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Visual detection

Given the potential health hazards of aspartame, developing simple, rapid, and sensitive detection technologies
remains challenging. Herein, we propose a nanomaterial-modified dual-enzyme biosensor for the qualitative and
quantitative detection of aspartame. The biosensor uses a Screen-printed Carbon Electrode (SPCE) modified with
a single-walled carbon nanotube-titanium dioxide nanocomposite (SWCNTs-TiO) and integrates a dual-enzyme
system (Alcohol Oxidase, AOX; Carboxylesterase, CaE). Bovine Serum Albumin (BSA), AOX, and CaE were
immobilized on the SWCNTs-TiO,/SPCE using Glutaraldehyde (GA) as a cross-linking agent. The dual-enzyme
system specifically decomposes aspartame to generate Hydrogen Peroxide (H203), and the electrode system
accelerates this reaction. The produced H,O, further reacts with 3,3,5,5-tetramethylbenzidine (TMB) in a
custom electrolyte to form a distinct visible blue compound for visual analysis. Notably, SWCNTs enhance the
sensor’s electrical conductivity. SWCNT-TiO3’s high specific surface area and loose porous network provide
abundant active sites for enzyme immobilization and substrate adsorption. TiO nanomaterials exhibit a strong
adsorption capacity, enabling the rapid enrichment of target biomolecules. The dual-enzyme-modified electrode
surface further facilitates the specific capture of aspartame. Under optimal conditions, the biosensor achieves a
limit of detection (LOD) of 0.232 pg/mL in colorimetric mode and 0.131 pg/mL in electrochemical mode.
Satisfactory results were obtained in the analysis of real food samples, demonstrating promising potential for the
qualitative and quantitative detection of aspartame in food products.

stress, particularly in preclinical models [8]. Moreover, potential per-
turbations in renal function—as evidenced by altered metabolite

1. Introduction

Since Food and Drug Administration (FDA) approval in 1981, the
safety of aspartame remains debated, with conflicting findings from
epidemiological and experimental studies [1]. Mounting research asso-
ciates aspartame with health risks [1]. The International Agency for
Research on Cancer (IARC) classifies it as “possibly carcinogenic to
humans,” citing hepatocarcinogenesis evidence in human and animal
studies [2,3]. Aspartame intake correlates with elevated cardiovascular
disease risk, and a meta-analysis corroborates its association with hy-
pertension, especially in middle-aged populations [4,5]. Longitudinal
studies link aspartame intake to type 2 diabetes, with cohort data
showing 15 % higher risk in habitual users [6,7]. Aspartame exposure is
associated with increased all-cause mortality risk and neurological
sequelae, with preclinical evidence from meta-analyses confirming its
link to learning deficits, mood dysregulation, and augmented oxidative

excretion in renal clearance studies—and their putative role in weight
gain and obesity-related pathophysiology merit attention [7,9]. Regu-
latory bodies like the FDA consider aspartame safe within thresholds,
and they set a 60 mg/kg body weight daily intake limit [10,11]. Recent
research contests this, highlighting that habitual aspartame intake—-
even at levels below the Acceptable Daily Intake (ADI)—may confer
health risks, particularly in pediatric cohorts [12].

Aspartame is widely used in the food industry, and safety contro-
versies surrounding it persist [13]. Therefore, accurately detecting
aspartame in food products is crucial. Existing analytical methods for
aspartame can quantify the target analyte, but they have notable limi-
tations. These include complex sample preparation, high instrument
costs, and long detection cycle [14-16], which make it hard to meet the
demand for on-site rapid detection. Large-scale instrumental techniques
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are among these traditional methods, including High-performance
Liquid Chromatography (HPLC), Gas Chromatography (GC), Gas
Chromatography-tandem Mass Spectrometry (GC-MS/MS), and Liquid
Chromatography-tandem Mass Spectrometry (LC-MS/MS) [17,18].
These techniques offer high sensitivity and accuracy, but they rely on
expensive equipment, professional operation skills, and tedious pre-
treatment procedures [19]. This limits their application scenarios.
Vibrational spectroscopy techniques are another type of traditional
method, such as Fourier Transform Infrared Spectroscopy (FTIR) and
Raman Spectroscopy [18,20]. But they show weak anti-interference
ability and a narrow detection range [13,21,22]. This further high-
lights the limitations of traditional methods. It also makes the devel-
opment of more robust, highly selective detection technologies urgent.

In contrast, electrochemical sensors have distinct advantages,
including simple operation, high sensitivity, and low detection cost.
They can make up for the pain points of traditional methods and enable
efficient detection of aspartame [23]. Electrochemical biosensors
incorporating biological recognition elements (e.g., enzymes) provide
analytical advantages [4,24,25]. Such biosensors integrate rapid
response, cost-effectiveness, portability—hallmarks of on-site applica-
tions—and high specificity derived from biorecognition [26-28]. Elec-
trochemical analysis excels in trace detection with ultra-high sensitivity
(down to nano- to pico-molar levels) [29]. However, it suffers from poor
selectivity, as its signals are easily interfered with by coexisting elec-
troactive species. Additionally, it demands sophisticated instrumenta-
tion and specialized operational skills, limiting its accessibility [30].
Colorimetric analysis, conversely, is ideal for on-site rapid screening. It
enables straightforward visual readout via color changes, featuring
simplicity and low cost [31]. Nevertheless, it is constrained by relatively
low sensitivity (typically at the micro-molar level) and unstable quan-
titative accuracy, which is significantly affected by environmental fac-
tors such as temperature, pH, and reaction time [32,33]. To overcome
these inherent limitations of individual methods, the electrochemical-
colorimetric coupling strategy has emerged. This approach constructs
a dual-response system integrating electrochemical and colorimetric
signals. It not only retains the high sensitivity of electrochemistry and
the high selectivity plus convenience of colorimetry, but also enhances
sensitivity further through electrocatalysis-mediated signal amplifica-
tion. Importantly, only the target analyte can trigger both signal re-
sponses simultaneously, greatly improving detection accuracy and anti-
interference capability. This synergistic method thus effectively meets
the requirements of both precise laboratory analysis and rapid on-site
detection.

