of extremely hydrophilic three-dimensional network structure gels. They can rapidly
absorb water and swell without dissolving in water. When swelling occurs, solvent molecules try to enter
into the network structure, causing the volume to swell, leading to the stretching of the three-dimensional
molecular network; and the cross-linked molecular chains possess a certain elastic contraction force, causing
the hydrogels network to shrink. Fig. 3a shows the results of conducted on MCHM, PVA, SA, MAM, and
CQDs. The results show that the prepared fluorescent MCHM successfully incorporate the characteristic
functional groups of each precursor. The broadened strong absorption peak near 3300 cm™! is attributed to
the inter- and intramolecular hydrogen bonding formed by the large number of -OH contained in the PVA
and SA in the system [82,83], which is the key evidence for the formation of the three-dimensional network
structure of the hydrogels. The characteristic absorption peaks at 1650 cm™! and 1550 cm™! in the spectra
correspond to the amide I band (C=0 stretching vibration) and amide II band (N-H bending vibration) in
MAM, respectively. In addition, the asymmetric and symmetric stretching vibration peaks of the carboxylate
of SA are located near 1650 cm™! (overlapping with the amide I band) and 1400 cm™?, respectively. The
broad peaks located in the region of 1000-1250 cm™! are attributed to the stretching vibrations of the
glycocyclic ether bond (C-O-C) and the alcohol hydroxyl group (C-OH) [84-86]. The superposition and
broadening of the characteristic peaks confirm the formation of a homogeneous composite material through
strong hydrogen bonding interactions between the components.

To characterize the structure of MCHM, XRD pattern is analyzed. As can be seen in Fig. 3b, the
broadened diffuse peaks presents at 20 = 15°-30° reflect the amorphous structural properties of the material.
Such broad peaks correspond to the short-range ordered aggregation of atoms, which is one of the typical
features of amorphous materials, and it can be clearly demonstrated that the added CQDs play a key role in
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MCHM [87,88]. Such structures tend to endow materials with richer surface active sites, higher structural
flexibility, and pore tunability, which have potential performance advantages in adsorption, catalysis, energy
storage, and other scenarios. The excellent properties of MCHM provide a stable structural foundation

for research.
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Figure 3: (a) FTIR spectra of MCHM, PVA, SA, MAM, and CQDs; (b) XRD pattern of synthesized MCHM.

3.4 XPS Results of MCHM

The XPS wide-scan spectrum of MCHM is shown in Fig. 4. Through XPS analysis, it is found that the
peak shapes of carbon, nitrogen, oxygen and sulfur elements are relatively regular [89,90]. By judging the
peak shapes, the related functional group configurations can be analyzed.
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Figure 4: XPS wide-scan survey spectrum of the MCHM. The spectrum clearly shows characteristic peaks corre-
sponding to the elements C (C1s), N (N1s), O (O1s) and S (S2p), confirming the successful incorporation of these
elements into the MCHM.

The XPS results show four major peaks at 295, 404, 532 and 192 eV, which are attributed to C1s, N1s,
O1s and S2p, respectively (Fig. 4). The high-resolution spectrum displays C=C (284 V), C-O (285.3 eV), and
C=0 (286.5 €V) groups (Fig. 5a). This result confirms the coexistence of the carbon intrinsic backbone and
oxygen-containing functional groups (e.g., hydroxyl and carbonyl groups) in the material [91]. Fig. 5b shows
the presence of the C-N-C group (398 €V) as well, confirming the existence of the C-N bonded structure
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and reflecting the involvement of nitrogen in the material in the form of hybridization in the backbone
construction. Fig. 5¢ shows the presence of C-O (531.6 eV) and C=0 (532.4 eV) groups in the MCHM
structure, further corroborating the variety of oxygen-containing functional groups, complementing the
analysis of C1s. The presence of two C-S bonds at 146.6 eV and 169 €V, corresponding to S2p1 and S2p2, i.e.,
the spin-orbit splitting peaks of S2p in Fig. 5d is able to indicate the presence of elemental S in the MCHM.
The results of FTIR, XRD, and XPS reveal the composition of the functional groups of the MCHM [92,93].

