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ABSTRACT: This work proposes a highly sensitive, simple, and reliable
electrochemiluminescence (ECL) DNA methylation biosensing platform

" ;‘{1 Ny |
by employing DNA-functionalized magnetic beads (DNA-MBs) for target ; ,:;% T ,})}ligﬂ * i;égﬂ:
capture and nanotag self-assembly aggregation for signal amplification. s . %g . % {iﬁ% %ﬂg} X ﬁ: % * X
The target methylated DNA was first captured on DNA-MBs through ;**% ’ ’fii‘« ! g) ){T{\“ }fﬁ POTIE
base pairing recognition, and then its methylation sites were recognized : ; X )\% & gg ;
by antibody-SmC (Ab-SmC). Afterward, a pair of antibodies function- Py sl é : ’.E§ i
alized [Ru(byp);]*"-doped silica nanoparticles (Ab,-Ru@SiO, and Ab;- 3L o
Ru@SiO,) was layer-by-layer assembled on Ab-SmC for amplified signal N S PMT detection \
transduction. The sensing beads could be transferred to screen-printed =~ % )
carbon electrodes (SPCEs) for ECL curve detection via photomultiplier §:) - j g -
tube or to gold-coated indium tin oxide (Au/ITO) arrays for high- gm
throughput imaging detection. As the nanotag assembly layers increased
from 1 to 3, the detection sensitivities of SPCE-based curve detection and
Au/ITO-based imaging detection were enhanced 7-fold and 3-fold, achieving detection limits down to 0.8 pM and 0.9 fM,
respectively. The nanotags showed good stability, with storage times of 300 days for Ru@SiO, and 60 days for Ab-Ru@SiO,,
respectively. This method is universal and could be applied to detect different methylated DNAs by using their corresponding DNA-
MBs. The proposed ECL biosensing platform possessed advantages of high sensitivity, good diversity, and practicality, showing
potential for high-throughput DNA methylation detection in clinical diagnosis.

./ Imaging detection

NA methylation is a pivotal epigenetic modification that ent restriction endonucleases digestion, suffer from the
regulates gene expression without altering the DNA incomplete digestion-caused false positive.”' '’
sequence.’ Aberrant DNA methylation is associated with the In order to overcome the shortcomings of the routine
occurrence of various diseases, such as glioblastoma, liver methods, many efforts have been made to develop direct
cancer, lung cancer, colon cancer, autoimmune diseases, and biosensing strategies that can detect DNA methylation without
metabolic disorders.”~* Therefore, the development of any sample pretreatment and nucleic acid amplification
sensitive, simple, and reliable methods for DNA methylation St"-Ps'lg_21 The direct detection strategies normally adopt a

detection is of great significance for the early prediction and DNA-antibody dual recognition with a multitag label for signal
diagnosis of various genetic and cancer diseases. output. For example, a series of direct electrochemical

Currently, the routine detection process of DNA methyl- biosensing platforms have been reported for convenient
ation includes a sample pretreatment step by enzymatic DNA - methylation detection.by using a.ntibody—SmC (Ab-
digestion (ED) or bisulfite conversion (BC) and a nucleic acid SmC) or capture DNA-modified magnetic beads for target

amplification detection step, such as polymerase chain reaction cap turzez_zasnd horseradish per9x1dase catalysts as s.1gnal
(PCR),*° loop-mediated isothermal amplification,”® and labels. These electrochemical methods have achieved
) )

recombinase polymerase ampliﬁcation.9 Although these sensitive detection of DNA methylation down to the pM level

methods show high detection sensitivity, they all have some without bisulfite and amplification treatments. Electrochemi-
intrinsic drawbacks that limit their practical applications.'”""

