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Background: Melanoma is a highly metastatic skin cancer with occult early symptoms, making sensitive diagnostic tools essential for
early intervention. Tyrosinase (TYR), a key enzyme in melanogenesis, is aberrantly secreted into the bloodstream by melanoma cells
and thus serves as a promising biomarker for melanoma. However, the ultralow concentration of TYR in serum (0.066-0.636 U/L)
poses a significant challenge to conventional detection methods, highlighting the need for more sensitive detection strategies.
Methods: An electrochemical biosensor was engineered using a screen-printed electrode (SPE) as the base. The SPE was modified
with a nanocomposite consisting of tyramine-functionalized carboxylated multi-walled carbon nanotubes (MWCNTs-tyr), gold
nanoparticles (Au NPs), and poly(3,4-ethylenedioxythiophene) (PEDOT). To validate the sensor’s performance, differential pulse
voltammetry (DPV) was employed, with tests conducted in phosphate-buffered saline (PBS, pH 7.0) and murine serum samples.
Results: The MWCNTs-tyr/Au NPs/PEDOT nanocomposite synergistically enhanced the sensor’s conductivity, catalytic activity, and
TYR-specific binding capacity. The sensor exhibited a wide linear detection range for TYR (0.05~0.9 U/L, R? =0.9914), and a low detection
limit of 0.0091 U/L. Additionally, it showed excellent reproducibility (5 consistent measurements at a TYR concentration of 0.1 U/L) and
high specificity against common serum interferents. In tumor-bearing mice, TYR serum levels were found to correlate with tumor
progression: TYR concentration was 0.084 % 0.009 U/L when tumor volume was 68 % 5.25 mm®, and increased to 0.653 + 0.028 U/L
when tumor volume reached 1280 % 89.22 mm?®.

Conclusion: This study presents a proof-of-concept for a MWCNTs-tyr/Aw/PEDOT/SPE biosensor. The platform enables rapid and
sensitive detection of TYR in small-volume samples and effectively monitors tumor burden in a murine model, demonstrating its
potential as a research tool for melanoma biomarker investigation.
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Introduction

As a highly malignant skin cancer, melanoma is characterized by insidious early symptoms, rapid progression, and a high
tendency for distant metastasis, which significantly reduces the 5-year survival rate of patients with advanced disease.’
Therefore, achieving early diagnosis of melanoma is of crucial clinical significance for improving patient prognosis and
enhancing treatment success rates.” Among numerous potential diagnostic markers, tyrosinase, as a key rate-limiting
enzyme in the process of melanin synthesis, has a close correlation with the occurrence and development of melanoma,
and is regarded as a highly promising biomarker for early diagnosis.> Under normal physiological conditions, TYR is

strictly confined intracellularly within healthy melanocytes and is rarely detectable in the peripheral circulation.
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However, in the context of melanoma, the rapid proliferation, high metabolic turnover, and cell lysis of malignant cells
lead to the aberrant release and accumulation of TYR into the bloodstream.* Although trace levels of TYR activity may
theoretically originate from normal skin turnover or other non-malignant pigmented lesions, the serum concentration in
melanoma patients is significantly elevated (0.066~0.636 U/L) often orders of magnitude higher than the physiological
baseline (<0.024 U/L). This distinct pathological elevation serves as the biological basis for utilizing circulating TYR as
a specific biomarker for melanoma screening and staging.>°

Currently, traditional methods for detecting tyrosinase include enzyme-linked immunosorbent assay (ELISA) and
high-performance liquid chromatography (HPLC).”® However, these methods generally have limitations such as
cumbersome operation, long detection cycle, reliance on large-scale instruments, and insufficient sensitivity, making
them difficult to meet the clinical needs for rapid and accurate early screening of melanoma. In contrast, electrochemical
biosensors have shown great application potential in the field of biomarker detection due to their advantages of high
sensitivity, rapid response, low cost, and portability, and are particularly suitable for point-of-care testing scenarios in
primary medical institutions.”'' Among them, screen-printed electrodes (SPEs) have become an ideal platform for
portable sensors because of their characteristics of mass production and easy surface modification. The performance of
electrode modification materials is the core factor determining the detection performance of electrochemical
biosensors.'*'? However, traditional SPEs have problems such as insufficient conductivity and low interfacial electron
transfer efficiency, which limit their ability to detect trace markers."*

