Biosensors and Bioelectronics 290 (2025) 117964

ELSEVIER

Contents lists available at ScienceDirect
Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

o

Check for

Ultrasensitive multifunctional biosensor integrating ECL quenching and | e
DPV enhancement for early classification of thyroid cancer via BRAF V600OE
and microRNA-221 detection

Yan Zhang“, Zhuoxin Ye Mo Ma™", Yongli Wu?, Yuxuan Chen?, Ruiyan Liu?, Pinyi Ma®,

a,**

Daqian Song

& College of Chemistry, Jilin Province Research Center for Engineering and Technology of Spectral Analytical Instruments, Jilin University, Qianjin Street 2699,

Changchun, 130012, China

b School of Pharmacy, Jilin University, Qianjin Street 2699, Changchun, 130012, China

ARTICLE INFO

Keywords:
Electrochemiluminescence
CdTe-DNA quantum dots
BRAF V600E mutation
MicroRNA-221

Thyroid cancer diagnosis

ABSTRACT

Papillary thyroid carcinoma (PTC) is the most prevalent form of thyroid cancer with a high incidence among
endocrine malignancies. It tends to metastasize early in lymph nodes and differs markedly from other subtypes in
biological behavior, clinical management, and prognosis. Therefore, accurately distinguishing PTC from other
pathological subtypes is crucial for guiding diagnosis and treatment decisions. However, conventional methods
such as thyroid ultrasound and ultrasound-guided fine-needle aspiration cytology (FNA) have limitations,
including sampling errors and low sensitivity. To address these challenges, we developed a novel electro-
chemiluminescence (ECL) biosensor from CdTe-DNA quantum dots (QDs) and an enzyme-free DNA amplification
circuit. In the system, toehold-mediated strand displacement reactions (TSDR) were utilized to generate Cy5-
modified DNA strands, which quench the ECL signal via an energy transfer effect. The quenching indicates
the presence of thyroid cancer. Catalytic hairpin assembly (CHA) was employed to produce ferrocene (Fc)-
labeled DNA strands to enable dual-mode signal modulation (ECL quenching and differential pulse voltammetry
(DPV) enhancement) for accurate classification of PTC. Validation experiments demonstrated that the biosensor
exhibits excellent sensitivity and a broad dynamic range, enabling the simultaneous detection of BRAF V600E
mutations and microRNA-221 (miR-221) expression. This integrated sensing platform offers is a promising tool
for the early diagnosis and molecular classification of thyroid cancer.

1. Introduction

potentially delay the initiation of more appropriate, targeted therapies
(Bikas et al., 2016; Cabanillas et al., 2016; Davis et al., 2023; Giovanella

Thyroid cancer ranks as the seventh most commonly diagnosed
malignancy worldwide, according to the 2024 global cancer statistics
(Bray et al., 2024). It comprises four major pathological types: papillary
thyroid carcinoma (PTC), follicular thyroid carcinoma (FTC), medullary
thyroid carcinoma (MTC), and anaplastic thyroid carcinoma (ATC)
(Boucai et al., 2024; Tickoo et al., 2000; Xu et al., 2024; Zhang et al.,
2024). These subtypes have different biological behavior, therapeutic
response, and clinical outcomes. For instance, PTC tends to metastasize
to lymph nodes during an early stage, whereas FTC and MTC are prone
to hematogenous dissemination. Moreover, radioactive iodine (RAI)
therapy is highly effective in PTC, but ineffective in MTC and ATC; it can
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et al., 2022; Haddad et al., 2018; Mishra et al., 2023). Therefore, the
ability to distinguish between PTC and other subtypes is essential for
optimizing treatment strategies and improving prognosis.

Thyroid ultrasound and ultrasound-guided fine-needle aspiration
cytology (FNA) are the current standard tools for diagnosing thyroid
nodules (Haugen et al., 2016). However, these approaches are limited by
low sensitivity, insufficient resolution for preoperative staging, and
sampling errors in cytological evaluation (Brauckhoff and Biermann,
2020; Cappola, 2017; Eilers et al., 2014; Maeda et al., 2025; Yeh et al.,
2004). These gaps underscore the urgent need for more accurate mo-
lecular detection strategies to improve the clinical identification and
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stratification of PTC.

