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A fluorescence—electrochemiluminescence (FL-ECL) dual-mode sensor for apoE gene detection has
been developed, leveraging the unique properties of ruthenium metal organic framework nanosheets
(RUMOFNSs). The system utilizes the quenching effect of the Ru(bpy)s>* ECL signal by ferrocene, leading
to the synthesis of a multi-electron electrical signal marker, bisferrocene. By immobilizing the P-DNA on
RUMOEFNSs, bisferrocene quenches both FL and ECL signals. The addition of T-DNA and the consequent
formation of double-stranded DNA enable the Exolll enzyme to excise the bisferrocene fragment,
restoring the signals. The sensor demonstrates wide detection linear ranges (1 fM to 1 nM for FL and
0.01 fM to 10 pM for ECL) and remarkable sensitivity (0.048 fM for FL and 0.016 fM for ECL). The dual-
mode design offers enhanced reliability through a self-correction feature, reducing false positives.
Compared to single-mode sensors, the dual-mode sensor shows significant advantages. Real-world
testing confirms the sensor’s capacity for robust detection in actual samples, underscoring its promising
application in early disease diagnosis. This innovative approach opens up avenues for multi-signal
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1. Introduction

Apolipoprotein E (apoE), an integral lipid-carrying protein in
plasma, governs the transformation and metabolism of
lipoproteins.' The apoE &4 gene, a variant of apoE, has emerged
as a pivotal genetic factor for Alzheimer’s disease (AD), increasing
the risk among carriers.> This link underscores the need for
accurate, sensitive, and efficient apoE gene detection methods.
While conventional genetic testing techniques such as Southern
blotting, polymerase chain reaction (PCR), and high-performance
liquid chromatography (HPLC) offer substantial insights, they are
hampered by intricate sample preparation, extended procedures,
and high costs.”®

In the evolving landscape of material science, optical
sensing technologies have significantly advanced. Among
these, fluorescence (FL) sensing merits special attention due
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response sensors, offering significant potential for diagnostic technologies.

to its superior sensitivity, which remarkably surpasses colori-
metric techniques by an impressive factor of 103.” Electroche-
miluminescence (ECL) further complements the optical
sensing domain with its attributes, encompassing facile opera-
tion, exceptional sensitivity, minimal background interference,
and an expansive detection spectrum.® Notwithstanding these
advancements, it is imperative to underscore that singular
signal outputs, typified by FL and ECL, might not consistently
match the efficacy of dual signal outputs under certain scenar-
ios. In recent years, dual-mode sensing strategies have risen
to prominence,”® furnishing multiple signal outputs and meld-
ing the complementary strengths of various methods, notably
those including electrochemical-colorimetric, electrochemical-
electrochemiluminescence, fluorescence-photochemical, and
fluorescence-colorimetric, for bolstered analyte detection.'*™**
The union of FL and ECL into a unified dual-mode sensing
paradigm holds great promise, amplifying the fidelity of apoE
gene detection and heralding novel diagnostic avenues.
Although the combined utilization of various materials in
sensor architecture has been acknowledged,'® the emphasis
on single-material dual-mode sensors has been relatively
underexplored, thereby curtailing the expansive potential of
FL-ECL dual-mode diagnostics. The luminescent agent
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tris(2,2'-bipyridyl)ruthenium(n) (Ru(bpy),>*), distinguished by
its unparalleled optical properties, has become a staple for both
fluorescent and electrochemiluminescence probes.'® However,
the luminous efficiency of the traditional Ru(bpy);>* system is
still not high.'”'® Advancements in nanotechnology permit the
encapsulation of Ru(bpy);>" derivatives within nanocarriers.>"*>"
Metal-organic frameworks (MOFs), characterized by their vast
surface area, adaptable voids, and robust chemical stability,22
support diverse applications, from luminescence® and energy
storage®” to catalysis.>® Recent focus on molecular-functionalized
MOFs***” has augmented the loading and luminescence effi-
ciency of luminophores, as showcased by Yan et al.’s innovative
coordination of Ru(dcbpy),** with Zn** in the formulation of two-
dimensional MOF nanosheets.?® Ferrocene derivatives, celebrated
for their unique reversible redox traits, have found wide accep-
tance as emission quenchers in FL and ECL sensors.”*° Recog-
nizing the electron limitation in ferrocene led to the evolution of
bisferrocene, a dual ferrocene-unit structure that bolsters quench-
ing efficiency and detection range.*'