SWCNTs (nanoscale diameter) combine low specific gravity, ultra-
high aspect ratio, high thermal/electrical conductivity, and high
elastic modulus, being the fibrous material with the best known me-
chanical properties [23]. In electroanalytical chemistry, SWCNTs effi-
ciently catalyze electrochemical reactions of biomolecules/inorganic
compounds. Compared with standard carbon electrodes, they accelerate
electron transfer, reduce overpotential, shorten response time, and boost
electroactive substrate reaction rates [24]. In biosensing, TiO2 nano-
materials have good biocompatibility and strong adsorption, with
modifiable surfaces for specific capture. In electrochemical sensors, their
redox activity enhances target signals, and high chemical stability en-
sures reliability in acidic/alkaline electrolytes [34]. TiO, is also a widely
used photocatalyst with high activity, low cost/toxicity, large specific
surface area, and stabilizes enzyme conformation via surface -OH
hydrogen bonds [35]. SWCNT-TiO5 composites exhibit significant syn-
ergies: SWCNTs act as “electron bridges” to transfer TiOy’s electrons,
and their combined large specific surface area/TiO;’s adsorption forms a
“dual enrichment effect” [36]. For aspartame detection, SWCNTs
accelerate electron transfer, and TiOy selectively adsorbs/catalyzes
aspartame oxidation. SWCNTSs’ size sieving inhibits protein adsorption.
TiOy modifies SWCNTs’ hydrophobicity. Their synergy significantly
enhances the aspartame oxidation peak current, outperforming single-
material sensors [37].
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In this work, we present a novel electrochemical biosensor. Immo-
bilizing Alcohol Oxidase (AOX), Carboxylesterase (CaE) on SWCNTs-
TiO5 nanocomposite-modified screen-printed carbon electrodes. Aspar-
tame is decomposed into Methanol and L-aspartyl-L-phenylalanine (L-
Asp-L-Phe) under the catalysis of Carboxylesterase (CaE). Subsequently,
the generated Methanol is further decomposed into Hydrogen Peroxide
(H203) and Formaldehyde under the action of Alcohol Oxidase (AOX).
The produced H20- reacts with 3,3',5,5-tetramethylbenzidine (TMB) to
turn it blue, enabling visual detection. Notably, we did not use the
colorimetric method and the electrochemical method independently.
Instead, we integrated these two methods. The fabricated sensor was
connected to a portable electrochemical workstation, integrating elec-
trochemical detection and the colorimetric process. This design aimed to
construct an on-site visual detection platform that can operate inde-
pendently of laboratories, require no professional operation, and realize
qualitative and quantitative detection of aspartame in food [29,32].

2. Experiment

Detailed information regarding materials, reagents, and instruments
is presented in the Supplementary Information.

2.1. Preparation of SWCNTs-TiO2 nanocomposites

SWCNTs (30.0 mg) and TiO; (30.0 mg) were dispersed in 100 mL of
deionized water within a 500 mL round-bottom flask. The mixture was
sonicated for 35 min using a 400 W bath-type sonicator to achieve ho-
mogeneous dispersion. This was then transferred to a 70 °C oil bath and
subjected to magnetic stirring for 6 h to facilitate chemical interactions.
After stirring, the solution was sonicated again for 35 min to improve the
uniformity of the composite. The supernatant was then decanted, and
the resulting SWCNTs-TiO; dispersion (0.3 mg/mL) was stored at 4 °C
for subsequent experiments.

2.2. Fabrication of SWCNTs-TiO2/SPCE sensor

The SWCNTs-TiO2/SPCE sensor was prepared via the drop-casting
method, and before modification, the SPCE surface was pretreated to
enhance film adhesion and electrochemical performance: firstly, the
SPCE was immersed in a 1 mol/L NaOH solution (sufficient to cover the
entire working area of the electrode) and sonicated for 5 min, after
which the electrode surface was thoroughly rinsed with ultrapure water
to remove residual NaOH and dried with Nitrogen (N3) gas. Subse-
quently, the SPCE was immersed in a 5 mol/L HCI solution (also suffi-
cient to cover the entire working area) and sonicated for another 5 min,
followed by thorough rinsing with ultrapure water to eliminate residual
HCI, rinsing of the electrode surface with absolute ethanol 2-3 times
(2-3 mL of absolute ethanol dropped each time using a dropper) to
remove partial fat-soluble or hydrophobic impurities, and gentle drying
with high-purity Ny until completely dry. After pretreatment, 6 pL of the
pre-prepared SWCNTs-TiOy suspension (0.3 mg/mL) was carefully
dropped onto the working area of the pretreated SPCE, and the electrode
was dried under ambient conditions (25 °C, relative humidity 40-50 %)
for 2 h to ensure complete solvent evaporation and the formation of a
uniform nanocomposite film. Finally, the pretreated and modified
electrode was immersed in 10-20 mL of Phosphate-buffered Saline
(PBS) with a pH of 7.0-7.4 and a concentration of 0.01-0.1 mol/L. An
electrochemical workstation was connected, and cyclic voltammetry
scans were performed until the curve stabilized, ensuring the electrode
reached a stable electrochemical performance state.