Multi-walled carbon nanotubes (MWCNTSs) have emerged as an ideal candidate for electrode modification due to their
excellent electrical conductivity, large specific surface area, and good biocompatibility.'> Carboxylation modification can endow
MWCNTs with more surface active sites, enhancing their water solubility and functionalization potential.'® Further modification
of tyramine is crucial for sensor design. From a biochemical perspective, tyramine is the product of tyrosine decarboxylation and
possesses the phenolic structure essential for the tyrosinase active site.'”'® Unlike other complex substrates, tyramine’s primary
amine group readily undergoes covalent grafting onto multi-walled carbon nanotubes, while its exposed phenolic group serves as
a specific target for tyrosinase-catalyzed ortho-hydroxylation, ultimately yielding electroactive dopamine. This modification not
only stabilizes carbon nanotube dispersion through n-7 stacking interactions but also enables specific trapping and catalytic
recognition by tyrosinase, laying the foundation for subsequent signal transduction.'® To further improve the electrical con-
ductivity and electrocatalytic activity of the electrode, this study introduces gold (Au) nanoparticles and poly
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(3,4-cthylenedioxythiophene) (PEDOT) to prepare a composite nanocoating. Au nanoparticles can accelerate the electron transfer
rate and enhance the amplification effect of detection signals.”® As a conductive polymer with excellent stability, PEDOT:PSS can
construct a highly conductive network structure, which is used for immobilizing MWCNTs and Au nanoparticles on the surface of
SPEs.?! Compared with electrode materials prepared by traditional drop-coating and drying methods, this composite coating
exhibits higher stability and synergistically enhances the charge transport capability of the composite modification layer.”* The
finally prepared electrode material is expected to significantly improve the sensitivity and specificity of the electrode’s electro-
chemical response to tyrosinase.

Based on the above design concept, this study constructs a novel enzyme-responsive activated biosensor. Distinct
from traditional immuno-sensors that rely on steric hindrance or simple adsorption, our strategy utilizes the specific
enzymatic conversion of surface-bound tyramine to trigger a turn-on electrochemical signal. This design, integrating the
MWCNTs-tyr/Au/PEDOT nanocomposite, not only achieves highly sensitive detection of tyrosinase in melanoma blood
samples but also features simple operation and batch reproducibility.

Experimental Section

Materials

All chemicals and reagents were of the highest commercially available grade and were used at the price at the time of
receipt. Carboxylated multi-walled carbon nanotubes (WMCNTs-COOH), PEDOT:PSS were purchased from XFNANO
(China). HAuCl,, Potassium permanganate, Tyramine, Tyrosinase, Uric acid, Dopamine, L-ascorbic acid, Potassium
ferricyanide (K4Fe(CN)g), Potassium ferricyanide (K;Fe(CN)g), Potassium chloride (KCl), and uricase were purchased
from Sigma-Aldrich (USA).

Apparatus

All electrochemical measurements were performed on a CHI660E (Shanghai Chenhua Instrument Co., Ltd).

Synthesis of Au Nanoparticles

Gold colloids were prepared by bringing 50 mL of an aqueous HAuCl,-3H20 solution (1 mg/mL) to a boil under reflux
and stirring (1300 rpm). Subsequently, 5.6 mL of a sodium citrate solution (10 mg/mL) was quickly injected into the
boiling precursor. The mixture was refluxed for another 15 min after the appearance of a wine-red color and then cooled
to room temperature.

Synthesis of Tyramine-Functionalized MWCNTs (MWCNTs-Tyr)

Disperse 50 mg of MWCNTs-COOH in 50 mL of MES (pH 6.0). Add 200 mg of EDC-HCI and 120 mg of NHS. Stir at
room temperature in the dark for 2 hours. Centrifuge (12,000 rpm, 10 min), wash three times with PBS, to obtain
MWCNTs-NHS. Resuspend MWCNTs-NHS in 40 mL MES, and react under nitrogen protection at room temperature
with shaking for 24 h. Centrifuge (12,000 rpm, 10 min) to remove free tyramine. Wash three times with ultrapure water.
Vacuum dry to obtain Tyramine-MWCNTs.

Preparation of MWCNTs-Tyr/Au/PEDOT/SPE Electrodes
Take 5 pL and 3 pL of the above MWCNTs-tyr and Au NPs mixtures, respectively, add 2 pl. of PEDOT:PSS, mix
evenly, and apply to the SPE electrode. Dry at 37°C.

Characterization

Dynamic light scattering (DLS) measurements were carried out using a Zetasizer Nano-ZS (Malvern, UK) with
a standard 633 nm laser at 298.0 K. A JEM-2010 transmission electron microscope (TEM) was used to characterize
the morphology of the nanoparticles. High angle annular dark field scanning TEM (HAADF-STEM) images and
elemental maps were obtained by Titan Themis 60-300 G2. UV-Vis spectra of different samples were recorded by UV-
Vis spectrophotometer Lambda 35 (Perkin-Elmer).
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Electrochemical Measurements

All electrochemical measurements were performed on CHI660E with an electrolyte of 0.1 M KCI, 5 mM [Fe(CN)6]*"+
for Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS) and Differential Pulse Voltammetry
(DPV). Differential Pulse Voltammetry (DPV) was employed to monitor the enzymatic reaction product. The measure-
ments were carried out in a potential window from —0.2 V to +0.6 V.

