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ABSTRACT: The development of a simple, rapid and sensitive method for foodborne pathogens is essential to ensure
public health safety. Existing methods, such as culture-based techniques and polymerase chain reaction (PCR), often
face challenges in terms of time-consuming, labor-intensive, and require extensive sample preparation and
amplification, which makes them impractical for rapid or on-site pathogen detection. Herein, a competitive
mechanism-driven electrochemiluminescence (ECL) aptasensor was constructed for Salmonella typhimurium (S.
typhimurium) detection without nucleic acid extraction and amplification. To boost the ECL signal of luminol-H,O;
systems, in-situ anchoring of Pt nanoclusters on mesoporous Mn3;O4 nanoparticles (Pt NCs@M-Mn30,) used as the
nanoconfinement co-reactor. Benefitting from the restricted mesoporous structure, Pt NCs@M-MnzO4 provided a
unique microenvironment for the enrichment of H,O,. Furthermore, the interfacial interaction could activate the
electronic transfer between active species of Pt NCs and M-Mn3Os, enabling a synergistic catalytic effect on ROS
generation to effectively boost the ECL emission of luminol. The proposed ECL aptasensor had a linear concentration
from 2 x 10" to 2 x 10° CFU/mL with limit of detection of 8 CFU/mL of S. typhimurium. Furthermore, the method
showed high anti-interference ability. Especially, satisfactory recovery values in spiked-actual samples were obtained,
thereby demonstrating great potential for sensitive and reliable detection of S. fyphimurium in various environments.

Keywords: electrochemiluminescence aptasensor, Salmonella typhimurium, nanoconfinement, mesoporous
structure, Pt nanoclusters

1. Introduction

Foodborne pathogens have become a serious threat to global public health. Salmonella typhimurium (S.
typhimurium), is one of the most prevailing foodborne pathogens, which distributed in eggs, milk and
meat!!?]. The contaminated foods may cause various human foodborne disease, including abdominal cramp,
fever, gastroenteritis, and even deathl®]. Thus, it is of great significance to establish a sensitive and reliable
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detection method of S. fyphimurium for food safety and public health!*). The traditional detection methods for
the detection of pathogenic bacteria included culture-based methods, polymerase chain reaction (PCR) and
enzyme-linked immunosorbent assay (ELISA)7). Unfortunately, these methods suffer from limitations, such

891, In

as long-time consumption, specialized instruments and requirement of highly skilled personnell
practical terms, there remains a need to develop a simple, fast and sensitive method for S. typhimurium
detection.

The electrochemiluminescence (ECL) sensor that integrate electrochemistry and chemiluminescence
together, has attracted great attentions as a powerful alternative because of its low background signal, wide
dynamic response range, controllable reaction process and high sensitivity!!>!!!. For the luminol-H202 binary
system, an effective approach is regarding co-reaction accelerators to promote the decomposition of H2O2 into
various reactive oxygen species (ROS) to enhance the ECL efficiency of luminol!!?!. For example, Han and his
colleagues employed horseradish peroxidase-modified gold nanorods (HRP/Au NRs) to catalyze H20:2 to

[13] To overcome the signal decrease caused by vulnerable instability from

acquire a high ECL signal intensity
natural enzymes, several co-reactant accelerators based nanomaterials, e.g., carbon material, transition-metal
oxides and black phosphorus (BP), were prepared for promoting reduction of H20:!'*!3], However, the
nanozymes exposed their insufficient catalytic activity because active sites were wrapped inside the solid
structure, severely limiting the improvement the ECL performance of luminol/H20: system!'¢]. Therefore, it is
of great significance to develop a novel co-reactant accelerator to achieve the efficient generation of ROS for
improving sensitivity and stability of ECL sensor.

Recently, platinum nanoclusters (Pt NCs), featured with excellent catalytic performance, good
biocompatibility and easy to synthesis!!”), have garnered considerable attention in the field of ECL sensing
Analysis. Nevertheless, the catalytic activity of Pt NCs is often affected by the oxidation susceptibility and

irreversible aggregation!'®].