2.3. Preparation of SWCNTs-TiO2/SPCE dual-enzyme sensor
Firstly, Alcohol Oxidase (AOX, 7.7 IU) and Carboxylesterase (CaE,

18.7 IU) were dissolved in 20 pL of phosphate-buffered saline (PBS, 0.1
M, pH 7.4). Then, 5 pL of 0.6 % (w/v) Bovine Serum Albumin (BSA) and
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5 pL of 1.5 % (w/v) Glutaraldehyde (GA) were added. After vortexing for
30 s, 4 pL of the mixture was drop-cast onto the SWCNTs-TiO2-modified
working electrode. Then the electrode dried in a desiccator at 25 + 1 °C
for 1 h to promote covalent crosslinking. After fabrication, the sensors
were stored at —20 °C in airtight containers with silica gel. Before use,
the electrodes were rinsed with PBS to remove any unbound reagents.

2.4. Experimental design for electrochemical-colorimetric combined
detection of aspartame

Carboxylesterase (CaE) and Alcohol Oxidase (AOX) immobilized on
the sensor surface synergistically catalyze the decomposition of aspar-
tame. The generated Hydrogen Peroxide (HO») undergoes a colori-
metric reaction with 3,3',5,5-tetramethylbenzidine (TMB) to form a blue
product, enabling rapid preliminary screening and quantitative detec-
tion. Current catalysis accelerates the reaction. Meanwhile, H,O5 un-
dergoes redox reactions on the surface of the SWCNTs-TiO5 composite
electrode, generating detectable electrochemical signals for accurate
quantification. The mutual verification of these two signals improves the
reliability of detection. Aspartame standard solutions with concentra-
tions of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, and 0.1 mg/
mL were prepared using PBS. The dual-enzyme electrode modified with
nanocomposites was connected to the electrode system, and the stan-
dard solutions with different concentrations were detected separately.
Linear Sweep Voltammetry (LSV) was employed at a scan rate of 100
mV/s to record current density-potential curves, and an electrochemical
standard curve was plotted by taking the oxidation peak current as the
ordinate and aspartame concentration as the abscissa. For the generated
blue signal, the absorbance at 652 nm (the characteristic absorption
peak of the oxidized TMB product) was measured, and a colorimetric
standard curve was constructed using absorbance values against aspar-
tame concentrations. Simultaneously, the color changes observed by the
naked eye were recorded to establish the corresponding relationship
between color and concentration.
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3. Results and discussion

3.1. Design strategy of a dual-enzyme biosensor based on nanomaterial
modification of SWCNTs-TiO2/SPCE

The design process of the SWCNTs-TiO»/SPCE dual-enzyme sensor is
illustrated in Fig. 1. Notably, Carboxylesterase (CaE) and Alcohol Oxi-
dase (AOX) were covalently immobilized on the surface of SWCNTs-
TiO9/SPCE. This immobilization was achieved via cross-linking with
Bovine Serum Albumin (BSA) and Glutaraldehyde (GA), providing a
stable and effective means of attaching the enzymes to the electrode
surface. Once immobilization was complete, a dual-enzyme biosensor
modified with SWCNTs-TiO5 nanomaterials was successfully fabricated.
The developed sensor enables qualitative and quantitative detection of
target samples. Alcohol Oxidase (AOX) and Carboxylesterase (CaE)
decompose the aspartame solution to produce Hydrogen Peroxide
(H03). HyO4 reacts to generate active hydroxyl (-OH) groups under the
catalysis of an electric current, which then reacts with TMB in the so-
lution to show a blue color, enabling visual detection. Qualitative
analysis is achieved by observing the solution’s color change, while
quantitative detection is realized by monitoring variations in the
absorbance of the colorimetric signal.

3.2. Morphology and performance characterization of SWCNTs-TiO2
materials

In this study, Scanning Electron Microscopy (SEM) was utilized to
accurately analyze the particle size and morphology of the SWCNTs
(Fig. 2A), TiOy (Fig. 2B), and synthesized SWCNTs-TiOy composite
materials (Figs. 2C, D, E, and F). The above results show that the
SWCNTs alone exhibited a loosely porous network structure (Fig. 2A).
However , a significant morphological change was observed after TiO,
modification, as shown in Figs. 2C and D; spherical TiO5 nanoparticles
were found dispersed across the mesh-like structure of SWCNTs. The
SEM images in Fig. 2E and F show numerous smooth, spherical TiO
particles attached to the mesh-like gap in the SWCNTs. The distinct,
well-dispersed lattice structure of these particles indicates successful
deposition. Furthermore, by comparing the SEM image of pristine
SWCNTs without TiO3 modification (Fig. 2A) and pure TiO; (Fig. 2B)
with that of SWCNTs-TiO,, it was verified that the original folded