This research pioneers the utilization of RUMOFNSs’ dis-
tinct optical attributes and bisferrocene’s unparalleled quench-
ing proficiency. Orchestrating a meticulous methodology, we
attached bisferrocene groups at the 3’ end and amino groups at
the 5’ end of P-DNA, enabling the robust binding of vast P-DNA
quantities to RuMOFNSs. This symbiosis causes the suppres-
sion of the ECL signal, laying the foundation for a dual-mode
apoE gene sensing apparatus. The orchestrated introduction of
T-DNA, recognized by Exolll, and T-DNA’s eventual release
combine in a sequence of well-coordinated reactions, culminat-
ing in the resurgence of the ECL signal. By combining the
potent FL and ECL techniques, this avant-garde system forges a
robust sensing scaffold. It harmoniously aligns these methods,
facilitating simultaneous FL detection due to RuMOFNSs’
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pronounced emission attributes. This multifaceted strategy
promotes cross-verification, assuring a more holistic and accu-
rate biological analysis than its single-mode counterparts.
Scheme 1 provides an illustrative overview of RuMOFNSs’
formulation and their assembly in sensor design, offering
readers insight into the intricate workings of this groundbreak-
ing system. With its potential to reshape the scientific land-
scape, our study stands as a groundbreaking stride in the
precision and reliability of biological detection, encapsulating
this research’s essence and charting novel pathways.

2. Experiment section
2.1. Chemicals and materials

Tris(4,4'-dicarboxylidipyridine)ruthenium chloride (Ru(dcbpy)s™*),
zinc nitrate hexahydrate, and pyrazine were acquired from Xilong
Technology Co. Ltd, Guangdong, China. N-Hydroxysuccinimide
(NHS), polyvinylpyrrolidone (PVP, M,, = 40000), 1-ethyl-3-3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC), and
N,N-dimethylformamide (DMF) were obtained from Aladdin Bio-
chemical Technology Co. Ltd, Shanghai. Al,O; powder was pro-
cured from Tianjin Aida Hengsheng Technology Development Co.
Ltd. All reagents used were of analytical grade and required no
further purification. Ultrapure water (resistivity: 18.2 MQ cm) was
sourced from a Millipore system.

Oligonucleotides and probes, which were modified by the
Shanghai Biotechnology Corporation, include:

P-DNA:5’-H,N-TTTCAGGCGGCCGCGCACGTC-bisferrocene-3’

T-DNA: 5'-GACGTGCGCGGCCGCCTG-3’

1MT-DNA: 5’-GACGAGCGCGGCCGCCTG-3’

3MT-DNA: 5'-GACGAGCGCCGCCGTCTG-3'

NCT-DNA: 5'-ACGCACGAATCAGATGTAC-3’
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Scheme 1 Preparation of RUMOFNSs and their utilization in a bimodal analytical strategy employing both FL and ECL techniques.
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2.2. Apparatus

The FL spectra were recorded using an Edinburgh FLS920
spectrophotometer. The ECL emission measurements were
conducted on a model MPI-E electrochemiluminescence analyzer
(Xi’An Remax Electronic Science and Technology Co. Ltd, Xi’An,
China). All electrochemical measurements were performed on an
Autolab electrochemical workstation (Metrohm Instruments Co.,
Switzerland) at room temperature. Transmission electron micro-
scopy (TEM) images were acquired from a Tecnai G2 F20 S-TWIN
electron microscope, operating at 200 kV. Scanning electronmi-
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
were performed using a JEOL-2100F electron microscope. Fourier
transform infrared (FT-IR) spectra were obtained using a Bruker
VERTEX70 spectrometer. Nuclear magnetic resonance (NMR) spec-
tra were acquired on an Agilent Premium Compact 600 MHz
spectrometer. High-resolution mass spectrometry (HRMS) analyses
were conducted with an ABSciex instrument, Germany. X-ray diffrac-
tion (XRD) measurements were performed using a Rigaku Miniflex-
600 system. X-ray photoelectron spectroscopy (XPS) measurements
were carried out on a PHI 5000 VersaProbe IIL

2.3. Synthesis of 3,5-bisferrocene ethoxy benzoic acid

Following the methodologies described in previous research by
our group,*® 3,5-bisferrocene ethoxybenzoic acid was synthe-
sized. Its characterization was performed using NMR and
HRMS. The specific synthesis steps are depicted in Scheme
S1 (ESIt). The subsequent ligation of DNA to 3,5-bisferrocene
ethoxybenzoic acid was performed by Bioengineering Technol-
ogies, located in Shanghai, China.