The C-S, C-C, C-O, C=0 and C-N-C functional groups on the surface of MCHM not only provide stable
surface fluorescent states for CQDs, but also offer hydrogen-bonding, electrostatic, and redox active sites
for the detection of tartrazine and H,O,.
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Figure 5: High-resolution XPS spectra and deconvoluted peaks of the MCHM. (a) C1s spectrum at ~285 €V, resolved
into C=C, C-0, and C=0 bonds; (b) N1s spectrum at ~400 eV, corresponding to C-N-C bond; (c¢) O1s spectrum at
~532 eV, showing C=0 and C-O bonds; (d) S2p spectrum at ~169 eV, showing C-S bond. Raw data, background, and
fitted curves are presented, confirming the chemical bonding states of S, C, N, and O in MCHM.

3.5 Fluorescent Analysis

3.5.1 Fluorescent Spectral Analysis Results of MCHM

Fig. 6a shows the effect of excitation wavelength in the range of 320-440 nm on the emission. Fig. 6b
demonstrates the normalized data of the emission wavelength at different excitation wavelengths, showing
that the emission wavelength exhibits a uniform redshift phenomenon, which suggests that the fluorescent
properties of the MCHM are significantly correlated with the excitation wavelength. In Fig. 6¢, the blue
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and red curves correspond to the excitation spectrum (296 nm) and the emission spectrum (320 nm),
respectively [94,95]. The UV-Vis absorption spectrum of MCHM (green curve) displays typical selective
absorption, with a strong peak at 220-240 nm assigned to the t—7t" transition from the conjugated 7t-bond
system [96,97]. The absorbance decreases sharply to zero above 250 nm, revealing a large energy gap for
the electronic transition of conjugated 7t bonds and providing a foundation for the optical study of MCHM.
The international coordinate (x = 0.1552, y = 0.1553) indicates that CQDs emit blue-green fluorescence
(Fig. 6d) [98].
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Figure 6: Fluorescent characterization of the MCHM. (a) Fluorescent emission spectra recorded under excitation
wavelengths ranging from 320 to 440 nm; (b) corresponding normalized emission spectra; (c) emission spectrum (red
line, Aemission = 320 nm), excitation spectrum (blue line, Aexcitation = 296 nm), and UV-vis absorption spectrum (green

line); (d) International coordinate.

3.5.2 Analysis of Tartrazine by MCHM Based on Fluorescent Mode

The effects of different concentrations (0 to 160 ptM) of tartrazine on CQDs are shown in Fig. 7. It can
be seen that the fluorescence of CQDs is gradually quenched with the increase of concentration of tartrazine.
From Fig. 7a, the linear range (LR) is 0-160 uM, and the detection limit (LOD) is 0.165 uM. Fig. 7b shows
the LR of tartrazine. The green curve presents the linear response over the tartrazine concentration range
of 0-4 uM, while the blue region shows the linear response in the concentration range of 4-160 uM [99].
The fluorescent intensities of a low-concentration tartrazine solution varies linearly with concentration,
as the diluted tartrazine solution exhibits colligative properties, and intermolecular forces are weak. As
the concentration increases, the intermolecular distance decreases, and interactions intensify, leading to
fluorescent quenching. Fig. 7c illustrates the changes in fluorescent intensities over four cycles. During
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each cycle, the fluorescent intensities fluctuate between high and low values with minimal error, indicating
that the material exhibits good reproducibility. Fig. 7d illustrates the quenching time of tartrazine. With the
increase of time, it shows a rapid decay from 0-10 min, and then gradually tends to be stable after 10 min.
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Figure 7: (a) Quenching spectra; (b) Quenching curve, green points present a linear curve (0-4 pM); blue points
present a linear curve (4-160 uM); (c) Reciprocal property of fluorescent reproducibility; (d) Quenching time of
tartrazine. F* presents the initial fluorescent intensity; F presents the fluorescent intensity after adding tartrazine,

(F°-F/F°) presents quenching rates, R? presents the coefficient of determination.

3.5.3 Experimental Results of Tartrazine Recovery Rates

In Table 1, it can be clearly seen that the recovery rate of XizhiLang jelly can reach 98.587%, and the
relative standard deviation (RSD) is as low as 2.549%; The recovery rate of Fenda soft drink can reach
97.183%, and the RSD is as low as 2.083%. The recovery rates of both sets of RSDs are between 95% and 100%,
indicating that the detection method has good accuracy. Two sets of RSDs are less than 3%, and the results
of multiple parallel measurements are stable, meeting the requirements for analysis and detection [66].