Electrochemical workstation
SPCE (with laptop)

’

. = I

:% £ ° ’6\)

o 0, OO,
% A4

CakE AOX Aspartame

Fig. 1. Flowchart of the preparation process.
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500 nm

Fig. 2. SEM images of SWCNTs, TiO,, and SWCNTs-TiO, with different magnifications. (A)SEM image of SWCNTs;(B)SEM image of TiO;(C, D, E, F)SEM images of

SWCNTs-TiO,.

structure of SWCNTs remained intact throughout the modification
process—indicating that the synthesis strategy did not compromise the
structural integrity of SWCNTs.

Before the { potential testing, the materials were dispersed in ultra-
pure water maintained at a temperature of 25 °C to ensure a homoge-
neous and stable suspension. The {-potential test results further confirm
the successful preparation of the single-walled carbon nano-
tube-titanium dioxide (SWCNTs-TiO3) composite (as shown in Table 1).
The {-potential of pure SWCNTs is —12.6 mV, while that of pure TiOy
nanoparticles is —21.7 mV. Notably, the {-potential of the prepared
SWCNTs-TiO, composite is —15.2 mV, which lies between the values of
the two original components but is not equal to their mass-weighted
average. This intermediate {-potential can be reasonably explained by
the interfacial interaction between SWCNTs and TiOs. Pure TiO, gen-
erates a large number of negative charges due to the dissociation of
surface hydroxyl groups (TiO, + H0 = Ti-O~ + H30™"), resulting in a
C-potential of —21.7 mV. In contrast, SWCNTs have fewer surface defect
functional groups (e.g., -COOH) and weak adsorption of anions in the
solution, leading to a less negative {-potential of —12.6 mV. During the

Table 1
Measurement of { potential of TiO;, SWCNTs and
SWCNTS-TiO».

Materials { potential (mV)
TiO2 -21.7
SWCNTs -12.6

SWCNTs-TiO2 —15.2

formation of the composite, TiO; nanoparticles are anchored on the
surface of SWCNTs through non-covalent interactions or partial charge
transfer. This interfacial binding regulates the surface charge distribu-
tion of the composite: the strong negative charge of TiO, is partially
“buffered” by the relatively weaker negative charge of SWCNTs, and the
surface charge of SWCNTs is in turn affected by the attached TiO, par-
ticles. Eventually, the composite exhibits a {-potential (—15.2 mV) be-
tween the two components, reflecting the synergistic effect between the
two phases. Importantly, this single intermediate {-potential value rules
out the possibility of simple physical mixing—physical mixing would
exhibit two distinct peaks or a value close to one of the components. This
indicates that a homogeneous composite structure is formed in the
system, and SWCNTs and TiO; achieve tight binding, thereby confirm-
ing the successful composite of the two phases.

To better confirm the successful synthesis of the composites, X-ray
Photoelectron Spectroscopy (XPS) was employed to analyze the
elemental properties of the SWCNTs-TiO, composites. The presence of
distinct peaks corresponding to Cls (Fig. 3A), Ols (Fig. 3B), and Ti2p
(Fig. 3C) in the spectra provided direct evidence of the successful fixa-
tion of TiO onto SWCNTs-TiO,. Specifically, the Cls XPS spectrum of
SWCNTs post-TiO, adsorption deconvoluted into three peaks at binding
energies of 290.01 eV (O-C=0), 285.97 eV (C-O-C), and 284.50 eV
(C—CQ), as depicted in Fig. 3A. The O1s XPS spectrum could be resolved
into two peaks at 532.64 eV (C=0) and 530.56 eV (C—O), while the
Ti2p XPS spectrum exhibited two peaks at 465.09 eV (Ti2pl/2) and
459.38 eV (Ti2p2/3) [34,38-40]. Fig. 3D further corroborated the
successful synthesis of the composite material, with the characteristic
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Fig. 3. Performance characterization of SWCNTs-TiO, Nanomaterials. (A)Peak spectra of C element in SWCNTs-TiO,; (B)Peak spectra of O element in SWCNTs-TiOo;
(C)Peak spectra of Ti element in SWCNTs-TiO,; (D)Total spectra of SWCNTs-TiOy; (E)IR spectrum of SWCNTs-TiO,; (F)UV spectrum of SWCNTs-TiOo; (G)Nitrogen
adsorption-desorption profiles of SWCNTs-TiO,; (H)Nitrogen adsorption-desorption profiles of SWCNTs; (I)Nitrogen adsorption-desorption profiles of TiO,. (J)XRD
spectrum of SWCNTs-TiO,; (K)XRD spectrum of TiO,; (L)XRD spectrum of SWCNTs.

peaks of Cls, Ti2p, and Ols distinguishable in the XPS spectrum.