2.4. Preparation of RuMOFNSs

The synthesis of RuMOFNSs followed methodologies outlined in
previous studies,”®>*** as detailed in Scheme 1A. In a 50 mL flask,
Ru(dcbpy);>* (9.0 mg), Zn(NO3),-6H,0 (9.0 mg), PVP (20 mg), and
pyridine (1.6 mg) were dissolved in ultrapure water. After 10
minutes of ultrasonication, the solution was deoxygenated with
nitrogen and agitated at 60 °C for 2 hours. The resulting crystals
were centrifuged, washed, and dried to produce RUMOFNSs.

2.5. Fluorescent tests

Scheme 1B illustrates the test procedure of FL sensors.
RuMOFNSs (0.025 mg) were dissolved in 10x PBS (pH 4.5),
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with an EDC to NHS ratio of 10: 1, and then ultrasonicated for
1 minute until complete dissolution. The solution was incu-
bated at 42 °C for 12 hours, followed by adjusting the pH to 7.5.
P-DNA was added until the system concentration reached 10~ °
M. The amidation reaction proceeded at 42 °C over a 10 hours
period. Subsequently, T-DNA was introduced into the mixture,
followed by ExollI (0.24 U uL~") after incubation at 37 °C for
2 hours and the FL sensor was assembled. The FL was recorded
at an excitation wavelength of 467 nm, the slit width was 5 nm.

2.6. Preparation of ECL sensors

Scheme 1C shows the construction of ECL sensors. The gold
electrode surface was sequentially polished with 1.0 um,
0.3 pm, and 0.05 pm Al,O; powder, and then thoroughly
cleaned and dried with ultrapure water. Next, 4 pL of 1%
naphthyl phenol and 4 pL of the RUMOFNSs/P-DNA mixture
were dried at 37 °C to achieve uniform coverage of RUMOFNSs
on the surface. T-DNA was applied to the Au electrode surface
and hybridized for 2 hours at 37 °C. Then, it was allowed to
digest at 39 °C for 2 hours. Ultimately, the modified gold
electrode was submerged in an electrochemical cell to facilitate
the necessary measurements. After all steps, the electrodes
were rinsed with ultrapure water. See ESIf for details of ECL
measurements.

3. Results and discussion
3.1. Characterization of RuMOFNSs

SEM images (Fig. 1A and B) and TEM (Fig. 1C) reveal that
RUMOFNSs are stacked in irregular sheets with a higher
specific surface area. This structure is conducive to anchoring
more P-DNA to the electrode surface. Using XRD analysis
(Fig. 1D), it was confirmed that the diffraction peaks of
Ru(dcbpy);>" are in complete agreement with those reported
in the literature.*>*® However, certain diffraction peaks
observed in the RUMOFNSs were not as sharp and distinct as
anticipated.®” This observation is attributable to the flaky
structure of the synthesized RuMOFNSs, which somewhat
influenced their crystallinity. Nevertheless, the presence of
principal characteristic peaks indicates that, despite variations
in peak intensities potentially resulting from the synthesis
conditions and solvent choices, we have successfully
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Fig.1 (A) and (B) SEM images of RUMOFNSs, (C) TEM images, (D) and XRD spectra of RUMOFNSs.
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synthesized two-dimensional MOF nanosheets with intact core
structural integrity.