The BRAF gene encodes a serine/threonine kinase involved in the
regulation of cell proliferation, differentiation, and apoptosis. The most
prevalent oncogenic variant, BRAF V60OE, is found in various tumors,
particularly thyroid cancer, and serves as a key molecular marker for
cancer diagnosis and prognosis (Giovanella et al., 2022; Kurt et al.,
2012; McFadden et al., 2014; Tan et al., 2020; Veschi et al., 2023).
Although next-generation sequencing (NGS) and allele-specific PCR are
commonly used for BRAF V600E detection, each method has notable
drawbacks. While NGS is time-consuming and technically demanding,
allele-specific PCR lacks sensitivity required for detecting mutations
with ultra-low abundance (Kouba et al., 2018; Pellegrini et al., 2018).
These limitations highlight the need for rapid, ultrasensitive mutation
detection platforms.

MicroRNAs (miRNAs) are non-coding single-stranded RNAs that play
pivotal roles in regulating oncogenesis. Alterations in miRNA expression
often precede the onset of clinical symptoms and traditional biomarkers;
thus, they are promising candidates for early cancer diagnosis (Laukiene
et al., 2022; Mahmoudian-Sani et al., 2017). Specifically, miR-221 is
overexpressed in PTC and exhibits a synergistic effect with BRAF V600OE
mutations, which helps further enhance its diagnostic value (Liang et al.,
2018; Park et al., 2021). However, the detection of miRNAs remains
technically challenging due to their low abundance, short length, and
sequence homology.

Electrochemiluminescence (ECL), a technique integrating electro-
chemical and luminescent detection, has high sensitivity, fast response,
and excellent controllability, making it a powerful technique in
analytical chemistry (Chen et al., 2024; Meng et al., 2023; Wang et al.,
2019; Wei et al., 2023; Yang et al., 2024; Ye et al., 2023; Zhou et al.,
2022). ECL has been employed in various biosensing applications,
including clinical diagnostics, food safety, and environmental moni-
toring (Liu et al., 2020; Zhang et al., 2017; Zhou et al., 2020, 2022). It is
particularly suited for nucleic acid analysis, including miRNA detection
(Lei et al., 2024; Li et al., 2024).

In this study, we developed a multifunctional ECL biosensor based on
enzyme-free DNA amplification and CdTe-DNA QDs for the simulta-
neous detection of BRAF and miR-221. We used toehold-mediated
strand displacement reactions (TSDR) as the BRAF V600E mutation
recognition moiety and catalytic hairpin assembly (CHA) as the miR-221
detection element. This dual-mode sensing platform combines ECL
signal quenching with DPV enhancement, offering a sensitive, specific,
enzyme-free approach for the diagnosis and classification of PTC.

2. Experimental section
2.1. Synthesis of CdTe-DNA QDs

A NaHTe solution was freshly prepared by mixing 25 mg of NaBHy4
with 40 mg of tellurium powder in 1 mL of deoxygenated deionized
water at 70 °C for 1 h under nitrogen protection. The mixture was placed
in a sealed centrifuge tube with a syringe needle on the cap to allow the
release of hydrogen gas generated from the reaction. The CdCl,-MPA
precursor solution was prepared by mixing 2.00 mM CdCl, with 2.00
mM 3-mercaptopropionic acid (MPA) in deionized water. The pH was
adjusted to 9.0 using 0.1 M NaOH, and the solution was stored at 4 °C.
For QD synthesis, 500 pL of the precursor solution was mixed with 2.0 pL
of freshly prepared NaHTe and then diluted with 500 pL of deionized
water to a final volume of 1 mL. The reaction mixture was transferred to
a thermal shock reactor where it was heated at 100 °C for 3 h. To
terminate the reaction, the solution was immediately cooled to room
temperature in an ice-water bath (Tikhomirov et al., 2011). The
resulting CdTe-DNA QDs emitted red fluorescence at 615 nm. The
product was purified using ultrafiltration centrifuge tubes (30 kDa mo-
lecular weight cutoff) to remove excess salts and free DNA. Specifically,
1 mL of the CdTe-DNA QDs solution was centrifuged at 8000 rpm for 5
min, and then concentrated to a final volume of 50 pL.
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2.2. Assembly of TSDR and CHA circuits

All oligonucleotides (L, S, T, F, FL, LOCKER, SIGNAL, H1, and H2)
were dissolved in TE buffer and diluted with Tris-HCl buffer to prepare
working solutions.