Detection of Tyrosinase
The prepared MWCNTs-tyr/Au/PEDOT/SPE was added with different concentrations of tyrosinase (100 puL) for 30 min.
Next, the electrode was washed repeatedly with deionized water to remove unreacted tyrosinase and dried for testing.

Tumor Cells Inoculation
B16F10 cells (ATCC) were cultured with high-glucose Dulbecco’s Modified Eagle Medium supplemented with 10% fetal
bovine serum (BDBIO) and 1% penicillin-streptomycin (gibco).

B16/F10 cells were cultured to 80% confluence, digested with 0.25% trypsin (New Cell & Molecular Biotech),
centrifuged, and resuspended in PBS. BALB/c nude mice (45 weeks old) were subcutaneously injected with B16F10
melanoma cells (1x10° cells) into the right flank. To monitor the correlation between tumor growth and serum tyrosinase
levels, the mice were randomly divided into four groups corresponding to different time points (Day 0, 4, 8, and 12), with
a sample size of n =5 mice per group. Tumor dimensions were measured using a vernier caliper, and volume was calculated as
V = 0.5xlengthxwidth®. At each designated time point, blood samples were collected, and serum analysis was performed in
a single-blind manner to minimize bias. A control group injected with 4T1cells (n=5) was established under identical
conditions to verify specificity.

Serum Collection and Processing

3% isoflurane inhalation induction, blood collection from the tail vein plexus, using heparinized capillary tubes to gently
touch the inner canthus, collecting approximately 300—400 puL of blood per mouse. The blood was immediately
transferred to a pre-cooled EP tube, incubated at 4°C for 1 hour to allow clotting and contraction, then centrifuged at
4°C (3000 xg, 15 minutes). The supernatant was aspirated and aliquoted into labeled EP tubes, then frozen at —80°C.

Statistical Analysis

All quantitative data are presented as Mean + Standard Deviation (SD). Statistical analyses were performed using GraphPad
Prism 8.0 software (GraphPad Software, Inc., USA). Differences between two groups were analyzed using the unrelated
Student’s #-test, while comparisons among multiple groups were performed using one-way Analysis of Variance (ANOVA)
followed by Tukey’s post-hoc test for multiple comparisons. A p-value of less than 0.05 (p < 0.05) was considered statistically
significant.

Results and Discussion

Design and Manufacture of Biosensors

In this study, we present a novel biosensor based on a screen-printed electrode modified with a chemically responsive
nanocoating. This sensor can selectively interact with tyrosinase, an enzyme biomarker in serum, and enables the early
diagnosis of melanoma through enzyme-sensor electrochemical signal transduction (Figure 1). Specifically, we designed
tyramine-functionalized multi-walled carbon nanotubes (MWCNTs) to establish selective recognition via the specific
reaction between tyrosinase and tyramine, thereby developing a tool for the selective and sensitive detection of
tyrosinase.>*** Carboxyl-functionalized MWCNTs (MWCNT-COOH) possess high catalytic activity, low reaction
onset potential, large specific surface area, and can be modified through amide coupling and non-covalent n-n stacking.
In this study, tyramine was covalently modified onto MWCNT-COOH via an amide reaction to obtain MWCNTs-tyr.
Transmission electron microscopy (TEM) studies revealed no significant morphological differences between unmodified
MWCNT-COOH and tyramine-modified MWCNT-COOH (Figure 2a and b). However, the introduction of tyramine
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further improved the dispersibility of MWCNTs in water (Figure 2c), because the modification of the phenolic group
enhanced the redox properties and dispersibility of MWCNTs-COOH.? Fourier transform infrared (FTIR) analysis
showed that MWCNTs-tyr exhibited a new peak at 1634 cm ™', which was attributed to the stretching vibration of C=0 in
the amide bond. Meanwhile, the stretching vibration of the phenolic hydroxyl group of tyramine and the N-H of the
amide bond was enhanced at 3347 cm ™', indicating the successful synthesis of MWCNTs-tyr (Figure 2d).

Decoration of metal nanoparticles (NPs) on multi-walled carbon nanotubes (MWCNTs) has been proven to enhance
the conductivity of electrochemical sensors, and sensors prepared by this strategy have shown applications as sensors
with high sensitivity and repeatability.® In this study, we used Au NPs and MWCNTs-tyr composites to improve the
sensitivity and repeatability of the sensor. The attachment of Au NPs on the surface of MWCNTs was confirmed by
transmission electron microscopy (TEM) (Figure 3a and b). Au NPs were randomly dispersed on the surface of
MWCNTs in a spherical shape. The average diameter of MWCNTs determined from TEM micrographs was 20 + 5
nm, while the average diameter of Au NPs was 50 + 5 nm (Figure S1-2). The morphological and elemental character-
istics of MWCNTs-tyr/Au were further examined using elemental mapping on high-angle annular dark-field scanning
TEM (HAADF-STEM) (Figure 3c). The prepared MWCNTs-tyr/Au showed clear elemental signals of C, Au, and
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Figure 2 Material characterization of modified MWCNTs-COOH. (a) TEM image of MWCNTs-COOH; (b) TEM image of MWCNTs-tyr; (c) Dispersibility of MWCNTs-
COOH (left) and MWCNTs-tyr (right); (d) FTIR spectra of MWCNTs-COOH and MWCNTs-tyr.