The synthesized RUMOFNSs were investigated using EDS,
XPS, and FT-IR. EDS analysis disclosed the primary elements in
RuMOFNSs as C, N, O, Ru, and Zn, consistent with previously
reported compositions (Fig. S2A, ESIt). Moreover, Ru is well
dispersed in the MOFs, contributing to the material’s good
optical properties. Further evidence of successful synthesis was
provided through XPS analysis, which revealed specific peaks
related to C 1s, N 1s, O 1s, Ru 3p, and Zn 2p elements (Fig. S2B,
ESIT). In the high-resolution spectrum of Ru 3p, significant
peaks were identified at 462.1 eV and 484.2 eV (Fig. S2C, ESIT),
while the corresponding Zn 2p3/2 and Zn 2p1/2 peaks appeared
at 1021.1 eV and 1044.2 eV (Fig. S2D, ESIT). These observations
further confirm the successful creation of RUMOFNSs.

FT-IR analysis of the synthesized RuMOFNSs (Fig. S2E, ESIt)
identified distinct peaks at 1716 cm™ " and 1552 cm ™', asso-
ciated with the C=O0 stretching vibration of the -COOH groups
on the pyridine ring. The simultaneous absence of the C=0
stretching vibration, paired with asymmetric (COO-) and sym-
metric (COO-) stretching vibrations at 1628 cm™' and
1356 cm™ ', confirms the full deprotonation of the carboxyl
groups in Ru(dcbpy),>*. This deprotonation leads to their
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coordination with metal ions, further affirming the successful
synthesis. Distinct peaks at 1650 cm ' and 1750 cm ™" were
observed as shown in Fig. S2F (ESIt), indicating the formation
of amide bonds between P-DNA and RuUMOFNSs. These peaks
provide evidence of the successful immobilization of P-DNA on

the RUMOFNS surface.

3.2. RuMOFNS FL and ECL performance

The sensing potential of RUMOFNSs was evaluated through
analysis of their FL and ECL capabilities. As shown in Fig. 24,
excitation at 467 nm results in an emission peak at 630 nm in
the spectra. The introduction of bisferrocene-modified P-DNA
to the system led to a noticeable decline in the FL signal at
630 nm. To understand the underlying cause of the FL quench-
ing by bisferrocene in RuMOFNSs, the principles of frontier
orbital theory*®?° were applied, uncovering a photoinduced
electron transfer (PET) mechanism at play. Further validation
of this quenching mechanism was sought through density
functional theory (DFT) calculations using the Gaussian 09
code. Optimization of the geometry for main-group elements
was carried out employing the M06L/6-31G(d,p) basis set, while
the SDD basis set was utilized specifically for Fe and Ru atoms.
These results are visualized in Fig. 2C. The results indicate that
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Fig. 2 (A) FL profiles of RUMOFNSs, showing emission and excitation characteristics; (B) ECL spectra of RUMOFNSs. (C) The LUMO and HOMO orbital

energies of Ru(dcbpy)s>* and bisferrocene were visualized and calculated
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the highest occupied molecular orbital (HOMO) of bisferrocene
lies between the HOMO and LUMO of Ru(dcbpy);**. This
confirms the hypothesis that excited electrons from
Ru(dcbpy);>* can easily transition to the bisferrocene’s HOMO,
resulting in the luminescence quenching of Ru(dcbpy);>*.

In Fig. 2B, we present the ECL spectrum obtained using optical
filter technology. The emission spectrum of RUMOFNSs in the
634 nm region closely resembles the residual fluorescence emis-
sion, indicating a significant ECL signal exhibited by RuUMOFNSs.
However, RUMOFNSs exhibit a pronounced ECL signal, which is
dampened with the introduction of bisferrocene-modified P-DNA.
The ECL quenching mechanism involving bisferrocene may be
inferred from previous studies on the attenuation of the
Ru(bpy),>* ECL signal by ferrocene. This is generally attributed
to a charge-transfer mechanism."® Within the ECL system, the F."
interferes with the excited state of Ru(bpy);>*, resulting in a

decrease in the ECL signal intensity of Ru(bpy);>" as follows:
F.—e — F.' (1)
F." + Ru(bpy),”™ — F. + Ru(bpy);*" (2)

The quenching mechanism can vary depending on the ECL
potential. At a lower ECL potential, Ru(bpy);>** is derived from
co-reactants like TPA. Here, Fc' competes with co-reactants.
However, the energy difference (AE) between Fc'" and Ru(bpy);"
is not sufficient to produce the excited state Ru(bpy)s;>"*.
At higher ECL potentials, the oxidized form, Fc', competes
with Ru(bpy);** and Ru(bpy);>" to interact with co-reactants.