For the TSDR reaction, the L-S-T ternary complex was formed by
annealing equimolar concentrations (3 pM each) of strands L, S, and T.
The mixture was heated to 95 °C for 10 min and gradually cooled to
room temperature. Fuel strands, F-FL and LOCKER-SIGNAL (20 pM
each), were prepared under the same conditions. The target BRAF
sequence was incubated with the preassembled L-S-T complex and F-FL
strands at 37 °C for 2.5 h. The reaction products containing the S strand
were stored at 4 °C for further use.

For the CHA reaction, hairpin probes, H1 and H2 (2 pM each), were
annealed and cooled to 25 °C. The H1/H2 mixture was then incubated
with different concentrations of miR-221 at 37 °C for 2 h. The resulting
products were stored at 4 °C. The assembly of both circuits was verified
by PAGE.

2.3. Measurement

For BRAF V600E detection, 8 pL of the reaction product was applied
to the surface of the functionalized electrode and incubated at 37 °C for
2 h to allow hybridization with the immobilized capture probes. The
electrodes were then rinsed with deionized water to remove unbound
species, and the ECL signal was recorded. Similarly, for miR-221
detection, 8 pL of the reaction solution was applied to the electrode
and incubated at 37 °C for 2.5 h. After rinsing, ECL and DPV measure-
ments were performed. ECL measurements were conducted using an
MPI-E ECL analyzer in 3 mL of 0.1 M phosphate-buffered saline (PBS, pH
7.4) containing 10 pL of triethylamine (TEA). The potential was scanned
from —0.5 to +1.2 V at a rate of 500 mV/s. DPV measurements were
performed using a CHI 760E electrochemical workstation in 5 mL of 0.1
M PBS (pH 7.4). The potential range was from 0 to +0.8 V vs. Ag/AgCl,
and the scan rate was 100 mV/s.

3. Results and discussion
3.1. Design principle of the biosensor

The working principle of the proposed biosensor in detecting BRAF
V600E and miR-221 is illustrated in Scheme 1. CdTe-DNA QDs were first
employed as ECL emitters to construct a "signal-on" baseline platform.
For BRAF V600E detection, TSDR was implemented based on the prin-
ciple of free energy minimization. In the presence of BRAF V600E, the
TSDR process is triggered, thereby generating a large number of S-
strands while enabling target recycling. These S-strands then bind
competitively to the LOCKER probes, displacing the Cy5-labeled
SIGNAL strands. The released SIGNAL strands are subsequently
captured by complementary probes immobilized on the electrode sur-
face. Due to energy transfer between CdTe QDs and Cy5, the ECL signal
is quenched, leading to the switching of the system from a "signal-on" to
a "signal-off" state, which is the indication of the presence of thyroid
cancer.

For miR-221 detection, a CHA amplification circuit was employed,
and two hairpin probes (H1 and H2) were utilized. The H2 probe was
modified with Fc to allow for dual signal modulation. In the absence of
the target, the hairpins remain in stable stem-loop conformations. Upon
the introduction of miR-221, H1 is activated, thereby initiating a
cascade reaction that continuously recycles the miRNA target while
producing Fc-labeled H2. These Fc-tagged DNA strands are then
captured by the electrode, leading to the simultaneous quenching of the
ECL signal and the enhancement of the DPV signal due to redox activity.

In summary, BRAF V600E detection is based on ECL signal sup-
pression via a TSDR-triggered "on-off" switch, while miR-221 detection
relies on CHA-driven amplification to enable dual-mode signal output
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Scheme 1. Schematic illustration of the proposed dual-mode ECL biosensor. (A) Synthesis of CdTe-DNA QDs. (B) TSDR-based detection of BRAF V600OE and release
of Cy5-labeled signal strands. (C) CHA-based detection of miR-221 and Fc-mediated signal amplification.