To address this issue, we synthesized flower-like mesoporous Mn3O4
nanoparticles (M-Mn304) with large surface area as confinement structures for anchoring and stabilization of
Pt NCs. Compared with other confinement structures (e.g., metal-organic frameworks (MOFs)), the
transition-metal oxides of M-Mn3O4 had more vacancies or defects, which remarkably improved the electrical
and catalytic properties [!). Besides, the vacancies or defects could act as a “claw” to anchor Pt NCs to avoid
the migration of active Pt NCs. Herein, we compared the ECL efficiency of solid Mn3O4 (S-Mn30a4),
M-Mn304 and Pt NCs@M-Mn3O4 to reveal the role of nanoconfinement in the enhancement of ECL signals.
On the one hand, the mesoporous structure of Pt NCs@M-Mn3Os had the higher specific surface area to
improve the accessibility of a greater amount of H202, providing a restricted microenvironment for
enrichment of H2021?°l. On the other hand, the interfacial interaction could activate the electronic transfer
between active species of Pt NCs and M-Mn3Oas support, which improved electrical conductivity and enabled
a synergistic catalytic effect towards H202. Hence, the designed Pt NCs@M-Mn304 could employ as a novel

nanoconfinement co-reaction accelerator to boost the luminol/H202 system for developing high performance

S€nsor.
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In this study, a simple, rapid and accurate sensor was constructed for S. typhimurium detection integrated
with luminol/H202/Pt NCs@M-Mn304 ternary ECL system. The highly sensitive detection is realized based
on target triggered the dissociation of double-stranded DNA (dsDNA) to switch ECL signal “off/on”, without
the additional operation of nucleic acid extraction and amplification. As shown in Scheme 1, benefiting from
the nanoconfinement catalytic enhancement effect, the Pt NCs@M-Mn3O4 effectively accelerated the
generation of ROS and produced a significantly enhanced ECL signal. Then, dopamine-modified S.
typhimurium aptamer (DA-Apt) was used as quenching probe to anchor on the tetrahedral DNA
nanostructures (TDNs) by hybridization with its complementary strand (cDNA). In the presence of target S.
typhimurium, it was bound specifically by Apt, resulting in the release of quenching probe and recovery of the
ECL emissions (“signal-on” state). The proposed competitive mechanism-driven ECL aptasensor for S.
typhimurium detection exhibited a broad calibration curve range with good selectivity, reproducibility and
stability. Furthermore, good feasibility of aptasensor was validated in actual milk samples, demonstrating a

promising alternative for S. typhimurium analysis in food and environmental samples.
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Scheme 1. Schematic illustration of a competitive mechanism-driven ECL aptasensor for the detection of S. typhimurium
using Pt NCs@M-Mn304 as nanoconfinement co-reactor.

2. Experimental section
2.1. Reagents and apparatus

KMnOs, H2PtCle-6H20 and NaBH4 were purchased from Aladdin Chemical Co. Ltd. (Shanghai, China).
The sequences of Apt of S. typhimurium
(COOH-(CH2)6-TATGGCGGCGTCACCCGACGGGGACTTGACATTATGACAG) were synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China) and other sequence details for preparation of cDNA-TDNS is
shown in Table S1. The bacteria used in this study were S. typhimurium (ATCC 14028), Escherichia coli (E.
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coli, ATCC 25922), Vibrio parahaemolyticus (V. parahaemolyticus, ATCC 33847), Listeria monocytogenes
(L. monocytogenes, ATCC 43251) and Staphylococcus aureus (S. aureus, ATCC 25923) were acquired
Shanghai Luwei Technology Co., Ltd. The Supplementary Material (SM) provides information on other

reagents and apparatus.
2.2 Synthesis of Pt NCs@M-Mn304

Pt NCs@M-Mn3O4 were synthesized using the in-situ deposition method!!. 100 mg M-Mn3O4 sample
was suspended in 30 mL of deionized water. Then, 0.5 mL of H2PtCle-6H20 solution (20 mmol/L) was
added and sonicated for 30 min. Next, 3 mL of a solution containing NaBHa4 (0.1 M) and NaOH (0.2 M) was
rapidly injected into the mixture and stirred for 1 h. Finally, centrifugation was used to separate the
precipitate, which was then cleansed with deionized water and ethanol, and subsequently dried under a
vacuum at 60°C for 24 h to yield Pt NCs@M-Mn30O4. The synthesis details of S-Mn304, M-Mn30O4, bacterial
culture, and cDNA-TDNs were described in the SM.