The Fourier Transform Infrared Spectroscopy (FT-IR) spectrum of
SWCNTs-TiOy is analyzed in Fig. 3E. Characteristic peaks at 1641.46
em™! (C—O stretching vibration), 1060.37 em™! (C—C vibration),
603.06 cm™? ([Ti-O-Ti] ring vibration), and 457.88 cm ! (Ti—O vi-
bration) strongly indicate the successful loading of TiO; onto SWCNTs
[36,41]. The Ti-O-C bonds formed at the interface between SWCNTs and
TiO: can effectively inhibit charge recombination, significantly improve

the efficiency of interface electron transfer, provide an efficient charge
transfer channel for electrocatalytic reactions, and thus contribute to
excellent electrocatalytic performance.

The electrocatalytic activity of the SWCNTs-TiO2 material in the
Ultraviolet (UV) region was characterized using Ultraviolet-Visible
Spectroscopy (UV-Vis) spectroscopy. As presented in Fig. 3F, when
irradiated with UV light, the SWCNTs-TiO2 material exhibited remark-
able absorption characteristics. The absorption intensity of the material



X. Lietal

increased gradually as the wavelength decreased from 800 nm to 200
nm. By comparing with the existing research, the successful modifica-
tion of the material was verified [35,42,43].

Thermogravimetric Analysis (TGA) using a thermogravimetric syn-
chronous analyzer was carried out to evaluate the thermal stability of
the materials. The samples were heated from 20 to 800 °C at a heating
rate of 25 °C- min'. Additionally, nitrogen adsorption/desorption mea-
surements were performed on SWCNTs-TiO2, SWCNTs, and TiO,, and
the results are presented in Fig. 3G, H, and I. In the range of P/Po
approximately 0.8-1, steep capillary condensation and evaporation
processes were observed. The narrow hysteresis loops and large
adsorption range of SWCNTs-TiO; indicated a homogeneous and well-
defined pore structure. The differences in average pore diameters
result in variations of SWCNTs-TiOy, SWCNTs, and TiO,, leading to
variations in the specific surface area, as summarized in Table 2
[44-47].

X-ray Diffraction (XRD) was further used to investigate the crystal
structure of the nanomaterials. The XRD pattern of SWCNTs-TiO5
showed four characteristic diffraction peaks at 25.51°(101) , 26.61°
(002) , 37.81°(004), and 48.03°(200) in Fig. 3J. These diffraction peaks
matched well with the reported structures of SWCNTs and TiO,, con-
firming the successful synthesis of the composite with high crystallinity.
Meanwhile, XRD tests were also performed on pure TiO, (Fig. 3K) and
pure SWCNTs (Fig. 3L). As shown in Fig. 3K, the XRD pattern of pure
TiO4 exhibited three characteristic peaks at 25.59°, 37.78°, and 48.13°,
corresponding to the (101), (004), and (200) lattice planes, respectively.
As shown in Fig. 3L, the XRD pattern of pure SWCNTs showed one
characteristic peak at 26.35°, which was assigned to the (002) lattice
plane. All the lattice planes observed in the individual materials were
present in the composite, which further confirmed the effective syn-
thesis of the SWCNTs-TiO, nanocomposite. In addition, the peaks that
appeared exclusively in the composite may be attributed to new crystal
plane information generated by the successful composite modification of
the materials [37,40,48-50].

3.3. The electrochemical properties of the dual-enzyme SWCNTs-TiOy/
SPCE sensor

Firstly, the SWCNTs-TiO,/SPCE electrode was subjected to anodic
oxidation in a 0.2 mol/L phosphate-buffered saline (PBS) solution with a
pH of 6.0. This was carried out at an applied potential of +1.8 V for 300
s. Subsequently, Cyclic Voltammetry (CV) was performed within a po-
tential range of —0.8 V to +1.0 V at a scan rate of 100 mV/s. This process
was repeated until a stable cyclic voltammogram was obtained, resulting
in the electrochemically pre-treated SWCNTs-TiO2/SPCE electrode.

The constructed nanomaterial-modified dual-enzyme biosensor was
placed in the aspartame standard solution to be tested, and CV tests were
conducted during the reaction to verify the occurrence of redox re-
actions. As shown in Fig. 4A, the CV curve of the SWCNTs-TiO,
composite-modified electrode exhibited symmetric redox peaks, con-
firming the occurrence of redox reactions. Aspartame molecules were
decomposed by the dual-enzyme system on the electrode surface to
generate Hydrogen Peroxide (H205), which underwent redox reactions
to produce active hydroxyl ions, causing fluctuations in the CV curve.
The appearance of the reduction peak directly indicated good revers-
ibility of the electrochemical reaction and efficient electron transfer on
the electrode surface. The SWCNTs-TiOz composite showed distinct
current response characteristics at different potentials: the current

Table 2

Textural properties of SWCNTs-TiO4, TiO; and SWCNTs.
Thermal properties SWCNTs-TiO, TiOy SWCNTs
Specific surface area (m?/g) 319.618 63.6104 869.674
Pore volume (cm®/g) 0.561546 0.349555 1.48931
Average pore diameter (nm) 7.02772 21.9810 14.6517
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gradually increased with increasing potential, with relatively low cur-
rent response in the negative potential region and significantly
enhanced response in the positive potential region, demonstrating
improved electrochemical activity under positive potentials.