Furthermore, comparative analyses were conducted on the
FL and ECL signals of RuMOFNSs and Ru(bpy);>". The effi-
ciency of bisferrocene’s quenching was compared with that of
ferrocene (details in the ESIt). The gathered data underscore
that the synthesized RuMOFNSs possess a robust FL signal, as
well as a consistent, high-intensity ECL signal.

3.3. Characterization of biosensors

The step-by-step preparation of the biosensor is monitored by
cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) measurements.
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As shown in Fig. 3A, the [Fe(CN)¢]>"*~ redox peak exhibits
the largest redox current value on the bare Au electrode (AE).
After anchoring P-DNA and RuMOFNSs, followed by comple-
mentary pairing of P-DNA and T-DNA, the CV redox current
gradually decreased. This reduction is due to P-DNA and T-DNA
occupying and obstructing the electron transport channel, thus
reducing the electron transfer rate. However, when Exolll is
added, the single nucleotide and bisferrocene fragment at the
blunt 3’ end of P-DNA are gradually removed, and T-DNA is
released, leading to an increase in the redox current.

EIS further confirms this process. The semicircles in the
Nyquist plots (Fig. 3B) correspond to the charge transfer
resistance (Ret) and reflect the electron transfer kinetics of
the redox probe on the electrode surface. The Ret of the naked
Au electrode is smaller, demonstrating excellent conductivity.
However, when P-DNA is fixed on the electrode surface, the Ret
value gradually increases, echoing the CV results. When ExoIIl
is added, the Ret value decreases significantly, reinforcing the
observations obtained from CV.

3.4. Optimization of experimental conditions

The connection between RuUMOFNSs and P-DNA is an impor-
tant factor affecting the performance of the dual-mode sensor.
Several reaction conditions are investigated to optimize the
system, including enzyme digestion time, digestion tempera-
ture, pH of PBS (phosphate-buffered saline), and the proportion
of activators (EDC:NHS). These experiments aim to identify the
optimal conditions for maximizing sensor performance. When
the optimal conditions were determined (time 120 min, tem-
perature 39 °C, pH 7.5, and an EDC:NHS ratio of 10:1),
subsequent experiments were performed under these condi-
tions. See ESIT for details.

3.5. Analytical performance of dual-mode sensors

The FL and ECL signal intensities exhibited a positive correla-
tion with the concentrations of the apoE gene in the range
of 1 fM to 1 nM and 0.01 fM to 10 pM, respectively, as depicted
in Fig. 4A and C. The dual-signal sensor demonstrated a
strong linear relationship within these concentration ranges.
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Fig. 3 (A) CV and (B) EIS characterization studies of the stepwise procedure of the electrode.
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The linear regression fitting was described by the following
equations: Y = 1932.311log(C) + 7836.83, R* = 0.997 and Y =
1005.52 log(C) + 3465.73, R> = 0.996, as depicted in Fig. 4B and
D, respectively. These equations correspond to detection limits
of 0.048 fM and 0.016 fM. The formula used to calculate the
detection limit is detailed below:

L = 3Sp/ko (3)

The terms Sy, and K, represent the standard deviation and the
slope of the analytical calibration curve, respectively. In addi-
tion, the detection results are compared with those of reported
studies with single-mode DNA sensors (Table 1). The results
show that the dual sensor signals in the linear range and
detection limit perform better.

3.6. Selectivity, stability, and repeatability of dual-mode sensors

To evaluate the selectivity, stability and repeatability of the
dual-mode sensor, various experiments were carried out.

For selectivity, several DNA base sequences were examined,
such as T-DNA, which is fully complementary to P-DNA, as well
as single-base mismatch DNA (1MT-DNA), three-base mismatch
DNA (3MT-DNA), and a non-complementary random base
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sequence DNA (NCT-DNA). The FL and ECL detection results
are presented in Fig. 5A. Notably, the changes in FL and ECL
signals (expressed as Iy-Iy, for FL and Iy-Ij, for ECL, where I
and I represent the FL and ECL intensities, and Iy, and I,
represent blank values) are significant only when T-DNA is
present, underscoring the sensor’s selectivity. Moreover, the
stability of the apoE gene was assessed through 15 consecutive
electrode scans at a concentration of 10 '> M for the apoE
genes’ ECL signal. The results revealed that the ECL signal
remained nearly constant, with a relative standard deviation
(RSD) of just 1.30%, thereby indicating good stability. Further-
more, Fig. 5C depicts the repeatability of the dual-mode sen-
sors. The FL was tested five times for repeatability, achieving an
RSD of 1.3%. Concurrently, ECL intensities of five distinct
electrodes exhibited an RSD of 1.6%, underscoring the excep-
tional reproducibility of the dual-mode sensors.