2.3 Construction and detection of the ECL aptasensor

The bare electrode was polished using Al2O3 polishing powder of 0.3 and 0.05 pm. Subsequently, the
electrode surface was rinsed with ultrapure water and dried. Next, 6 pL of Pt NCs@M-Mn304 (2 mg/mL)
solution was applied to create a uniform nanofilm on the electrode’s surface. Following this, 6 pL of
cDNA-TDNs (1 uM) were coated on the electrode interface via Pt-S bonds®*, acting as a scaffold to
combine DA-Apt. Then, 6 pL of 6-mercaptohexanol (MCH) solution was added and incubated to block the
nonspecific binding sites. Then, 6 pL of DA-Apt (1.5 uM) was introduced to the electrode surface to
generate dsDNA via DNA hybridization. Finally, to remove uncombined biomolecules, the modified
electrode was rinsed with PBS and was stored at 4 °C for subsequent use. The optimization of concentration
of Pt NCs@M-Mn304 and DA-Apt were shown in Fig S1.

For S. typhimurium detection, a solution with varying concentrations from 2 x 10! to 2 x 10® CFU/mL
was added to the modified electrode using 6 pL of the S. typhimurium solution and incubated for 40 min. After
washing with PBS, the ECL intensity of aptasensor was recorded in 5 mL PBS (pH 7.4) solution containing 10
pmol/L luminol and 1.0 mmol/L H202 by using an ECL detector under scan potentials scan from 0 to 0.6 V at

a rate of 50 mV/s, with operated voltage of 600 V.
2.4 Preparation and detection of S. typhimurium in actual samples

Milk, chicken meat and lettuce samples were purchased from a Walmart Supermarket in Dalian. First,
all samples were irradiated and determined by culture-based method that S. typhimurium was not present.
Then, the milk samples were centrifuged to obtain the supernatant. The chicken and lettuce samples were cut
into pieces and homogenized with 10 mL PBS solution, and then filtered after centrifugation to obtain the
supernatant. The supernatant was diluted 10 times with PBS to serve as the milk, chicken meat and lettuce
samples solutions. Subsequently, different concentrations of S. #yphimurium were mixed with the above

samples to acquire a final concentration of 1.52 x 102, 1.52 x 10* and 1.52 x 10> CFU/ mL, respectively.
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Finally, S. typhimurium analysis in milk, chicken meat and lettuce samples were carried out with the

established ECL aptasensor.

3. Results and discussion
3.1. Principle of the ECL aptasensor

Scheme 1 illustrated the fabrication process and a competitive mechanism-driven ECL sensing principle
for detecting S. typhimurium. Initially, the prepared Pt NCs@M-Mn3O4 provided a nanoconfinement catalytic
enhancement effect on the luminol/H202 system, leading to an amplified ECL signal. Following the
introduction of DA-Apt to the sensing interface through DNA hybridization, the ECL signal was quenched,
resulting in the “signal off” state. Upon the presence of S. typhimurium in the system, it specifically bound to
DA-Apt, causing detachment of quenching probe from the electrode surface. This detachment recovered the
ECL signal and switched the “signal on” state. By monitoring the ECL signal intensity, the S. typhimurium

concentration could be quantified free of nucleic acid extraction and amplification.
3.2. Characterization of cDNA-TDNs and binding of the Apt with the target

The synthesized cDNA-TDNs were characterized via agarose gel electrophoresis (Fig S2). Results
showed lane 4 (TDN-a+b+c+d) had the slower migration compared to lanes 1 (TDN-a), 2 (TDN-a+b), and 3
(TDN-at+b+c), due to its three-dimensional structure and large molecular weight, indicating successful
assembly of cDNA-TDNs [?*], Lane 5 showed the slowest electrophoretic migration rate owing to a further
increase in molecular weight, when Apt hybridized with cDNA-TDNs successfully. In the presence of the
target S. typhimurium, it specifically bound to Apt and triggered the release of Apt, and lane 6 exhibited a
distinct shift in migration and was in the same position as lane 4. These results demonstrated that the designed

sequences are feasible to detect S. typhimurium.
3.3. Morphology and structure characterization of prepared nanomaterials