LSV was used to characterize the electrochemical properties of
SWCNTs-TiO2/SPCE, with comparisons made to the LSV curves of bare
SPCE, TiOy/SPCE, and SWCNTs/SPCE. As shown in Fig. 4B, the current
density of SWCNTs-TiO5/SPCE increased significantly as the scan po-
tential transitioned from negative to positive, and maintained a steady
growth in the positive potential range—indicating high electrochemical
activity and good stability of the composite within this potential range.
Compared with TiOo/SPCE, SWCNTs/SPCE, and bare SPCE, the LSV
curve of SWCNTs-TiO,/SPCE showed a wider current density variation
range, significantly higher overall current level, and more obvious
current growth trend with potential. Additionally, the onset oxidation
potential of the target (Aspartame) was notably negatively shifted
compared to that of single-component TiO5/SPCE, reflecting the com-
posite’s ability to effectively reduce the activation energy of the target’s
oxidation reaction. From the mechanism perspective, Hydroxyl groups
(-OH) on the TiOy surface can specifically adsorb target molecules,
providing sufficient active sites for electrocatalytic reactions. Mean-
while, the highly conductive network constructed by SWCNTs acceler-
ates electron transfer of the adsorbed molecules. The synergistic effect of
these two components significantly enhances the electrocatalytic effi-
ciency of the electrode [34,37,51].

In this study, Electrochemical Impedance Spectroscopy (EIS) tests
were performed at open-circuit potential (OCP) by applying voltage
within a specific frequency range, and the results were compared with
the Linear Sweep Voltammetry (LSV) curves of bare SPCE, TiOy/SPCE,
and SWCNTs/SPCE. As shown in Fig. 4C, the EIS plot of SWCNTs-TiOy/
SPCE exhibited a typical semicircular shape, with a significantly smaller
semicircle diameter than that of single-component TiO,/SPCE, single-
component SWCNTs/SPCE, and bare SPCE. This indicated a notable
reduction in the charge transfer resistance (Rct) of the composite-
modified electrode. A smaller Ret value implies lower electron transfer
resistance at the electrode-electrolyte interface, faster electron transfer
rate, and superior electron transfer capability, which also confirms the
enhanced electrical conductivity of the composite [35,41,42].

The same set of tests was conducted on SWCNTs-TiO5/SPCE after 10
cycles of aspartame solution detection, with results shown in Fig. 4D, E,
and F. In Fig. 4A, the CV curve of the SWCNTs-TiO;, composite exhibited
a wide current density range and strong response. In contrast, Fig. 4D
(CV curve after 10 measurements) showed significantly reduced current
density, drastically narrowed current variation range, obvious curve
fluctuations, and unstable current changes. This indicates that after
multiple measurements, the electrochemically active sites on the elec-
trode surface may be lost due to impurity adsorption or slight material
detachment, leading to decreased electron transfer efficiency and elec-
trochemical reaction activity. However, the electrode still maintained a
certain level of electrochemical response, reflecting the sensor’s mod-
erate stability. In Fig. 4B, the LSV curve of SWCNTs-TiO5/SPCE showed
a wide current density variation range and a significant growth trend. In
Fig. 4E (LSV curve after 10 measurements), the current density was
drastically reduced, and the growth rate with potential slowed down
significantly. This suggests that the electrocatalytic ability of the elec-
trode attenuated after multiple measurements, possibly due to the
compromised integrity of the composite modification layer on the
electrode surface, which weakened its catalytic effect on electro-
chemical reactions. Comparison between Fig. 4F (EIS after 10 mea-
surements) and Fig. 4C: The EIS plot of SWCNTs-TiO5/SPCE in Fig. 4C
showed a small semicircle diameter and low Rct. In contrast, Fig. 4F
exhibited a significantly larger semicircle diameter (and higher overall
impedance range), indicating a marked increase in Rct and reduced
electron transfer rate at the electrode interface. This may be attributed
to the formation of a thin adsorption layer on the electrode surface,
which increased charge transfer resistance. This change is consistent
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with the results of the previous two electrochemical characterizations,
which all demonstrate decreased electrochemical performance of the
electrode after multiple uses. From a practical application perspective,
the sensor still enabled effective electrochemical detection after 10 cy-
cles, which indirectly reflects the moderate stability and practicality of
the SWCNTs-TiO5 composite-modified electrode [51-53].

3.4. Optimization of synthetic and detection conditions

Ultrasonication time affected SWCNTs-TiO5 dispersion. As shown in
Fig. 5A, under the condition that all other factors are the same, the ul-
trasonic time of the composite material was controlled at 20, 25, 30, 35,
and 40 min, and five sensors were prepared. The electrochemical
response signal of the material increased significantly at 35 min of ul-
trasonic treatment, with only a marginal further increase at 40 min.
Considering time efficiency, 35 min was chosen as the optimal ultrasonic
duration.

The ratio of Aldehyde Oxidase (AOX), Carboxylesterase (CaE), and
Bovine Serum Albumin (BSA) also affects the detection performance of
the sensor. To explore the optimal ratio, we conducted experimental
verification under the condition where the ratios of AOX: CaE, CaE:
AOX, and BSA:(CaE + AOX) were set to 0.5:1.0, 1.0:1.0, 1.5:1.0, 2.0:1.0
and 2.5:1.0, respectively. During the experiment, when the ratio of one
pair of enzymes (or BSA to the enzyme mixture) was adjusted, the ratios
of the other components were maintained at their previously optimized
values to eliminate interference from other variables. As illustrated in
Fig. 5B, the sensor exhibited the best detection performance when the
ratios of AOX: CaE, CaE: AOX, and BSA:(CaE + AOX) were 0.5:1.0,
2.0:1.0, and 2.0:1.0, respectively.