N from tyramine, which were also confirmed by recording their energy dispersive spectra, indicating the successful
preparation of multi-walled carbon nanotubes loaded with Au NPs and tyramine (MWCNTs-tyr/Au).

Tyramine is a naturally occurring compound and a key substrate for tyrosinase.?’ To verify the effective loading of tyramine
and AuNPs onto MWCNTs-COOH, the ultraviolet-visible (UV-Vis) absorption spectra of pure MWCNTs-COOH, AuNPs,
MWCNTs-tyr, and MWCNTs-tyr/Au are presented in Figure 4. Tyramine, a decarboxylation product of tyrosine, features
a phenol group in its core structure and typically exhibits a maximum UV absorption peak in the range of 275-282 nm.*® After
loading tyramine onto MWCNTs-COOH, the absorption peak appears at 262 nm, which is a shift of approximately 13-20 nm
compared to that of free tyramine monomers. This shift may be attributed to the formation of a conjugated extended system or
a charge transfer complex (CTC) between MWCNTSs and tyramine.**° The slight change in zeta potential between MWCNTs-
COOH and MWCNTs-tyr also supports the successful modification with tyramine (Figure S3). In addition, after loading with
AuNPs, MWCNTs-tyr shows the characteristic UV absorption peak of AuNPs at 542 nm, while the characteristic peak of tyramine
at 262 nm does not weaken, indicating that the introduction of AuNPs does not affect the conformational stability of tyramine.

Surface Modification of SPE

In this work, two immobilization strategies were employed, namely non-covalent polymer matrix embedding and covalent
modification via NHS/EDC. The non-covalent modification of the electrode was achieved by embedding MWCNTs-tyr/Au
into the PEDOT:PSS structure. PEDOT:PSS is commonly used in the design of wearable biosensors due to its low cost, ease of
processing, and biocompatibility.*! Therefore, we used PEDOT:PSS combined with MWCNTs-tyr/Au as a composite mixture
to fabricate the biosensor. PEDOT served as a stable conductive polymer matrix that not only entrapped the nanomaterials but
also facilitated efficient electron transfer (Figure 5a). Scanning electron microscopy (SEM) revealed differences between the
bare SPE electrode and the SPE electrode modified with MWCNTs-tyr/Auw/PEDOT (Figure S4-5). A thin film was observed to
cover the surface of the carbon nanotubes, indicating the successful modification of the electrode (Figure 5b). Elemental
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Figure 3 Materials characterization of MWCNTs-tyr/Au. (a) TEM image of Au nanoparticles. (b) TEM image of MWCNTs-tyr/Au composite material. (c) STEM image of
MWCNTs-tyr/Au composite material.
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Figure 4 UV curves of AuNPs, MWCNTs, MWCNTs-tyr, AuNPs, and MWCNTs-tyr/Au.

analysis of the electrode surface using SEM mapping showed that elements such as C, N, Au, and S were uniformly distributed
on the electrode (Figure 5c and S6). Meanwhile, the EDS spectrum indicated that the N element accounted for approximately
6.89% of the total elements, which collectively confirmed the successful fabrication of the SPE electrode loaded with tyramine
(Figure S7). Coating uniformity: Although thickness is difficult to measure directly on rough SPE surfaces, we characterized
coating uniformity and thickness via AFM (Figure 5d and ¢). Compared to the SPE electrode surface (Ra=53.3 nm, Rq=70.1
nm, Rmax=707 nm), the MWCNTs-tyr/Au/PEDOT-modified SPE electrode exhibited higher overall roughness (Ra=64.9 nm,
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Figure 5 Modification and characterization of the SPE electrode. (a) Schematic diagram of the modified SPE electrode. (b) Physical image of the modified SPE electrode. In
the enlarged view, it can be observed that MWCNTs-tyr/Au/PEDOT exhibits a more uniform distribution compared to MWCNTs-tyr/Au. (c) SEM image, elemental (C with
red, N with yellow, Au with blue and S with green) mapping images and its merge image of the MWCNTS-ty/Au/PEDOT/SPE surface. (d and e) Characterization of SPE
electrode (d) and MWCNTs-tyr/Au/PEDOT (e) Surface morphology and roughness using atomic force microscopy.