The Pt NCs@M-Mn30s composites was synthesized using hydrothermal synthesis, carbonization and
in-situ deposition methods, as illustrated in Fig. 1A. In addition, the S-Mn304 and M-Mn304 were prepared as
control materials. The XRD provided insights into the structure and phase composition of obtained S-Mn30s4,
M-Mn304 and Pt NCs@M-Mn3Os4. In Fig. S3, the XRD of S-Mn30O4 showed that strong diffraction peaks at
18.0°, 28.9°, 32.4°, 36.1°, 44.5°, 59.9° and 64.8°, corresponded to the (101), (112), (103), (211), (220), (224)
and (400) planes of hausmannite tetragonal crystal of Mn3O4 (PDF#24-0734), respectively!?*l. For M-Mn3O4
sample (Fig. 1B), the characteristic peaks agreed with the S-Mn304, indicating morphology changes had no
effect on the phase composition. After anchoring of Pt NCs on M-Mn304, a weak and broad diffraction peak at
39.6° assigned to (111) plane of face-centered cubic Pt (PDF#04-0802) was observed!?’), which was attributed
to the high dispersion and ultrasmall size of Pt NCs.
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Fig. 1. (A) Schematic illustration of synthetic process of Pt NCs@M-Mn3;04 composite. (B) XRD patterns of M-Mn304 and Pt
NCs@M-Mn304. (C) SEM and (D)TEM image of M-Mn3Os. (E) TEM and (F) HRTEM image of Pt NCs@M-Mn30s. (G)
The measured size distribution of Pt NCs. (H) EDS elemental mapping Pt NCs@M-Mn3Os. (I) N2 adsorption and desorption
measurements of Pt NCs@M-MnzOs.
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In addition, the surface morphology of prepared nanomaterials was characterized by SEM and TEM
technologies. As shown in Fig. 1C and 1D, the of M-Mn304 had the flower-like structure with particles size in
100-130 nm. Compared with S-Mn3Oa (Fig. S4), the M-Mn30Oa4 could expose more catalytic active sites for
reduction of H202. Besides, it could offer the accessible hollow microchannel, which facilitated the loading of
Pt NCs to a greater extent. In Fig. 1E, after the M-Mn304 was used as a supporting substrate to capture Pt NCs,
the M-Mn3Os still kept the flower-like structure and a large number of Pt NCs with monodisperse and uniform
sizes (an average diameter of 2.6 nm) were decorated on M-Mn304 (Fig. 1G). In Fig. 1F, the high-resolution
TEM of Pt NCs@M-Mn30s4 further revealed that the interplanar spacing of 0.224 nm were attributed to the
(111) facets of Pt?6]. To further investigate the elemental distribution, the energy spectrometry (EDS)
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elemental mapping images of Pt NCs@M-Mn304 was shown in Fig. 1H. These images confirmed the uniform
distribution of Pt NCs on M-Mn304, suggesting successful preparation of Pt NCs@M-Mn304 through the
in-situ deposition strategy. Furthermore, Pt NCs@M-Mn304 modified electrode was characterized through
SEM image (Fig. S5B), it revealed that Pt NCs@M-Mn3O4 nanocomposites were homogeneously
immobilized on the electrode surface, ensuring the feasibility for subsequent sensor assembly. In Fig. 11, the
Brunauer-Emmett-Teller (BET) specific surface area of Pt NCs@M-Mn3O4 is 223.2 m?*/g with an average
pore size of 14.4 nm based on N2 adsorption and desorption measurements, while that of the pure M-Mn3O4
material was 182.7 m*/g (Fig. S6). The increased specific surface area is attributed to the high dispersion and
ultrasmall size of Pt NCs. Therefore, the Pt NCs@M-Mn304 exhibited the higher specific surface area and
accessible mesoporous structure, which provided more catalytic active sites and accommodates more
luminol/H20: substrates.