To evaluate the retention of enzyme activity over time, the biosensor
was stored in the dark at 4 °C, and its response performance was
measured periodically. The results showed that no significant decline in
enzyme activity was observed within 7 days: when detecting aspartame
standard solutions of the same concentration, the change rate of the
response signal was <20 % compared with the freshly prepared
biosensor, confirming that the enzyme activity could be effectively
maintained during this period. All the above experimental results were
verified by 3 parallel experiments, ensuring the reliability of the data. To
verify the specificity of the sensor, we expanded the types of interfering
substances to cover more than 5 common food additives, including
sucralose, acesulfame-K, saccharin, sodium saccharin, and cyclamate.
We used “interference rate” as a quantitative indicator to evaluate the
degree of interference by comparing the difference in electrochemical
response between “target analyte only” and “target analyte + interfering
substances”: the control group was a PBS solution containing only 0.5
mg/mL aspartame, and its oxidation peak current was measured. The
interference group was a mixed solution containing 0.5 mg/mL aspar-
tame +0.5 mg/mL of each of the 5 interfering substances, and its
oxidation peak current was measured. The calculated interference rate
was 3.2 %, and an interference rate < 5 % is considered no significant
interference, which meets the requirements for food detection.

3.5. Testing of the actual samples

An external standard method was employed for quantification. A
stock solution of aspartame (>99 % purity). The concentrations of the
standard solution were divided into 10 concentration gradients within
the range of 0.01-0.1 mg/mL. All standard solutions were stored in a
refrigerator at 4 °C and remained valid for 30 days. For the carbonated
beverage samples, 5.000 g (accurate to 0.001 g) were weighed into a 50
mL beaker and degassed in a water bath at 50 °C to remove the carbon
dioxide. The samples were then transferred quantitatively to a 25 mL
volumetric flask and diluted to the required volume with deionized
water.

As shown in Fig. 5C, Verification via the colorimetric method showed
that within the same concentration range of 0.01-0.1 mg/mL, the linear
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regression equation between aspartame concentration (C, unit: pg/mL)
and absorbance at 652 nm (A, unit: a.u.) was A = 0.0125C + 0.0805 with
a linear correlation coefficient (R? of 0.9984), indicating an extremely
strong concentration-absorbance correlation and excellent linear fitting
degree. The LOD calculated by the “3 x standard deviation of blank
signal/slope” formula was 0.232 pg/mL, which can fully cover the
actual added concentration range of aspartame in food and meet the
demand for low-concentration detection. As shown in Fig. 5C, for
aspartame solutions with concentrations ranging from 0.01 to 0.1 mg/
mlL, distinct gradient color changes in the blue hue were observed. As
shown in Fig. 5D, Verification Via Linear Sweep Voltammetry (LSV)
showed that within the concentration range of 0.01-0.1 mg/mL, the
linear regression equation between the sensor’s oxidation peak current
(I, unit: 1 x 107> A) and aspartame concentration (C, unit: pg/mL) was I
=7.13 x 1077C + 7.99 x 10~° with a linear correlation coefficient (R>
of 0.9993), indicating an extremely strong concentration-current cor-
relation and excellent linear fitting degree. The limit of detection (LOD)
calculated by the formula “3 x standard deviation of blank signal/slope”
was 0.131 pg/mL. Meanwhile, we have compared the above results with
aspartame detection methods reported in recent literature, such as High-
performance Liquid Chromatography (HPLC), Liquid Chromatography-
tandem Mass Spectrometry (LC-MS/MS), and Ultraviolet-visible Spec-
trophotometry (UV-VIS): the LOD of this sensor is basically comparable
to that of these large-scale high-precision instruments, with the elec-
trochemical method reducing the LOD by approximately 50 %, short-
ening the detection time to 4-6 min, and significantly improving
sensitivity and efficiency. Compared with HPLC, which requires a
detection time of 25-35 min, this sensor has a faster detection speed and
no need for complex pretreatment. It also has an advantage in cost, as
the cost of fabricating one sensor is much lower than that of purchasing a
large-scale instrument.

As shown in Table 3, the samples were divided into three concen-
tration gradients. Colorimetric method and electrochemical detection
method were employed for separate detection, and High-performance
Liquid Chromatography (HPLC), a standard method, was used for veri-
fication. The detection results were satisfactory, with low Relative
Standard Deviation (RSD). The content of aspartame in the actual
samples measured in this study was basically consistent with that
determined by the gold standard method. As shown in Table 4, spike
recovery verification was performed for the two methods. Since the
background value in the actual samples was non-negligible, precise
spiking was adopted. The errors caused by experimental operations were
within the allowable range, and the spike recoveries fell in the range of
91.8-110.57 %.