For example, the BC-based strategies, including bisulfite Received: January 22, 2025
sequencing and methylation-specific PCR, suffer from a Revised:  April 15, 2025
tedious and complex workflow, rigorous operation conditions, Accepted:  April 22, 2025
long test time, and low conversion eﬂiciency.lz_15 On the Published: April 29, 2025
other hand, the ED-based strategies, including methylation-

sensitive restriction enzyme digestion and methylation-depend-
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Scheme 1. Schematic Diagram of the Diversified ECL DNA Methylation Biosensing Platform with Self-Assembly of Nanotags
on Sensing Bead after the DNA-Antibody Dual Recognition of Target
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luminescence (ECL), which combines the superiorities of
chemiluminescence and electrochemistry, has the advantages
of low background, high sensitivity, good controllability, and
simple equipment and has become one of the most advanced
and widely used detection methods in clinical diagnosis and
biomedical research.”*~*’ Recently, our group has constructed
a direct DNA methylation ECL biosensing method that uses
DNA-functionalized magnetic beads (DNA-MBs) as the
sensing substrate for target capture and enrichment and
[Ru(byp);]**-doped silica nanoparticles (Ru@SiO,) as nano-
tags for signal amplification.’® Because there are over 3000
[Ru(byp);]** in one Ru@SiO,, this ECL biosensing strategy
can detect the methylated DNA sequence of the promoter
region of Ras-associated domain-containing protein 1
(RASSF1A) down to 0.5 pM. Unfortunately, in many clinical
tests, this detection sensitivity is insufficient because the
concentration of methylated DNA in biological samples is very
low in the early stages of diseases.

The self-assembly strategy is a simple and efficient signal
amplification means in biosensing.”"*” It enhances the signal
by spontaneously organizing discrete signal probes into large
signal aggregates on a single biorecognition event.”> > A
subattomolar immunoassay has been constructed by introduc-
ing the self-assembly of quantum dots into a typical sandwich-
type immunoassay.”® In addition, by introducing the self-
assembly of nanoparticles into the lateral flow immunoassays,
the detection sensitivity and efficiency of the strip sensors have
been greatly improved.”’~*'

In this work, a highly sensitive, simple, and reliable ECL
biosensing platform was proposed for methylated DNA
detection by designing a nanotag self-assembly amplification
on magnetic bead-based biosensing. After the DNA-antibody
dual recognition of the target (Ts,c) on DNA-MBs, a pair of
antibodies functionalized nanotags (Ab,-Ru@SiO, and Ab;-
Ru@SiO,) was layer-by-layer assembled on the biorecognition
event for signal amplification. The ECL detection of
methylated DNA could be achieved either by photomultiplier
tube (PMT) with screen-printed carbon electrodes (SPCEs) or
by camera imaging with gold-coated indium tin oxide (Au/
ITO) arrays (Scheme 1). The detection sensitivity increased
with the increase of assembly layers, and a sub-fM level
detection limit (LOD) was achieved by the Au/ITO-based
imaging detection with the three-layer assembly of nanotags
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(3L-Nanotags). The Ru@SiO,-based nanotags could be easily
synthesized with good repeatability and storage stability. This
ECL biosensing platform exhibited good universality and
detection diversity, showing good practicality for DNA
methylation detection in the clinic.

B EXPERIMENTAL SECTION

Target Sensing on Magnetic Beads with Self-
Assembly of Nanotags. The materials, reagents, apparatus,
and synthesis of Ab-Ru@SiO, nanotags were presented in the
Supporting Information. For target sensing, DNA-MBs were
first prepared similar to the previous work.”’ Briefly, 15 uL of
streptavidin magnetic beads (S-MBs) were incubated with 150
#L of 0.1 uM biotin capture DNA at room temperature for 60
min, followed by a surface blocking step with 2% bovine serum
albumin. After a complete washing, DNA-MBs were dispersed
in 60 uL of PBST buffer and stored at 4 °C before use. The
loading amount of biotin capture DNA on S-MBs was
calculated to be 86 pmol mg™" by UV—vis spectroscopy***
(Supporting Information).