3.5.4 Mechanism Analysis of Tartrazine

Two-dimensional correlation spectroscopy (2D-COS) is used to analyze and validate the fluorescent
property analysis. Fig. 8a shows the fluorescent synchrony of MCHM. The horizontal axis is the emission
wavelength, the vertical axis is the excitation wavelength, and the color corresponds to the fluorescent
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intensities. In order to reveal the changes of the fluorescent components in CQDs under different conditions,
the excitation effect of the substance on tartrazine in the concentration range of 0-160 pM is investigated. A
high fluorescent region (blue-green dots) appeared at (excitation = 296 nm, emission = 320 nm), indicating
that the fluorescent signals of CQDs under this condition are concentrated and of high intensities, with
peaks up to 3.7 x 10* [100-102].

Table 1: Fluorescent recovery rates.

Sample Spiked Concentration (uM) Total Found (uM) Recovery Rates (%) RSDs (%)
s . 1 0.989 98.90 3.607
zzlrzglaenﬁ ;5(1)13; 2 1.957 97.90 2.114
& 4 3.960 99.00 1.926
1 0.973 97.30 2.223
Fanta (orange flavor) 2 1.927 96.36 1.845
4 3.916 97.90 2.173

Fig. 8b shows the fluorescent asynchronous mapping of CQDs. The results indicate the dynamic
change process of different fluorescent components in MCHM and their interactions. In this figure, a
significant automatic peak located at excitation/emission = 370/518 nm is observed on the diagonal,
indicating a homogeneous positive correlation change of the corresponding component under perturbation.
Characteristic cross peaks appear on both sides of the diagonal, with a pair of cross peaks of opposite sign
at (296 nm, 592 nm) and (592 nm, 296 nm) coordinates, indicating that the sample is not a single component,
but a complex system containing multiple components with independent response behaviours, and that the
changes of different components are not synchronized as they follow their own unique kinetic paths under
the external perturbation.

In Fig. 8a, a single and symmetric automatic peak can be observed near 300 nm, with no other cross
peaks present. This indicates that there is only one fluorescent component in the system. The addition
of tartrazine does not result in the appearance of any new fluorescent components, suggesting that the
quenching is static. In Fig. 8b, it can be observed that the fluorescent intensities exhibit a decreasing trend
as the concentration of tartrazine increases. According to an analysis of 2D-COS, the interaction between
tartrazine and MCHM, through intermolecular forces such as hydrogen bonding and van der Waals forces,
leads to a significant decrease in quenching intensity as the concentration of tartrazine increases [103,104].
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Figure 8: (a) Fluorescent synchronous spectroscopy; (b) Fluorescent asynchronous spectroscopy.
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3.6 Using MCHM to Detect H,O2 Based on the Electrochemical Platform
3.6.1 Conditional Optimization

As shown in Fig. 9, the MCHM system exhibits the highest current response and the largest integrated
area of the CV curves among all samples, indicating that MCHM possess superior charge-transfer capability
and electrochemical activity. In contrast, the CV method response of the hydrogels system decreases to
varying degrees when any key component is removed, demonstrating that each structural unit plays an
important role in improving the overall electrochemical performance of the material.

Specifically, the hydrogel without CQDs shows a significantly reduced current response, indicating
that CQDs provide electrochemically active sites and facilitate electron transfer. In the absence of MAM,
the primary network skeleton cannot be fully constructed, resulting in decreased continuity of conductive
pathways and reduced interfacial stability, thereby weakening the overall electrochemical response. When
SA/Ca®" is absent, the ionic crosslinked network is disrupted, leading to reduced structural compactness
and weakened synergistic mass-transfer capability within the material. The sample without freeze-thaw
treatment also exhibits inferior structural stability and transport efficiency compared with the MCHM due
to the insufficient formation of the PVA physically crosslinked network.

Overall, the excellent electrochemical performance of MCHM arises from the synergistic effects among
the MAM chemically polymerized frameworks, the PVA freeze-thaw-induced physically crosslinked net-
works, the SA/Ca®* ionically crosslinked structures, and the electrochemically active centers of CQDs. The
three-dimensional network constructed by multiple crosslinking mechanisms not only enhances the struc-
tural stability and integrity of the material, but also provides more efficient pathways for electron transfer
and mass diffusion, thereby enabling MCHM to exhibit the best performance in electrochemical detection.
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Figure 9: CV curves of hydrogels with different formulations, including CQDs-free, MAM-free, SA-free, Ca®*-free,
non-freeze-thaw-treated hydrogels, and MCHM.