Rg=83.5 nm) but reduced local elevation variation (Rmax=588 nm). The results indicate that the modified electrode exhibits
a more uniform height distribution, reducing mass transfer resistance and facilitating the diffusion of tyrosinase to the active
centers and electrocatalytic sites on the electrode surface. Unlike the dense and complex microstructure of the pristine
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electrode, the modified electrode demonstrates enhanced anti-fouling capability, promoting the timely diffusion and removal
of tyrosinase after incubation. This improves electrode stability and reproducibility.

Electrochemical Study of Prepared MWCNTs-Tyr/Au/PEDOT/SPE Electrodes

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were employed to analyze the electro-
chemical behaviors of biosensors with different modifications. Figure 6a shows the redox separation peaks of CV curves
obtained at the SPE and MWCNTs-tyr/Au/PEDOT/SPE in a solution containing 5 mM [Fe(CN)e]*/* with 0.1 M KCl at
a fixed scan rate of 100 mV/s. Compared with the bare SPE, after modifying the SPE surface with MWCNTs-tyr/Au/
PEDOT, the cathodic and anodic peak currents changed significantly, which remarkably reduced the difficulty of charge
transfer between the electrode surface and the [Fe(CN) o>7* solution. Figure 6b and c present the Nyquist plots of the
SPE electrode and MWCNTs-tyr/Au/PEDOT/SPE. The results indicate that conformational changes occurred on the
electrode surface, the conductivity of the modified layer increased, and its resistance decreased. The slope of the straight
line was 1.319 (close to 1), suggesting that the diffusion process was more consistent with the ideal Warburg behavior.**
This demonstrates that MWCNTs-tyr/Au/PEDOT has been successfully immobilized on the SPE electrode, which
significantly reduces the diffusion resistance on the electrode surface and is beneficial to improving the electrochemical
reaction rate as well as the migration ability of ions and electrons.

The electron transfer behavior of the redox couple on the MWCNTs-tyr/Au/PEDOT/SPE electrode was investigated
using CV measurements at different scan rates ranging from 50 to 300 mV s ' in a 5 mM [Fe(CN) ¢]*/* solution
containing 0.1 M KCI (pH = 7.0). The results showed that the redox peak currents (Ip) (anodic (Ipa) and cathodic (Ipc)

!, the ratio of the peak currents

peaks) increased with the increasing scan rate of the electrode (Figure 6d). At 100 mV s~
of the anode (Ipa) to the cathode (Ipc) was approximately 1, indicating good redox quasi-reversibility of the MWCNTs-
tyr/Au/PEDOT/SPCE electrode. Meanwhile, with the increase of scan rate, the positive shift of potential in the anodic
peak current (Ipa) and the negative shift of potential in the cathodic peak current (Ipc) led to an increase in the peak
separation potential (AE) value, further confirming the quasi-reversible process occurring on the electrode surface.