For target capture, 60 yL of DNA-MBs were mixed with 150
#L of sample solution and incubated for 30 min at 37 °C. After
a centrifugation wash with PBST, the sensing beads were
incubated with 150 yL of Ab-SmC (2.5 ug mL™") for 30 min at
37 °C to form DNA-MBs/T; c/Ab-SmC complexes. After
another wash with PBST, 150 uL of Ab,-Ru@SiO, (1.8 mM)
was added to the sensing beads and reacted at 37 °C for 30
min to obtain 1 layer-assembly of nanotags (1L-Nanotags).
These sensing beads with 1L-Nanotags were completely
washed and resuspended in 150 uL of PBST for ECL
detection and subsequent assembly of nanotags. Here, 100 L
of sensing beads with 1L-Nanotags were taken out and mixed
with 100 uL of Ab;-Ru@SiO, (1.8 mM) for 30 min at 37 °C to
construct a 2 layer-assembly of nanotags (2L-Nanotags). After
washing with centrifugation, the sensing beads with 2L-
Nanotags were resuspended in 100 uL of PBST for ECL
detection and the formation of 3L-Nanotags. Similarly, 50 uL
of sensing beads with 2L-Nanotags was taken out and mixed
with 100 uL of Ab,-Ru@SiO, (1.8 mM) for 30 min at 37 °C to
achieve 3L-Nanotags. Before ECL detection, the sensing beads
with 3L-Nanotags were washed completely and dispersed in 50
uL of PBST.
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Figure 1. (A) TEM images of the self-assembly of nanotags on the surface of the COOH-SiO,. (B) ECL curves, (C) the corresponding signal/
noise ratios, and (D) ECL intensity profiles of dashed lines in ECL images of 1, 2, and 3 layer-assembly of nanotags.
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Figure 2. ECL-time curves and calibration curves of the SPCE-based detection of methylated RASSFI1A with (A) 1L-Nanotags, (B) 2L-Nanotags,

and (C) 3L-Nanotags amplification.

ECL Detection on SPCEs. 2 uL of the suspension of
sensing beads with 1L-Nanotags, 2L-Nanotags, and 3L-
Nanotags was dropped onto 2 mm-diameter SPCEs (Nanjing
Jingjie Biotechnology Co., Ltd.), respectively. After drying, the
ECL response was recorded in 0.1 M PBS (pH 7.4) containing
0.1 M KNO; and 40 mM tripropylamine (TPrA) at room
temperature. The continuous potential scanning was per-
formed between 0 and +1.5 V at a scanning rate of 100 mV s7L
and the voltage of the PMT was set at 600 V.

ECL Imaging Detection on Au/ITO Array. The Au/ITO
array was laboratory-fabricated by magnetron-sputtering 5 nm
chrome and 50 nm gold on an ITO slide, followed by pasting
with a porous sticker with a 3 X 6 2 mm-well design. 2.5 uL of
the suspension of sensing beads with different nanotag layers
was dropped onto each well of the Au/ITO array. After drying,
ECL imaging with an exposure time of 31 s was conducted by
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continuous potential scanning from 0 to +1.5 V in 0.1 M PBS
(pH 7.4) containing 0.1 M KNO; and 40 mM TPrA.

B RESULTS AND DISCUSSION

Validation of the Nanotag Self-Assembly Amplifica-
tion. This work used a pair of Ab,-Ru@SiO, and Ab;-Ru@
SiO, nanotags to perform a layer-by-layer assembly on Ab-
SmC for signal amplification. Due to the porous structure and
high surface area of SiO, nanoparticles, Ab-Ru@SiO, served as
an excellent signal tag, with each nanoparticle demonstrating a
remarkable loading capacity of over 3000 [Ru(bpy),]**
molecules.’® As Ab-SmC was murine antibodies, we selected
antimouse IgG antibodies as Ab, and mouse IgG proteins as
Abs. Thus, Ab,-Ru@SiO, could not only affinity bind to Ab-
SmC for first layer labeling but also bind with Ab;-Ru@SiO,
for subsequent self-assembly amplification. The layer-by-layer

https://doi.org/10.1021/acs.analchem.5c00516
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Figure 3. (A) ECL image and (B) calibration curves of imaging biosensing platforms with 1L-Nanotags, 2L-Nanotags, and 3L-Nanotags
amplification. The specificity of the ECL imaging detections with (C) 1L-Nanotags, (D) 2L-Nanotags, and (E) 3L-Nanotags. The concentrations

of Tsc, Ty Tp, and T¢ were 10 M, 1 pM, 1 pM, and 1 pM, respectively.