3.7. Real sample detection

Real sample analysis is a critical metric for evaluating the practical
application potential of the designed sensing system. The suit-
ability of the sensor for real sample analysis was confirmed by
calculating the recovery of apoE genes at different concentrations
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Fig. 4 (A) FLand (C) ECL responses of the proposed sensor towards different concentrations of the apoE gene and calibration curve of the (B) FL and (D)

ECL responses with respect to apoE gene concentration.

706 | J Mater. Chem. B, 2024,12, 701-709

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3tb01934a

Published on 10 2023. Downloaded on 13.07.2025 15:57:35.

View Article Online

Journal of Materials Chemistry B Paper
Table 1 Comparison of DNA sensors using different detection methods
Method Luminescent molecules Quenching molecules Linear range Detection limit Ref.
Electrochemiluminescence Met-AuNCs Ferrocene 1 pM-10 nM 0.48 pM 41
Electrochemiluminescence Ru(bpy);** AuNPs 0.5-50 nM 12 fM 42
Fluorescence FAM PGO 0-0.25 pM 3.39 nM 43
Fluorescence FAM DABCYL 0.5-10 nM 0.38 nM 44
FL-ECL RuMOFNSs Bisferrocene 0.01 fM-10 pM 0.048 fM This work
0.016 M
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Fig. 5 (A) FL and ECL response of the dual-mode sensor selectivity; error bars = RSD (n = 6) (Cpna = 1072 M); (B) stability results of the developed ECL
sensing mode for apoE gene detection (Copoe = 1072 M), RSD = 1.3%. (C) Repeatability of FL and ECL dual-mode sensors through five parallel
measurements in the presence of 107** M apoE genes; error bars = RSD (n = 4).

(5, 10, and 20 fM) in healthy human serum samples, diluted 10-
fold, using the standard addition method (with three parallel
measurements per sample). Table S1 (ESIt) reveals that the
recovery rates for both FL and ECL tests range between 98.2%
to 102.2% and 97.8% to 102.1%, respectively, displaying relative
standard deviations (RSD) of 1.85% to 2.40% for FL and 0.88% to
2.19% for ECL. These findings indicate that the dual-mode sensor
proficiently reduced background disturbances and matrix effects
present in the biological samples. Furthermore, to confirm the
utility of the dual-mode sensor in a PCR setting, it was utilized to

This journal is © The Royal Society of Chemistry 2024

amplify the gene of Corydalis yanhusuo through the PCR process.
Table S2 (ESIt) lists the sequences of oligonucleotides, indicating
that the constructed sensor can successfully recognize the Cor-
ydalis yanhusuo gene in the PCR environment, displaying a
sensitivity of 24.85 fM for FL and 1.46 fM for ECL.

4. Conclusion

A dual-mode sensor employing both FL and ECL has been
successfully developed using RUMOFNSs, showcasing robust
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FL and ECL functionalities. Utilizing bisferrocene as an effi-
cient signal-quenching material, the system is able to profi-
ciently quench both FL and ECL signals emitted by RuMOFNSs.
Under meticulously optimized conditions, this innovative dual-
mode sensing platform has demonstrated the ability to detect
the apoE gene within the concentration range of 1 fM to 1 nM
(for FL) and 0.01 fM to 10 pM (for ECL), maintaining a linear
response. The respective detection limits for FL and ECL are set
at 0.048 fM and 0.016 fM (S/N = 3). The integration of FL and
ECL testing offers an enhanced self-correction capability, effec-
tively mitigating the risk of false-positive results. Furthermore,
the sensor’s adept performance in real-sample detection pre-
sents a promising avenue for multi-signal response sensors,
laying the groundwork for potential applications in early-stage
disease diagnosis.
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