As illustrated in Fig. 2, the elemental composition and chemical states of Pt NCs@M-Mn30O4 were further
investigated via XPS characterization. The full spectrum XPS (Fig. 2A) presented several characteristic peaks
at binding energies of 71.5 eV, 284.8 eV, 531.3 eV, and 641.7 eV, corresponding to Pt 4f, C 1s, O s, and Mn
2p, respectively, which was consistent with EDS dates. The high-resolution XPS spectrum of the Mn 2p is
exhibited in Fig. 2B, two prominent peaks located at 641.7 and 653.4 eV attributed to Mn 2p3/2 and Mn 2p1/2 of
M-Mn3047!, In addition, the O 1s spectrum (Fig. 2C) could be deconvoluted into three peaks at binding
energies of 529.7, 531.0 eV and 531.9 eV corresponded to metal-oxygen (M-O) bond, surface oxygen defects
(O4) and surface adsorbed oxygen (Oa), respectively?®!. For the high-resolution Pt 4f spectrum (Fig. 2D), two
peaks at 71.5 and 74.6 eV belonged to Pt 4f72 and Pt 4fs;, respectively!?®]. The above results adequately
confirmed the successful synthesis of Pt NCs@M-Mn3Oa.
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Fig. 2. (A) XPS analysis of the full region of Pt NCs@M-Mn;304. (B) Spectra of Mn 2p and (C) O 1s (D) Pt 4f.
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3.4. Electrochemical characterization of Pt NCs@M-Mn304

Fig 3A displays the electrochemical behavior of GCE modified with different materials, as investigated
by electrochemical impedance spectroscopy (EIS)P?!. The diameter of the semicircle represents the charge
transfer resistance (Ret), which is influenced by the modification of the electrode surfacel*!!. The electron
transfer resistance (Ret) value of the Pt NCs@M-Mn304/GCE was lower than those of M-Mn304/GCE and
S-Mn304/GCE. Two possible reasons of enhanced interfacial electron transfer are as follows: (i) the M-Mn304
with mesoporous structure provided accessible microchannel for electroactive Fe(CN)s]*”*. (ii) the interfacial
interaction could activate the electronic transfer between active species of Pt NCs and M-Mn3O4. To
characterize the effective electroactive surface area of Pt NCs@M-Mn304, CV were recorded at different scan
rates (0.01-0.2 V/s). The electroactive surface area was calculated using the Randles-Sevcik equation!®?): I, =
(2.69 x 105) AD"2n*v12¢_ where I, is the peak reduction current, A is the effective electroactive surface area
of the electrode, D is the diffusion coefficient of Ks[Fe(CN)s] (6.7 x 107¢ cm?/s), n is the number of electrons
involved in the reaction (n = 1), v is the scan rate (V/s) and c is the volume concentration of Ks[Fe(CN)s] (5
mmol/L). Correspondingly, electroactive surface area of Pt NCs@M-Mn304 was calculated to be 0.11 cm?
(Fig 3B), significantly larger than those of M-Mn304 (0.08 cm?, Fig S7A) and S-Mn304 (0.06 cm?, Fig S7B).

To investigate the ECL emission of Iluminol-H202 system under different material, ECL
intensity-potential curves of electrodes modified with Pt NCs@M-Mn304, M-Mn304 and S-Mn30O4 were
recorded in PBS (pH 7.4), respectively. In Fig 3C, the ECL signal of bare GCE is inferior. Obviously, the Pt
NCs@M-Mn304s-modified electrode exhibited a negatively shifted anodic potential and an enhanced electrical
oxidation peak of luminol comparing with M-Mn304 and S-Mn3Oa. The synergistic effect of different active
species from Pt NCs@M-Mn3Os4 resulted in a high catalytic performance to facilitate the conversion
efficiency of H202 into ROS. Additionally, the mesoporous structure of Pt NCs@M-Mn304 improved the
accessibility of a greater amount of H202, which offered the nanoconfinement effect for the reaction between
luminol and ROS, leading to a significant enhancement in luminol emission. Next, the ECL-time curves were
studied and the results were shown in Fig 3D. The Pt NCs@M-Mn304 exhibited the maximum ECL intensity
(15731 a.u.), which was 1.45-fold and 3.42-fold higher than the M-Mn3O4 and S-Mn3Os4, respectively,
confirming that Pt NCs@M-Mn304 could act as a nanoconfined co-reacting accelerator in luminol-H202

system.
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Fig. 3. (A) EIS plots of (a) Pt NCs@M-Mn304/GCE, (b) M-Mn304/GCE, (c) S-Mn304/GCE (EIS test in the PBS containing 5
mmol/L [Fe(CN)s]*”* containing 0.1 mol/L KCI). (B) Linear relation between the reduction peak current I, and v!/? (inset:
CV curves of Pt NCs@M-Mn;304 at scan rates of 0.01-0.2 V/s). (C) ECL-potential profiles and (D) ECL-time profiles of
different materials-modified electrodes.