assembly of Ab,-Ru@SiO, and Ab;-Ru@SiO, was charac-
terized by transmission electron microscopy (TEM), where
nonmagnetic carboxylated SiO, (COOH-SiO,, 700 nm in
diameter) was employed to simulate the magnetic bead-based
biosensing (Figure 1A). First, Ab,-Ru@SiO, was covalently
bound on the big COOH-SiO, through an amidation reaction
to form a 1L-Nanotags structure. The TEM image showed that
Ab,-Ru@SiO, (~S50 nm in diameter) existed in a single-layer
form on the surface of the big COOH-SiO,. After the reaction
with Ab;-Ru@SiO, to perform 2L-Nanotags, small clusters of
Ab-Ru@SiO, were observed. By further reaction with Ab,-
Ru@S$iO, to construct 3L-Nanotags, a large aggregation of Ab-
Ru@SiO, was shown on the surface of the big COOH-SiO,.
These results indicated that Ab,-Ru@SiO, and Ab;-Ru@SiO,
could be successfully assembled for aggregation amplification.
The step-by-step reactions on DNA-MBs were verified by
electrochemical impedance spectroscopy (Figure S1).** With
the sequential assemblies of Ty, Ab-SmC, 1L-Nanotags, 2L-
Nanotags, and 3L-Nanotags on DNA-MBs, it could be
observed that the charge transfer resistance (R,) increased
gradually, while the apparent charge transfer rate constant
(Kapp) decreased progressively (Table S1). This should be due
to the hindrance of electron transfer caused by the
progressively rising steric hindrance, verifying the detection
feasibility of the proposed DNA methylation biosensing
platform. In addition, the affinities of DNA-MBs toward
Tsme and Ab-5SmC toward Ts,c were determined (Figure
$2)."** The low dissociation constants (K;) of 2.04 and 1.86
nM indicated that T§,, as well as Ab-SmC could be efficiently
recognized and bound by DNA-MBs, further confirming the
detection capability of this ECL biosensing platform for Ts,c.

The signal amplification performance of the nanotag self-
assembly strategy was characterized by ECL measurements of
10 pM methylated RASSF1A on SPCEs (Figure 1B). The ECL
curves showed that ECL intensities were progressively
enhanced by the increase of nanotag assembly layers. From
1L-Nanotags to 2L-Nanotags and then to 3L-Nanotags, the
signal/noise ratios increased sequentially, accompanied by a
significant enhancement of the absolute signal intensity (Al =
Lingal = Inoise) (Figure 1C). The AT of 3L-Nanotags was 9 times

that of 1L-Nanotags, indicating the effectiveness of the self-
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assembly strategy in signal amplification. The ECL imaging
detection also showed a pronounced increase in brightness
with the progression of self-assembly layers from 1 to 3 (Figure
1D). Compared to 1L-Nanotags, the 3L-Nanotags strategy
exhibited a significantly high signal/noise ratio, along with a -
fold absolute A/D count. These results confirmed the good
signal amplification performance of the self-assembly of
nanotags in ECL DNA methylation biosensing.

ECL Detection of Methylation DNA on SPCEs. The
ECL detection was performed by transferring the sensing
beads reacted with the target methylated DNA at different
concentrations on SPCEs. The ECL intensities were recorded
by the PMT. The results depicted in Figure 2 unveiled that the
ECL intensities increased with the increase of Ts,¢
concentration in all assays with 1L-Nanotags, 2L-Nanotags,
and 3L-Nanotags, and good linear relationships between ECL
intensity and the logarithm of T, concentration ranging
from 1 pM to 1 nM were observed. Obviously, the detection
sensitivity (the slope of the linear equation) was enhanced
significantly with the increase of assembly layers. Compared to
1L-Nanotags, the sensitivities of 2L-Nanotags and 3L-Nano-
tags increased by 3 and 7 times, respectively. Notably, by
comparing with the background, we found that the LOD of the
SPCE-based ECL detection with 3L-Nanotags was decreased
to 0.8 pM, while in the detections with 1L-Nanotags and 2L-
Nanotags, the reliable minimum detectable concentrations
were 100 and 10 pM, respectively. These results indicated that
the self-assembly of nanotags could effectively enhance the
detection sensitivity and improve the ECL detection perform-
ance of methylated DNA.