(ECL quenching and DPV enhancement). This integrated sensing strat- 3.2. Characterization of CdTe-DNA QDs

egy can be utilized in the accurate diagnosis and subtype classification of
PTC. The morphology of the CdTe-DNA QDs was characterized using
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Fig. 1. Characterization of CdTe-DNA QDs. (A) TEM image of CdTe-DNA QDs. (B) FT-IR spectra of CdTe-DNA QDs. (C) Fluorescence spectra of CdTe QDs (curve a)
and CdTe-DNA QDs (curve b). (D) ECL emission spectrum of CdTe-DNA QDs (curve a) and UV-vis absorption spectrum of Cy5 (curve b).
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transmission electron microscopy (TEM). As shown in Fig. 1A, the QDs
exhibited a spherical shape with an average diameter of approximately
5 nm and were uniformly dispersed throughout the field of view. The
surface chemistry of the CdTe-DNA QDs was examined by Fourier-
transform infrared (FT-IR) spectroscopy (Fig. 1B). The absorption
band at 3457 em ™! corresponds to the O-H stretching vibration, while
that at 2919 cm™! is attributed to the asymmetric stretching of C-H
bonds. The peaks at 1629 cm ' and 1384 cm™! correspond to the
asymmetric and symmetric stretching vibrations of C=0, respectively.
The strong absorption peak at 1063 cm™ ' is due to the symmetric
stretching of C-O bonds, confirming the presence of carboxyl groups on
the QD surface. Notably, the absence of absorption in the 2500-2650
cm ! region indicates the disappearance of the S-H stretching vibration
band, suggesting that the surface was successfully modified with MPA,
in which an abundance of carboxyl groups were introduced (Tang et al.,
2023). Fluorescence spectroscopy revealed the emission peak of un-
modified CdTe QDs at 606 nm, and this peak was red-shifted to 615 nm
in CdTe-DNA QDs (Fig. 1C) and was broader with enhanced intensity.
This red shift and broadening of this peak are attributed to electrostatic
interactions between the negatively charged DNA and positively
charged QD surface, which reduce the interparticle distance and
strengthen dipole-dipole interactions, leading to an increase in the
Stokes shift. Furthermore, chemical bonding between thiolated DNA and
surface Cd?* disrupts the original surface passivation, generating addi-
tional non-radiative recombination centers that contribute to the
observed broadening. However, DNA modification also passivates sur-
face defects, leading to an overall increase in fluorescence intensity (Wei
et al., 2015). To verify the occurrence of ECL resonance energy transfer
(ECL-RET) between CdTe-DNA QDs and Cy5-labeled DNA, the emission
spectrum of the CdTe-DNA QDs and the UV-vis absorption spectrum of
Cy5 were analyzed (Fig. 1D). The maximum emission peak of the QDs
was observed at 590 nm, while that of Cy5 spanned from 540 to 690 nm.
This significant spectral overlap confirms the potential for efficient
ECL-RET in this system.