Fig. 10a shows the volume optimization experiment is 2—-10 pL of MCHM solution is applied to the
surface of each of the five working electrodes. The results indicate that the coulombic efficiency varies
during testing. Conductivity increases with increasing MCHM volume; however, when the MCHM volume
is too high, electron transfer is hindered. Fig. 10b shows the voltage optimization experiment, with the
measurement range set between —0.5 V and —0.7 V; as the voltage changes, the coulombic efficiency also
changes accordingly. Excessively high voltages can cause other substances within the material to undergo
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reduction reactions, thereby affecting the electrical conductivity of the MCHM. Fig. 10c shows the pH
optimization experiment is the pH of the electrolyte (PBS solution) ranging from 6.0 to 8.0; an excessively
high pH leads to a decrease in the coulombic efficiency, thereby affecting the experimental results. The test
conditions are determined is volume of 8 pL, voltage of —0.6 V, pH = 7.5 as the optimal conditions [105].
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Figure 10: (a) Volume optimization; (b) Voltage optimization; (c) pH optimization. The test substance is 15 mM H,0,
solution.

In Fig. 11a, within the scan rate range of 10-120 mV/s, the CV curves exhibit clear and symmetrical
redox peaks. The peak currents increase synchronously with the increase of scan rates, and the peak
potential difference slightly increases with the increase of scan rates, preliminarily indicating that the
system undergoes a reversible electron transfer process. As can be clearly seen from Fig. 11a, the CV curves at
different scan rates all exhibit a pair of symmetrical and distinct redox peaks, indicating that redox reactions
are occurring simultaneously on the electrode surface. As the scan rates increase, the currents of the
oxidation peaks and reduction peaks increase in tandem, the peak shapes remain symmetrical throughout,
and the peak potential difference changes only slightly. This clearly indicates that reversible redox reactions
are taking place on the surface of the electrode and that the reaction process is diffusion-controlled [106,107].
Compared with existing literatures, MCHM are versatile [37,43,49]. Furthermore, the raw materials used in
MCHM are all low-toxicity substances, making them safer than other chemical materials. In Fig. 11b, both
the oxidation peak and reduction peak currents exhibit a highly linear relationship with the square root
of the scan rates (R? > 0.99), further demonstrating the close correlation between the electrode reaction
and the diffusion process. According to existing literature reports, researchers have shown that by coating
silver-doped ceria composite nanometer powder onto the surface of the electrode, the modified electrode
exhibits efficient electrocatalytic oxidation-reduction capability for H,O;. Researchers have significantly
enhanced the electrochemical sensing performance by coating porous cerium dioxide nanomaterials onto
the electrode surface for the detection of H,O, [108,109].

3.6.2 Impedance Test

The impedance experiments are measured in the frequency range of 0.1-100,000 Hz. The detection
is carried out using the CV method (Fig. 12a), and then electrochemical impedance spectroscopy is used
to detect and read the impedance values for analysis (Fig. 12b). Due to the differences in the material
composition of the MCHM, their response performance to the electrochemical sensors shows significant
differences. In Fig. 12a, the two oxidation peaks at 0.6 V are clearly visible, and the currents for MCHM is
relatively high. According to the relevant literature analysis [110,111], the FTIR spectrum of MCHM shown
in Fig. 3a exhibits a broad peak at 3300 cm™! corresponding to the -OH functional group. The presence of -OH
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means that -OH activates the -OH group, making it more susceptible to oxidation. Consequently, a distinct
oxidation peak appears at around 0.6 V. Through the fitting analysis of the electrochemical EIS spectra, the
resistance values of the bare electrode and the MCHM electrode are calculated as 92.59 Q and 77.12 Q. The
MCHM have the lowest impedance value and a higher electron transfer rate than that of the bare electrode,
which in turn confirms that the MCHM have a superior conductivity performance [73,112,113].
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Figure 11: (a) CV curves at different scan rates; (b) Corresponding linear fitting of peak current vs. the square root of
scan rates. The test substance is 15 mM H,0, solution.
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Figure 12: (a) CV curves; (b) EIS spectra. GCE presents a glassy carbon electrode; Z’ presents real impedance; -Z”
presents negative imaginary impedance. The electrolyte used in the impedance experiment is 5 mM [Fe(CN), >4~
solution.

3.6.3 Research on Selectivity and Anti-Interference of HyO,

The selectivity test illustrates that the MCHM are selective for H,O,. Better selectivity enables the
electrochemical sensor to recognize the target analyte more accurately while more effectively discriminating
against interfering components in the test sample (Fig. 13a).