ECL Imaging Detection of Methylation DNA. ECL
imaging detection was performed on an Au/ITO array. After
the sensing beads reacted with target methylated DNA at
different concentrations on their respective array wells, ECL
images were obtained by a CCD camera. ECL images of the
sensing beads with 1L-Nanotags, 2L-Nanotags, and 3L-
Nanotags showed that the brightness of the wells gradually
increased as the concentration of T, - increased from 0.001 to
100 pM (Figure 3A). The plot of ECL intensities versus the
logarithm of T, showed good linearities. The 3L-Nanotags
in ECL imaging detection also exhibited the highest detection
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Figure 4. (A) ECL intensities of 8 batches of 2 mM Ru@SiO,. (B) Stability of Ru@SiO, under 6 different conditions: (a—c) centrifugal
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4 °C, and (f) 18 mM storage at —20 °C.

sensitivity, which was 3 and 2 times higher than those of 1L-
Nanotags and 2L-Nanotags, respectively (Figure 3B). Based on
the background, the LOD of ECL imaging detection with 3L-
Nanotags was calculated to be 0.9 fM, which was 2 orders of
magnitude lower than those of 1L-Nanotags and 2L-Nanotags.
Compared with SPCE-based ECL detection, this Au/ITO-
based imaging detection exhibited lower LOD, a wider
detection range, better repeatability, and higher detection
throughput. This might be due to the poor quality and
consistency of SPCEs. In addition, when compared to previous
amperometric””~>* and ECL*>** DNA methylation detection
methods (Table S2), the proposed ECL imaging detection
with 3L-Nanotags exhibited a wide detection range with a
more than 100 times lower LOD.

The specificity of the ECL imaging detection for methylated
DNA was evaluated by comparing the A/D count of target
methylated DNA (Ts,c, 7 X SmC-RASSFIA) with those of
other interferent DNAs at 100 times higher concentration,
including an unmethylated RASSF1A strand (T,), a methylated
PCDHGB?7 strand (T}), and a noncomplementary strand (T).
Although the signal of 10 fM T . was almost indistinguish-
able from those of blank and 1 pM interferent DNAs in the
ECL imaging detections with 1L-Nanotags and 2L-Nanotags
(Figure 3C,D), a significant signal difference between Tsc
and interferent DNAs was observed by ECL imaging detection
with 3L-Nanotags (Figure 3E). This result indicated that the
3L-Nanotags-based ECL imaging biosensing platform pos-
sessed excellent selectivity and could effectively discern the
target methylated DNA amidst a milieu of diverse sequences.

Reproducibility and Stability of the Nanotags. The
present sensitive ECL DNA methylation biosensing platform
was constructed based on the self-assembly of Ab-Ru@SiO,
nanotags. Therefore, studying the reproducibility and storage
stability of nanotags was crucial for evaluating the reliability
and practicality of this ECL biosensing platform. We first
assessed the preparation repeatability of Ru@SiO, by
comprehensively comparing the ECL signals of 8 independent
batches synthesized following identical procedures (Figure
4A). The results showed that each batch of Ru@SiO, exhibited
consistent intensity at equivalent concentration, indicating
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good reproducibility of Ru@SiO,. Then, the stability of Ru@
SiO, was explored by placing three sets of Ru@SiO, under six
distinct storage conditions and recording their ECL intensities
every 30 days (Figure 4B). Although the ECL intensities of
Ru@SiO, decreased significantly after 120 days in many states,
the intensities of Ru@SiO, stored at 2 mM and room
temperature remained stable, with an intensity retention of
97% after 300 days. These results demonstrated that Ru@SiO,
possessed good reproducibility and robust long-term stability
in optimal conditions, which was advantageous for the
preparation of Ab-Ru@SiO,.