Therefore, the fabrication of the MWCNTs-tyr/Au/PEDOT/SPE electrode was completely successful.
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Figure 6 Electrochemical study of the prepared MWCNTs-tyr/Au/PEDOT/SPE electrode. (a) Cyclic voltammetry of the SPE and MWCNTs-tyr/Au/PEDOT/SPE electrodes
under conditions containing 5 mM [Fe(CN)6]3'M' and 0.1 M KCI. (b and c) EIS curves of (b) SPE and (c) MWCNTs-tyr/Au/PEDOT electrode under conditions containing 5
mM [Fe(CN)g] 3/ indicator solution and 0.1 M KCI. (d) CV analysis of the MWCNTs-tyr/Au/PEDOT electrode at different scan rates.
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Analytical Performance of MWCNTSs-Tyr/Au/PEDOT for Tyrosinase
The electrochemical behaviors of MWCNTs-tyr/Aw/PEDOT, tyrosinase, and their enzyme-catalyzed activation reactions
were investigated by differential pulse voltammetry (DPV). Specifically, the MWCNTs-tyr/Au/PEDOT/SPE electrode
was incubated with 0.4 U/L tyrosinase for 30 min (Figure 7a). Figure 7b displays the DPV curves of tyrosinase and its
enzyme-catalyzed reaction in phosphate buffer solution (pH 7.0) within the potential range of —0.2 to 0.2 V, both before
and after the modification of the SPE electrode. Evidently, for the bare SPE electrode, no oxidation peak was observed in
PBS solution within this potential range regardless of the presence of tyrosinase. In contrast, the mixed solution of the
MWCNTs-tyr/Au/PEDOT-modified SPE electrode after incubation with tyrosinase at room temperature for 30 min
showed a clear oxidation peak (Ep = 0.0 V). The electrochemical signal transduction is governed by a “substrate-
integrated” enzymatic activation mechanism, definitively validated by LC-MS analysis. The sensor surface is functio-
nalized with tyramine. Upon exposure to the sample, serum tyrosinase catalyzes the specific ortho-hydroxylation of the
surface-bound tyramine. As evidenced by the LC-MS results (Figure 7c and S8), this reaction successfully converts
tyramine into dopamine (m/z 154.0865). The enzymatically generated dopamine possesses a redox-active catechol
structure. Under the applied potential in DPV, dopamine undergoes a two-electron, two-proton oxidation to form
dopamine-quinone (m/z 152.0709) (Figure 7d and S9). This electron transfer process generates a distinct anodic current
peak. Since the amount of generated dopamine is directly proportional to the enzymatic activity of tyrosinase in the
sample, the magnitude of the oxidation current serves as a precise quantitative measure of the tyrosinase concentration.
The conductive MWCNTs/Au/PEDOT network further amplifies this electron flow, enabling the detection of ultralow
biomarker levels. The results obtained from the DPV curves confirmed that tyrosinase can catalyze the oxidation of
tyramine to form dopamine, and dopamine can be selectively and efficiently detected by these electrochemical methods.
Differential pulse voltammetry (DPV) was employed to investigate the response of the MWCNTs-tyr/Au/PEDOT/
SPE electrode to increasing concentrations of tyrosinase (TYR) (0.05-0.9 U/L) in phosphate buffer solution (PBS) at pH
7.0, with a scan rate of 100 mV s™'. The results are presented in Figure 7e. The DPV curves reveal that the MWCNTs-tyr
/AW/PEDOT/SPE biosensor exhibits a continuously increasing current response across the entire concentration range.
Specifically, the current value rises with the increase in TYR concentration, demonstrating excellent performance of the
sensor for tyrosinase detection. Meanwhile, a graph plotting the peak current (LA) against TYR concentration (U/L) was
constructed. From this graph, it can be observed that the MWCNTs-tyr/Au/PEDOT/SPE electrode has a single linear
region (Figure 7f). The sensor shows a linear response to tyrosinase as low as 0.05 U/L (regression coefficient (R?) =
0.9914). Based on the slope, a sensitivity of 20.27 uA U 'L™! was calculated. Additionally, the limit of detection was
determined to be 0.0091 U/L at a signal-to-noise ratio (S/N) of 3. The superior sensing performance is attributed to the
strong electron transfer capability and enzymatic efficiency of the MWCNTs-tyr/Au/PEDOT/SPE. The calibration
sensitivity (slope) in diluted serum was 96.1% of that in PBS (Figure S10), indicating that the PEDOT/Au coating
effectively minimizes biofouling and matrix interference. Spike-and-recovery tests in serum samples yielded recoveries
ranging from 96.0% to 103.7%, confirming the sensor’s accuracy in complex biological matrices (Table S1).

Stability and Interference Resistance Testing

Meanwhile, to determine the repeatability and stability of the MWCNTs-tyr/Au/PEDOT/SPE electrode, independent experi-
ments were repeated using the same electrode or different electrodes with 0.1 U/L and 0.9 U/L tyrosinase (TYR). Among
them, the same electrode could be used for repeated measurements five times at a tyrosinase concentration of 0.1 U/L,
indicating good reproducibility of the electrode (Figure 8a). However, when the concentration was increased to 0.9 U/L, the
current signal decreased and eventually disappeared after the third measurement, which was due to the complete occupation
and oxidation of all monophenol sites on the MWCNTs-tyr/Au/PEDOT/SPE electrode to quinones. Furthermore, we
evaluated the stability of different MWCNTs-tyr/Au/PEDOT/SPE electrodes. Results indicate that the performance of all
electrodes remained relatively stable in the presence of 0.1 U/L and 0.9 U/L tyrosine, with no significant differences observed
(Figure 8b). After 4 weeks, the sensors still maintained >90% of their initial response values. In addition, the specificity or
anti-interference performance of MWCNTs-tyr/AwW/PEDOT/SPE was also evaluated. Due to the particularity of the
MWCNTs-tyr/Au/PEDOT/SPE electrode, it can only be activated by the specific catalytic action of tyrosinase. We incubated
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Figure 7 Current responses of the electrode to different concentrations of tyrosinase (TYR) via DPV. (a) Schematic illustration of MWCNTs-tyr/Au/PEDOT/SPE for
tyrosinase detection. (b) Responsiveness of SPE and MWCNTs-tyr/Au/PEDOT/SPE to tyrosinase. (c and d) Full scan MS' spectrum of dopamine (c) and dopamine-quinone
(d) in positive electrospray ionization (ESI*) mode, showing the protonated molecular ion [M+H]" at m/z 152.07 and the chemical structure. (€) DPV current responses of
the MWCNTs-tyr/Au/PEDOT/SPE electrode at low tyrosinase concentrations (0.05-0.90 U/L). (f) Linear relationship between tyrosinase concentration and current.
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Figure 8 Stability and anti-interference performance of the MWCNTs-tyr/Au/PEDOT/SPE electrode. (a) Current signal attenuation when measuring 0.1 U/mL and 0.9 U/mL
tyrosinase continuously for five times using the same electrode. (b) Measure the current signal repeatability at 0.1 U/mL and 0.9 U/mL tyrosinase using different electrodes
during Week | and Week 4. (c) Current responses of the MWCNTs-tyr/Au/PEDOT/SPE electrode for the detection of 10 uM L-tyrosine, 10 uM dopamine, 10 M ascorbic

acid, 10 uM uric acid, | mg/L SI00B protein. 10 g/L BSA protein, | mM glucose, and 50 uM lactic acid. n=5, data are expressed as mean * standard deviation (SD), *p < 0.05,
**p < 0.01, ns (not significant, p > 0.05).