3.3. Validation of sensor feasibility through ECL and DPV responses

The feasibility of the proposed biosensor was systematically evalu-
ated using both ECL and DPV measurements. For BRAF V600E detection,
ECL responses from variously modified electrodes were compared
(Fig. 2A). The bare GCE exhibited negligible ECL signals (curve a), and
modification with CdTe-DNA QDs significantly enhanced the signal
(curve b). Further functionalization with Cy5-labeled probes could
maintain strong ECL emission (curve c), representing the “signal-on”
state. Upon the introduction of BRAF V600E, the TSDR mechanism was
triggered, resulting in the release of Cy5-labeled signal strands, which
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were then captured by the electrode-immobilized probes. This interac-
tion initiated ECL-RET between the CdTe QDs and Cy5, resulting in
substantial quenching of the ECL signal (curve d), indicative of the
“signal-off” state. This transition confirms the successful detection of the
BRAF V600E mutation. For miR-221 detection, similar ECL analyses
were performed (Fig. 2B). The bare GCE (curve a) showed minimal ECL
signal, while the sequential assembly of CdTe-DNA QDs (curve b), H1
hairpins (curve c), and H2 hairpins (curve d) led to progressively
enhanced signals in the absence of target, indicative of the “signal-on”
state of the system. Upon the addition of miR-221, the CHA amplifica-
tion reaction was activated, leading to the release of Fc-labeled H2
strands that were then captured by the electrode. This resulted in pro-
nounced ECL quenching (curve e), demonstrating a clear target-
responsive behavior. DPV measurements further validated the capa-
bility of the probe in miR-221 detection (Fig. 2C). In the absence of the
target, the Fc oxidation current was negligible (curves a-d). Upon the
addition of miR-221, the specific hybridization and capture of Fc-labeled
strands generated a distinct DPV peak (curve e), confirming successful
redox signal generation. These results collectively demonstrate that the
biosensor had robust signal responsiveness and can exhibit dual-
modality output during the detection of BRAF and miR-221.

3.4. Performance of the proposed biosensor in BRAF V60OE detection

Under the optimal conditions, the ability of the biosensor to quan-
titatively detect BRAF V600E using an “on-off” ECL switching mecha-
nism was evaluated. As shown in Fig. 3A, the ECL intensity progressively
decreased with increasing BRAF V600OE concentrations from 1 aM to
100 nM. Signal stability was confirmed by conducting three consecutive
ECL scans at each concentration, and consistent signal profiles were
obtained (Fig. 3B). A linear relationship between ECL intensity (Igcr)
and the logarithmic BRAF V600E concentration (lg c) was observed over
the range of 10 aM to 1 nM (Fig. 3C). The regression equation was Igcy, =
—811.04 1g c - 2818.35, with a correlation coefficient (R?) of 0.9953.
The limit of detection (LOD), calculated using the 3¢ criterion, was 5.21
aM. This low LOD indicates that the sensor has exceptional sensitivity
and is suitable for trace-level detection. To assess specificity, control
experiments were conducted using potential interfering species,
including miR-155, miR-21, and miR-221 at 1 nM each (Fig. 3D). These
non-target species led to negligible ECL quenching compared to the
blank control, whereas 100 pM BRAF V600E resulted in a significant
decrease in ECL signal. Moreover, when 100 pM BRAF V600E was mixed
with excess concentrations (1 nM) of interfering RNAs, the ECL signal
remained comparable to that of BRAF V600E alone, which confirms that
the biosensor has high selectivity toward BRAF V600E. These results
demonstrate that the proposed biosensor is ultra-sensitive and specific,
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Fig. 2. Changes in ECL and DPV signals during sensor assembly and target detection. (A) ECL intensity-time curves for BRAF detection: (a) bare GCE, (b) GCE/CdTe-
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Fig. 3. Analytical performance of the biosensor in BRAF V600E detection. (A) ECL responses at different concentrations of BRAF V600E (1 aM-100 nM) with error
bars representing standard deviations (n = 3, RSD <1 %). (B) Stability of ECL signals across three cycles. (C) Calibration curve showing the linear relationship
between ECL intensity and 1g[BRAF V600E] (n = 3, RSD <1 %). (D) Specificity analysis with miR-155, miR-21, and miR-221 (1 nM each) as potential interferents (n
= 3, RSD <1 %).
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has high performance in the detection of BRAF V600E, and can be a
reliable molecular tool for thyroid cancer diagnostics. A comparison of
the biosensor prepared in this experiment with other published litera-
ture (Table S3) showed that the biosensor had a lower detection limit
and better sensitivity.