Anti-interference simulates the influence of possible interfering substances in the human physiological
environment on the detection results (Fig. 13b). The difference in electrochemical response of this composite-
modified electrode to H,O, and a variety of coexisting interfering substances is systematically investigated.
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The interfering substances used in this experiment simulate common substances (potassium chloride (KCl),
sodium chloride (NaCl)) and biomolecules (glucose (Glu), fructose (Fru), ascorbic acid (AA), uric acid
(UA), and dopamine (DA)) in human body fluids, which may coexist with H,O, and affect the accuracy of
detection [114].

Fig. 13c shows the lifespan test results of the MCHM sensor for H,O, detection. The response current
obtained on the first day is used as the initial reference value to evaluate the storage stability of the sensor.
As shown in Fig. 13c, the response of the sensor gradually decreases with increasing storage time. After
3 days, the response current retains 98.21% of its initial value, indicating good short-term stability. The
decrease in electrochemical performance may be attributed to the gradual degradation or rearrangement
of the sensing interface during storage, partial detachment of the modified materials from the electrode
surface, oxidation or aggregation of active components, and reduced accessibility of active sites. These
changes may weaken the electron-transfer efficiency and decrease the catalytic/recognizable ability toward
H,0,, leading to the observed signal decay [115].

The repeatability test reveals that the error of the charge response is small, which provides direct
evidence that the MCHM possess excellent reversibility and stability (Fig. 13d). This result further indicates
that the electrode surface remains in a relatively stable state throughout the testing process, with no obvious
material adsorption, desorption, or other factors that might interfere with the kinetics of the electrochemical
reaction. In addition, the small fluctuations in the coulomb response signal confirm the robustness of
performance, allowing it to demonstrate outstanding durability and reliability in practical applications.
Such properties are of key significance in reducing the experimental error and uncertainty of results in
electrochemical detection systems. In summary, these experimental results fully verify the feasibility of the
prepared MCHM for H,O, detection in the present study system.

3.6.4 Detection and Analysis Results of H,O,

The CV curves of the MCHM (Fig. 14a) show excellent electrochemical performance. The linear fitting
result in Fig. 14b shows an LOD of 0.45 pM. The good linearity indicates that the experimental method is
reliable and accurate. In addition, the H,O, concentration shows a linear relationship with the coulomb
value. This result helps to further elucidate the reaction characteristics [116]. Therefore, it can be shown
that the electrochemical properties of the introduced MCHM are stable.

3.6.5 Experimental Results of HyO, Recovery Rates.

In Table 2, it is clearly shown that the recovery rate of farm water is 98.24%, with a RSD of 3.4%.
The recovery rate of tap water is 97.183%, with a RSD of 2.59%. The recovery rates of both samples are
electrochemical sensing performance toward H;O;. LODs of three parallel tests are between 95% and 100%,
indicating that this method has good accuracy in complex water quality environments. If the RSD rate is
less than 5%, it indicates that the method has good precision and stability.

3.7 Mechanism Analysis of H;02

By modifying the electrode interface with MCHM (Fig. 15), the internal interaction between MCHM
and H,O; accelerates electron transfer and promotes ion diffusion, thereby facilitating redox reactions in the
electrochemical system. During the detection of H,O, at different concentrations, the detection sensitivity
is further improved, background interference is reduced, and signal transmission is enhanced. MCHM
possess high hydrophilicity, a three-dimensional porous network structure, and abundant polar functional
groups, enabling MCHM to quickly absorb electrolytes and establish continuous ion transmission channels,
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thereby significantly reducing ion diffusion resistance. Meanwhile, MCHM are uniformly modified on the

electrode surface, effectively reducing the interfacial charge transfer resistance, increasing the effective
electrochemical active area [117].
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Table 2: Recovery rates of H,O,.

19

Sample Spiked Concentration (uM) Total Found (uM) Recovery Rates (%) RSDs (%)
5 4.995 99.90 3.102
Farm water 10 9.786 97.86 3.472
15 14.544 96.96 3.626
5 3.892 97.30 2.371
Tap water 10 9.789 98.89 2.456
15 14.454 96.36 2.956

The CV curves results clearly indicate that MCHM significantly enhance the redox peak while main-
taining good reaction reversibility, demonstrating a synergistic promoting effect on electron transfer and
ion diffusion. EIS analysis shows a remarkable decrease in charge transfer resistance and improves ion
diffusion. This demonstrates that MCHM optimize the electrode interface and enable highly sensitive and

stable electrochemical sensing [118].
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Figure 15: Electrochemical mechanism analysis.