Similarly, the reproducibility of Ab-Ru@SiO, was evaluated
across 6 batches synthesized by identical procedures. The ECL
intensities of these 6 batches of Ab-Ru@SiO, had good
consistency, indicating that Ab-Ru@SiO, also had good
preparation repeatability (Figure 4C). The stability of Ab-
Ru@SiO, was studied by investigating its labeling activity
every 15 days after storage under six different conditions. The
labeling activity of Ab-Ru@SiO, was checked by detecting the
ECL intensities of streptavidin magnetic beads (S-MBs) that
were functionalized with biotin antibodies and reacted with
Ab,-Ru@SiO, (Figure 4D). The ECL intensities dropped
sharply in most storage states, while when Ab,—Ru@SiO, was
stored at a high concentration (18 mM) at —20 °C, an
intensity retention of 89% was achieved after 60 days. This
result suggested that Ab,-Ru@SiO, could maintain good
labeling activity for 2 months under optimal storage
conditions. The good reproducibility and stability of Ab-
Ru@SiO, and Ru@SiO, ensured the practicality, durability,
and longevity of the proposed ECL DNA methylation
biosensing platform.

Repeatability and Universality of the ECL Imaging
Biosensing Platform. To investigate the repeatability of the
ECL DNA methylation biosensing platform, both the interday
detection over 5 days and intraday detection over five times
were conducted in the presence of 1 pM Ts,c.*® The results
showed desirable relative standard deviations (RSDs) of 1.14—
4.30% and 3.51% in interday and intraday tests, respectively. In
addition, all the Itl . ueq Values of interday (0.05—3.29, Table
S3) and intraday (1.04, Table S4) tests were smaller than their
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corresponding critical values (Iflca) at a P = 0.0S, indicating
exceptional repeatability with no significant systematic error of
this ECL biosensing platform.

The universality of the ECL biosensing platform for DNA
methylation detection was evaluated by applying the ECL
imaging detection with 3L-Nanotags to detect a methylated
PCDHGB7 sequence using corresponding DNA-MBs (Figure
SA). Three parallel experiments were executed, and the results

A (B)250{——3L
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Q
Parallel 2 < 100 1=37Igc + 176
Parallel 3 so{f

0
0.0010.01 0.1 1 10 100
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Figure 5. (A) ECL image and (B) calibration curve of detecting
methylated PCDHGB7 with 3L-Nanotags.

showed excellent repeatability. The brightness in the parallel
experiments exhibited an increasing trend with the increase of
target DNA concentration. The plot of ECL intensity versus
the logarithm of methylated PCDHGB?7 concentration, ranging
from 1 fM to 100 pM, showed good linearity (Figure SB). The
sensitivity of ECL imaging detection of methylated PCDHGB7
was similar to that of methylated RASSFIA, suggesting that the
present ECL biosensing platform was a stable, universal, and
reliable platform for the precise detection of methylated DNA.

Real Sample Analysis. The applicability and detection
performance of the ECL DNA methylation biosensing
platform were assessed through recovery tests. Various
concentrations of methylated RASSF1A were spiked into 10-
fold diluted human serum samples, and the recovery rates were
calculated within the range from 95 to 103% (Table SS). The
RSD ranged from 1.96 to 3.03% with the Il ceq (0.81—3.66)
smaller than the Ifl ;. of 4.30, demonstrating the reliability
and precision of the proposed ECL biosensing platform, even
present in complex biological samples. The results not only
underscored the versatility and accuracy of the biosensing
platform but also hinted at its promising applications in clinical
diagnosis.

B CONCLUSIONS

This work presented a highly sensitive and diversified ECL
biosensing platform for DNA methylation detection by
integrating magnetic-bead-based dual recognition with a
nanotag self-assembly mediated amplification strategy. This
ECL biosensing platform was adaptable to diverse detection
forms, including SPCE-based measurements by PMT and
imaging detection on Au/ITO arrays. The self-assembly of Ab-
Ru@SiO, nanotags enabled sensitive detection of DNA
methylation, with a wide detection range of 5 orders of
magnitude and a low detection limit of 0.9 fM. The platform
demonstrated excellent specificity, distinguishing methylated
DNA from unmethylated and noncomplementary sequences,
along with high reproducibility, long-term stability, and high
precision. Furthermore, the universality of the platform was
validated by detecting different methylated sequences (e.g.,
RASSF1A and PCDHGB?7) with a consistent sensitivity. This
work provided a simple, robust, and ultrasensitive approach for
DNA methylation detection, providing a valuable and
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promising means for early epigenetic testing in precision
medicine.
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