3.5. Performance of the proposed biosensor in miR-221 detection

The analytical performance of the biosensor in miR-221 detection
was evaluated using both ECL and DPV methods. As shown in Fig. 4A,
the ECL intensity decreased progressively with increasing miR-221
concentrations from 1 aM to 100 nM. The system generated stable and
reproducible signals across all concentrations (Fig. 4B). A linear rela-
tionship was established between ECL intensity and the logarithm of
miR-221 concentration over the range of 1 aM-100 pM, which yielded
the regression equation Igc, = —581.85 1g ¢ —1395, with R? = 0.9955.
The LOD, calculated using the 3c method, was as low as 0.13 aM. DPV
measurements were also performed to verify dual-signal output capa-
bility. As shown in Fig. 4D, the peak current of Fc increased propor-
tionally with miR-221 concentrations ranging from 1 fM to 100 pM. A
strong linear correlation between current intensity and lg ¢ was
observed over the concentration range of 100 fM to 1 uM (Fig. 4E), with
the regression equation Ippy = 58.21 g ¢ -+ 840.44 and an R? of 0.9947.
The LOD for DPV detection was calculated to be 23.0 M. The specificity
of the biosensor toward miR-221 was assessed using potential inter-
fering species, including miR-155, miR-21, and BRAF V600E (1 nM
each). As shown in Fig. 4C and F, the ECL and DPV signals of these
groups were nearly identical to those of the blank control, while the
signals generated in the presence of 100 pM miR-221 were distinctly
different. Furthermore, in the presence of mixtures containing 10 nM
miR-221 and 100 nM of interfering species, the sensor could maintain its
signal integrity, which is indicative of excellent target selectivity and
anti-interference capability. Collectively, these results highlight the
ultra-high sensitivity, broad dynamic range, and robust specificity of the
biosensor in miR-221 detection, validating its potential as a powerful
tool for early molecular diagnosis of papillary thyroid carcinoma.

3.6. Application in real samples

To evaluate its clinical applicability, the proposed biosensor was
employed to assess endogenous BRAF V600E and miR-221 levels in ly-
sates of normal human thyroid cells (NHT) and thyroid cancer cells
(TPC-1). For BRAF V600E detection, the ECL signal decreased with
increasing number of TPC-1 cells in a concentration-dependent manner,
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observed in miR-221 detection. Although the ECL signal intensity of
both cell lines decreased, the decrease in the TPC-1 lysate was more
significant, and the intensity of the NHT samples was comparatively
stronger (Fig. 5B). Further validation experiments were conducted using
DPV analysis to quantify miR-221 levels. As shown in Fig. 5C, increasing
concentrations of TPC-1 lysate progressively enhanced the intensity of
the Fc oxidation peaks. By contrast, the DPV response of NHT lysates
remained low and stable. This shows a clear distinction between
cancerous and normal samples. The high consistency between ECL and
DPV outputs confirms the robustness and reliability of the biosensor in
detecting real biological samples. To further demonstrate clinical utility,
standard addition recovery experiments were performed using human
serum samples spiked with known concentrations of BRAF V600E or
miR-221. For BRAF V600E, serum samples spiked with 100 aM, 10 fM,
and 100 fM yielded recovery rates ranging from 98.68 % to 102.50 %.
These high recovery rates indicate that the biosensor has high detection
accuracy (Table S2). For miR-221, spiking experiments over three orders
of magnitude (100 aM-100 fM) resulted in recovery rates of 94.60 %-—
107.05 % in ECL mode and 94.25 %-107.21 % in DPV mode (Table S2),
validating the reliable performance of the biosensor in complex bio-
logical matrices. Collectively, these results demonstrate that the pro-
posed biosensing platform an detect real biological samples,
highlighting its translational potential for clinical diagnosis of thyroid
cancer.

4. Conclusion

In summary, we developed a multifunctional ECL biosensor based on
CdTe-DNA QDs for the sensitive detection and classification of PTC. The
system has integrated capacities: enzyme-free DNA amplification and
dual-mode signal transduction. The biosensor demonstrated excellent
sensitivity, ultra-low detection limits (as low as the aM level), and high
specificity. Moreover, its ability to reliably detect targets in complex
biological samples (cell lysates and human serum) underscores its po-
tential for real-world clinical diagnostics. The research successfully
achieved the precise typing of PTC, the most common and most preva-
lent type of thyroid cancer, but the identification of other subtypes still
requires further exploration. Future research will focus on establishing a
more comprehensive classification system to achieve precise differential
diagnosis of all subtypes of thyroid cancer.
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