3.8 Comparison with Other Methods

By comparing existing relevant literature data, it is further demonstrated that the MCHM studied in
this research exhibit relatively stable performance and demonstrate excellent fluorescent-electrochemical
properties in the detection of tartrazine and H,O,. As shown in Table 3, the fluorescence detection method
for tartrazine provides a low LOD of 0.165 uM together with a wide LR of 0-160 uM, indicating superior
analytical performance over several previously reported methods. In addition, the electrochemical detection
method for H,O, with a LOD of 0.45 uM and a LR of 2-16 uM, showing satisfactory sensitivity and good

potential for practical analysis.

Table 3: Comparison of existing data.

Target Analysis Sensing Method LR (uM) LOD (uM) Ref.

Smartphone-based colorimetric 6.2-50 1.8 [119]

Tartrazine Differential pulse voltammetry 1.57-9.3 0.992 [120]
Spectrophotometric 0-160 0.165 This work.

Electrochemical 10-50 0.45 [121]

H,0, Electrochemical 0.2-7.0 12.3 [122]
Electrochemical 2-16 0.45 This work.
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4 Conclusions

The prepared MCHM, with their unique cross-linked framework structure and excellent bifunctional
properties, can rapidly respond to tartrazine and H,O,, offering the advantages of short testing times, ease
of use, and good accuracy. This study comprehensively investigates MCHM’s performance in detecting
tartrazine and H,0, in water, demonstrating significant potential for application in the field of industrial
environmental monitoring and fully realizing MCHM’s practical value. MCHM can be further processed
into portable rapid test kits, which can be widely used in the food industry for residue screening of synthetic
pigments such as tartrazine, compliance testing of food additives such as H,O,. MCHM exhibit excellent
biocompatibility and film-forming properties, enabling long-term food preservation and reducing reliance
on chemical preservatives. Benefiting from the porous network and specific recognition ability, MCHM
realize efficient loading and sustained release of bioactive agents, improving their in vivo bioavailability
and reducing adverse effects. In addition, by introducing flexible conductive substrates and electrochemical
signals, optimized MCHM can be developed into wearable smart medical devices, such as sensor patches
and flexible detection bracelets. These devices enable real-time monitoring of biochemical indicators in
human body fluids, provide early abnormality warnings, and offer new technical support for precise disease
diagnosis and health management. At present, limited by the precision and characterization means of the
existing testing equipment, this study has not carried out a systematic analysis of the mechanical properties
of the prepared composite hydrogels. However, key mechanical properties of the hydrogels, including
tensile strength, compressive modulus, and elastic recovery, remain insufficiently studied. Its structural
stability under dynamic conditions, such as repeated swelling, deswelling cycles, and long-term immersion,
has also not been systematically evaluated, limiting reliable assessment of its practical applicability. In the
subsequent research work, the formula and preparation process of hydrogels can be optimized to develop
green and non-toxic hydrogel materials derived from natural biomolecules. Precisely construct the hydrogel
network structures by adjusting key parameters, including crosslinker dosage, reaction temperature, and
time. Meanwhile, the performance testing system is optimized using dynamic mechanical analysis and other
professional equipment to systematically characterize its mechanical and related properties. The research
focuses on the innovation of bifunctional fluorescent sensing and electrochemical detection, develops new
composite hydrogel materials that are environmentally friendly and have low toxicity, and achieves highly
selective identification and high-sensitivity detection of more target substances, to provide practical and
innovative technological solutions and theoretical support for environmental water quality monitoring and
the protection of human health.
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Abbreviations

The following abbreviations are used in this manuscript:

CQDs Carbon quantum dots

MAM Methacrylamide

MCHM MAM composite hydrogel materials

SA Sodium alginate

PVA Polyvinyl alcohol

MPD M-phenylenediamine

KPS Potassium persulphate

Bis N, N’-methylenebisacrylamide
[Fe(CN)s >4 Potassium hexacyanoferrate(Il)

UV-Vis Ultraviolet-Visible spectroscopy

PTFE Polytetrafluoroethylene

2D-COS Two-dimensional correlation spectroscopy
TEM Transmission electron microscopy

SEM Scanning electron microscope

FTIR Fourier transform infrared spectroscopy
XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

PBS Phosphate buffered saline

Ccv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy
RSD Relative standard deviation

LOD Limit of detection

LR Linear range

GCE Glassy carbon electrode
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