To investigate the enhancement mechanism of the ECL signal by Pt NCs@M-Mn3Os, Fig S8
demonstrated that when Pt NCs@M-Mn304/GCE containing luminol or bare GCE containing luminol and
H202 only had the low ECL signals. However, ECL emission of ternary luminol-H202-Pt NCs@M-Mn304
system was significantly enhanced, confirmed that Pt NCs@M-Mn3O4 could effectively facilitate the
conversion efficiency of H20:2 into ROS to boost ECL signal of luminol. To elucidate the types of ROS in the
ternary luminol-H202-Pt NCs@M-Mn3Os system, different types of radical scavengers were introduced into
the system, including benzoquinone (BQ, O2™ scavenger) and isopropyl alcohol (IPA, OH" scavenger). ECL
signal was significantly reduced by 89.4 % upon the addition of IPA, as depicted in Fig S9. Meanwhile, BQ at
equal concentration quenched the ECL emission by 35.2 %. Overall, the above results implied that the OH’
plays a dominant role in the enhancement of the ECL signal.

Furthermore, the possible ECL mechanism of Pt NCs@M-Mn3Os-assisted luminol-H202 system is as
illustrated in Fig S10. First, the Pt NCs@M-Mn304 catalyzed the conversion of H202 into ROS (OH" and O2").
Meanwhile, luminol anionic radicals (luminol™) was produced from the electrochemical oxidation of luminol
anions (luminol’)under the action of a positive potential, then the luminol” reacted with the more ROS to
generate excited state 3-aminophthalate anion (AP?>"). As AP?™ returned to its ground state, ultimately

leading to a strong ECL emission.
3.5. Characterization and feasibility of the constructed ECL aptaosensor

The stepwise fabrication process of the aptasensor was elucidated through EIS characterization'®]. As

illustrated in Fig. 4A, the bare GCE had a small semicircle (curve a). Upon modification with Pt
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NCs@M-Mn30a4, a slight increase in Ret was observed (curve b). Subsequent immobilization of the
cDNA-TDN:s, the Ret increased because negatively charged phosphate group of cDNA-TDNs repelled the
[Fe(CN)s]>"* (curve c). After modifying with MCH (curve d) and DA-Apt (curve e), the Ret reached its
maximum value, which could be attributed to the fact that increased steric hindrance inhibited the electron
transport. Simultaneously, the ECL behavior of the electrodes were monitored during the sensor fabrication
process. As depicted in Fig. 4B, the Pt NCs@M-Mn304/GCE exhibited the highest ECL intensity (curve b,
15819 a.u.), reflecting the excellent catalytic activity of the Pt NCs@M-Mn304 toward luminol-H202 system.
However, after incubation with cDNA-TDNs (curve c, 13366 a.u.) and MCH (curve d, 11790 a.u.), the ECL
intensity decreased due to electron transfer obstruction by these insulating substances**!. Notably, upon
hybridization with DA-Apt, the ECL intensity diminished by 82.8% (curve e, 2027 a.u.), likely because DA
acted as an effective ECL signal quencher. In brief, the changes of EIS and ECL-time curves indicated the
successful fabrication of the ECL aptasensor.

Furthermore, the feasibility of the designed ECL aptasensor was validated selecting S. typhimurium at a
concentration of 2 x 10° CFU/mL. As exhibited in Fig 4C, at the absence of S. typhimurium, the ECL signal of
aptasensor was in “signal off” state (2027 a.u.) due to the quenching effect of DA on the luminol emission.
When S. typhimurium was added into the detection system, it specifically bound its Apt and triggered the
detachment of dsDNA to release DA, leading to the recovery of the ECL response (“signal on” state, 8454
a.u.). The above results suggested that the “signal off/on” ECL sensor had good feasibility for detecting S.

typhimurium.
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Fig. 4. (A) EIS plots and (B) ECL-time profiles of assembly process of aptasensor: (a) bare GCE, (b) GCE/Pt
NCs@M-Mn30s4, (¢) GCE/Pt NCs@M-Mn304/cDNA-TDNs, (d) GCE/Pt NCs@M-Mn304/cDNA-TDNs/MCH, (e) GCE/Pt
NCs@M-Mn304/cDNA-TDNs/MCH/DA-Apt. (C) ECL feasibility of the proposed sensing system in the absence and
presence of 2 x 10> CFU/mL target.