the MWCNTs-tyr/Au/PEDOT/SPE sensor with common interfering substances in serum, and eluted the test substances after
30 min. The results showed that a significant signal response could only be induced by tyrosinase, while other control samples
could not induce any significant signal response. Moreover, the combined addition of tyrosinase and interfering substances
did not affect the signal of the MWCNTs-tyr/Au/PEDOT/SPE sensor (Figure 8c). This excellent specificity can be attributed
to the adopted enzyme-catalyzed activation electrochemical sensing mechanism. Without tyrosinase pretreatment, interfering
substances cannot trigger the conversion of monophenols to polyphenols in the sensor, which also ensures better anti-
interference effect for direct detection of clinical serum samples without any pretreatment.

Graded Evaluation of Mouse Melanoma Using MWCNTs-Tyr/Au/PEDOT/SPE Electrode
Biosensors

As mentioned above, the developed MWCNTs-tyr/Au/PEDOT/SPE platform exhibits excellent selectivity and sensitivity.
Tyrosinase has been proven to be an important biomarker for melanoma, providing a useful platform for the detection of
tyrosinase in biological systems. Therefore, we employed the current MWCNTs-tyr/Au/PEDOT/SPE to detect tyrosinase
activity in the serum of tumor-bearing mice. We subcutaneously inoculated nude mice with B16/F10 cells. Subsequently,
the serum of tumor-bearing mice was collected on days 0, 4, 8, and 12 after tumor induction, and tyrosinase signals were
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detected at three key time windows after tumor implantation (Figure 9a and b, S11). With the increase of tumor volume
(68n + 5.25 mm?>, 494 + 26.72 mm?>, 1280 + 89.22 mm3), the concentration of tyrosinase in serum also increased, which
were 0.084 + 0.009 U/L, 0.169 + 0.011 U/L, and 0.653 + 0.028 U/L, respectively (Figure 9c—e, S12). Furthermore, we
tested actual samples using ELISA experiments. As shown in Figures 9f and S13-14, the biosensor readings exhibited

strong linear correlation with ELISA detection values (R? = 0.9926), confirming the accuracy of this method. To validate
that the enhanced tyrosinase signal specifically originates from melanoma rather than systemic tumor burden artifacts, we
conducted supplementary experiments using the 4T1 tumor model. Serum samples were collected when tumor volume
reached levels comparable to the melanoma group (approximately 1200 mm?). As shown in Figure 9g, the 4T1 tumor
group exhibited a faint signal response (0.015 + 0.005 U/L), showing no statistically significant difference compared to
the healthy baseline. These results demonstrate that the biosensor possesses a strong ability to distinguish between
different stages of melanoma, highlighting its potential clinical application value in melanoma diagnosis.
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Figure 9 MWCNTs-tyr/Au/PEDOT/SPE for real sample detection. (a) DPV response of tyrosinase in the serum of tumor-bearing mice. (b) Growth status of cutaneous
melanoma in tumor-bearing mice and (c) growth curve, Scale bar: 500 pm. (d) Statistical values of current responses of MWCNTs-tyr/Au/PEDOT/SPE to tyrosinase in the
serum of tumor-bearing mice. (e) A statistical analysis was conducted to examine the correlation between tumor volume and serum tyrosinase concentration. (f) Comparison
of Linear Correlation Between MWCNTs-tyr/Au/PEDOT/SPE Biosensor and TYR ELISA Kit. (g) Statistical values of the current responses of MWCNTs-tyr/Au/PEDOT/SPE to
tyrosinase in serum from normal mice and 4T | tumor-bearing mice. n=5, data are expressed as mean * standard deviation (SD), ns (not significant, p > 0.05).
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Discussion

The development of electrochemical biosensors for specific biomarker detection requires meticulous design of the
sensing interface to achieve high sensitivity and selectivity.>*=* This is particularly critical for early melanoma diagnosis,
where biomarker levels are low and sample matrices are complex.” This study designed and fabricated a novel
electrochemical biosensor centered on a tyramine-modified multi-walled carbon nanotube-gold nanoparticle composite
(MWCNTs-tyr/Au). This composite was integrated into a poly (ethylene glycol) monosodium (styrene sulfonate)
copolymer (PEDOT: PSS) matrix on a screen-printed carbon electrode (SPCE) for the specific detection of the enzymatic
biomarker tyrosinase (TYR).