4. Conclusion

In conclusion, a dual-enzyme biosensor modified with a nano-
composite (SWCNTs-TiO,) was designed, which can be used for rapid,
sensitive, and visual detection of aspartame in food. The presence of the
dual-enzyme system enables direct regulation of aspartame dissociation,
and the generated Hydrogen Peroxide (H,05) can react with 3,3,5,5'
tetramethylbenzidine (TMB) in the electrolyte to produce a visible blue
color. This performance benefit stems from the specific capture and
decomposition of aspartame by the dual-enzyme system, as well as the
electrochemical signal amplification effect of the nanocomposite.
Therefore, the SWCNTs-TiO2/SPCE (screen-printed carbon electrode)
can be applied for rapid qualitative and quantitative detection of
aspartame in food. Owing to the verification based on the different
detection mechanisms of colorimetry and electrochemistry, this strategy
allows mutual complementation and self-verification to ensure the
reliability and accuracy of the results. Consequently, the constructed
dual-enzyme biosensor modified with the SWCNTSs-TiO5 nanocomposite
exhibits broad application prospects in the on-site monitoring of
aspartame for food safety.
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Table 3
Determination of aspartame in beverages by using Electrochemical, Colorimetric, and HPLC(n = 3).
Samples Concertration multiple Electrochemical Colorimetric HPLC
Mean + SD (pg/mL) RSD (%) Mean + SD (pg/mL) RSD (%) Mean + SD (pg/mL) RSD (%)
1 0.7 8.14 £ 0.19 2.32 8.58 + 0.38 4.45 7.39 + 0.04 0.48
1 12.09 + 0.39 3.23 11.17 +£ 0.17 1.53 10.74 + 0.12 1.11
1.3 15.78 + 0.46 2.93 14.75 £+ 0.46 3.12 13.68 + 0.11 0.78
2 0.7 11.78 +£ 0.17 1.47 9.56 + 0.44 4.60 10.73 £ 0.19 1.80
1 16.62 + 0.19 4.33 13.21 £+ 0.32 2.43 15.25+ 0.3 1.95
1.3 21.02 + 0.37 1.77 17.22 + 0.68 3.94 19.17 +£ 0.57 2.97
3 0.7 8.27 £ 0.19 2.29 12.01 + 0.43 3.60 8.76 + 0.08 0.96
1 12.54 + 0.15 1.23 12.20 + 0.27 2.18 12.53 £ 0.13 1.06
1.3 15.31 + 0.23 1.48 15.82 £+ 0.52 3.27 16.69 + 0.25 1.48
4 0.7 20.33 £ 0.75 3.69 20.02 + 0.86 4.32 19.43 + 0.45 2.31
1 29.07 + 0.93 3.18 24.62 + 0.73 2.98 28.06 + 0.43 1.52
1.3 37.81 +0.83 2.19 33.87 £ 1.18 3.47 36.18 + 0.58 1.62
5 0.7 11.82 + 0.16 1.35 11.01 £+ 0.47 4.30 9.76 £+ 0.19 1.91
1 16.25 + 0.49 3.04 13.12 £ 0.21 1.60 13.70 + 0.24 1.73
1.3 20.71 + 0.95 4.59 17.69 £+ 0.36 2.02 18.19 + 0.07 0.38
Table 4
Recorvey analysis of aspartame in the real samples with Electrochemical and Colorimetric methods(n = 3).
Samples Electrochemical Colorimetric
Added Total Concentration Total Founded Recovery RSD Added Total Concentration Total Founded Recovery RSD
(pg/mL) (pg/mL) (pg/mL) (%) (%) (pg/mL) (pg/mL) (pg/mL) (%) (%)
1 9.26 20.83 21.03 £ 0.37 102.16 1.77 9.56 21.51 21.60 + 1.06 99.44 4.92
11.57 23.14 22.94 + 0.58 98.27 2.51 11.95 23.90 23.55 £ 0.99 97.11 4.22
13.89 25.46 25.52 £ 0.73 100.45 2.84 14.34 26.29 26.90 + 0.43 105.01 1.60
2 12.91 29.06 31.52 £+ 0.08 119.10 0.26 11.03 24.82 25.76 £ 1.27 101.95 4.93
16.14 32.29 32.85 £ 0.41 103.52 1.25 13.79 27.57 27.33 £ 0.97 98.22 3.56
15.50 31.64 32.09 £ 0.08 102.91 0.25 16.55 30.34 31.60 £+ 1.29 107.63 4.07
3 9.83 22.11 21.50 £+ 0.51 93.57 2.37 10.31 23.20 22.17 £ 0.98 100.95 4.44
12.29 24.57 24.01 £ 0.43 95.47 1.81 12.89 25.78 25.48 + 0.74 97.69 2.90
11.79 24.08 24.68 + 0.61 105.10 0.94 15.47 28.36 27.50 £+ 0.93 94.43 3.38
4 22.86 51.43 53.24 + 0.50 107.93 2.49 20.81 46.82 45.13 + 0.98 91.85 2.00
28.57 57.14 58.05 + 0.89 103.16 1.53 26.01 52.02 52.29 + 1.96 101.02 3.75
34.29 62.86 63.05 + 0.30 100.56 0.47 31.21 57.22 56.13 + 0.88 96.51 1.57
5 12.80 28.80 28.40 £+ 0.17 96.88 0.61 10.93 24.59 24.87 £ 1.02 102.54 4.12
16.00 32.00 31.21 +£1.29 95.07 4.13 13.66 27.32 28.03 + 0.72 105.20 2.56
19.20 35.20 35.86 + 0.27 103.44 0.76 16.39 30.05 31.78 +£1.82 110.57 5.73
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