The fundamental mechanism relies on the difference in redox behavior between the substrate and the product. The
immobilized tyramine is electrochemically inert within the low potential window used. Upon exposure to the sample,
tyrosinase catalyzes the ortho-hydroxylation of the phenol ring, converting tyramine into dopamine. Unlike tyramine,
dopamine possesses a catechol structure, which is a well-known redox-active moiety. Under the applied DPV potential,
the generated surface-bound dopamine undergoes a reversible two-electron, two-proton (2¢ /2H") oxidation process to
form dopamine-quinone (Equation 1)

Dopamine = Dopamine — quinone + 2H" + 2e~

This oxidation event releases electrons to the electrode, generating the measurable anodic current. The magnitude of this
current is directly proportional to the surface concentration of dopamine, which in turn correlates with the enzymatic
activity of TYR in the serum.

Strategic functionalization of nanomaterials forms the foundation of biosensor design, determining the platform’s
recognition capabilities and electrochemical properties.**>” The core design of this biosensor relies on the specific
enzymatic reaction between TYR and its substrate tyramine.”® Functionalization of MWCNT-COOH with tyramine was
confirmed via Fourier Transform Infrared Spectroscopy (FTIR), revealing characteristic peaks corresponding to amide
bonds. The incorporation of tyramine not only provides specific recognition sites but also enhances MWCNT dispersion
in aqueous solutions, facilitating subsequent processing and electrode modification. Furthermore, TEM, HAADF-STEM
elemental mapping, and UV-Vis spectroscopy confirmed that gold nanoparticle modification significantly enhanced the
nanocomposite’s electrical conductivity and catalytic activity. The shift in the UV absorption peak after tyramine
conjugation with MWCNTs indicates the formation of an extended conjugated system or charge-transfer complex,
potentially contributing to improved electron transfer efficiency.

To translate the properties of nanocomposites into reliable electrode interfaces, stable and efficient immobilization
strategies are crucial.>**® The nanocomposite was stabilized on the SPCE surface via embedding within PEDOT: PSS.
SEM imaging and elemental mapping confirmed the uniform distribution of C, N, Au, and S elements within the
modified layer, indicating successful electrode preparation. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) characterization revealed that the MWCNTs-tyr/Au/PEDOT modified layer significantly enhanced
charge transfer kinetics at the electrode-solution interface while reducing diffusion resistance. The Warburg effect and
quasi-reversible electron transfer processes further confirmed the promoting effect of this modified layer on electro-
chemical reactions.

Analytical validation of biosensors under controlled conditions is a prerequisite for assessing their practical applica-
tion potential.*' The analytical performance of this sensor was evaluated using DPV, a distinct oxidation peak was
observed only at 0.0 V after incubation with tyramine, confirming the electrochemical detectability of the enzymatic
oxidation of tyramine to dopamine. The sensor exhibited a broad linear response range (0.05-0.9 U/L), high sensitivity
(20.27 pA U-1 L-1), and a low detection limit (0.0091 U/L) with quantitation limit (0.0303 U/L). Excellent reproduci-
bility and stability at lower tyramine concentrations (0.1 U/L), coupled with minimal interference from common serum
biomolecules, highlight the robustness and specificity of this sensing mechanism. Signal attenuation observed after
multiple measurements at 0.9 U/L tyramine concentration is attributed to saturation and irreversible oxidation of the
phenolic hydroxyl site, indicating limited applicability for repeated measurements under high-concentration conditions.
Therefore, this sensor is defined as a single-use device to ensure maximum accuracy, rather than a reusable probe. The
ultimate value of biosensors lies in their ability to reliably detect biomarkers in clinically relevant samples. Most
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importantly, the practical utility of this biosensor in biological scenarios was validated through successful monitoring of
tyrosinase activity in serum samples from a mouse melanoma model. Elevated tyrosinase levels correlate positively with
tumor progression, highlighting the platform’s potential for non-invasive early diagnosis and staging of melanoma.

Conclusions

In this work, we successfully fabricated a disposable electrochemical biosensor based on a MWCNTs-tyr/Au/PEDOT
nanocomposite for the sensitive detection of tyrosinase (TYR). The sensor demonstrated superior analytical performance,
achieving a low detection limit of 0.0091 U/L and a wide linear range of 0.05-0.9 U/L, which effectively addresses the
sensitivity limitations and anti-interference challenges of conventional detection methods. In vivo experiments in
a tumor-bearing mouse model validated the biological applicability of the sensor, revealing a significant positive
correlation between serum TYR levels and tumor volume (from 0.084 U/L to 0.653 U/L as tumors progressed). These
findings confirm the sensor’s capability for staging discrimination in animal models and establish it as a promising
preclinical tool for the early screening and longitudinal monitoring of melanoma. Future work will focus on validating
this platform in human clinical cohorts to further assess its translational potential.
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