3.6. Detection of'S. typhimurium the ECL sensing platform

Under the optimal conditions (pH 7.4 and incubation of S. typhimurium 40 min, the detailed information
in Fig. S11), the proposed ECL sensor was used for precise quantification of the S. typhimurium at various
levels. ECL intensity-time curves of Fig 5A displayed the ECL signal intensity increased with higher
concentrations of S. fyphimurium (2 x 10'-2 x 10 CFU/mL). In Fig 5B, a linear equation was expressed as
Iect=1546.63 LgC+121.52 (R?>=0.995) with a limit of detection (LOD) of 8 CFU/mL based on ECL intensity

against the logarithm of the S. typhimurium concentration. In addition, the proposed sensing platform was
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compared with the reported S. typhimurium analysis methods, showing satisfactory performance in terms of

LOD, linear detection range and cost (Table S2 and Table S3).
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Fig. 5. (A) ECL intensity corresponding to different concentrations of S. typhimurium. (B) Linear relationship between the
logarithm of different concentrations of S. typhimurium and the corresponding ECL intensity. (C) Signal stability of the ECL
sensor with different concentrations under the continuous scanning of 10 cycles: (a) 2 x 10° CFU/mL (b) 2 x 10* CFU/mL (c)

2 x 10?> CFU/mL. (D) Selectivity of the proposed ECL aptasensor.

3.7. Stability, reproducibility, and selectivity of ECL sensor

The operational stability of the sensor was evaluated by conducting 10 continuous cyclic potential scans
at concentrations of 2 x 10% 2 x 10%, and 2 x 10° CFU/mL of S. typhimurium (Fig. 5C). The resulting RSD
values were 1.37%, 1.41%, and 2.19%, respectively, indicating highly consistent ECL responses across
multiple cycles. In addition, storage stability was investigated by ECL signal change of sensor over a 20 days
period. As seen in Fig. S12, the signal maintained 92.64% of the initial value after 20 days. These results
underscore the excellent stability of sensor, because that M-Mn304 effectively prevents the agglomeration of
Pt NCs and provides the stable and drift-free ECL signal. To explore the reproducibility of this sensor, five
identical sets of sensors under consistent reaction conditions were further tested. In Fig. S13, the relative
standard deviations (RSDs) were less than 2.40%, demonstrating the sensor's acceptable reproducibility.
Given the complexity of the actual sample and detection environment, the selectivity of sensing system was
assessed by introducing various substances, including E. coli, S. aureus, V. parahemolyticus, L.
monocytogenes, BSA, and glucose (Fig. 5D). The results indicated that the influence of these interfering
substances was negligible and the ECL system was in “signal off” state. Only the S. #yphimurium and mixed
samples (2 x 10° CFU/mL of S. typhimurium +2 x 10° CFU/mL of interferent) could trigger “signal on” state.

Consequently, we confirmed that the sensor has satisfactory selectivity for the S. fyphimurium assay.
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3.8. Detection of S. typhimurium in actual samples

To further validate the applicability and feasibility of ECL assay in detecting S. #yphimurium in actual
samples were spiked with various levels of bacteria (1.52 x 10%, 1.52 x 10* and 1.52 x 10° CFU/mL). As listed
in Table S4, the recovery values ranged from 95.4% to 102.6% with RSD of less than 4.18%. Furthermore, the
designed ECL aptasensor showed good agreement with standard ELISA method (relative errors within +
5.4%), which suggested its acceptable anti-interference capability in complex food matrices, holding a good

reliability for S. typhimurium detection in practical situations.

4. Conclusions

In this work, we synthesized Pt NCs@M-Mn304 through in-sifu deposition method and employ it as an
efficient nanoconfinement co-reactor in luminol-H202 system. The Pt NCs@M-Mn3Os exhibited unique
mesoporous structure, large electroactive area and excellent catalytic activity, which could promote interfacial
electron transfer and the generation of ROS, leading to the enhancement of ECL efficiency of luminol.
Initially, DA-Apta was used as quenching probe to inhibit the ECL signal (“signal off” state). Upon specific
recognition of S. typhimurium by its Apt, the target initiated the competitive displacement reaction, resulting
in “signal on” state. The resulting ECL sensor achieved highly sensitive detection for S. typhimurium free of
nucleic acid extraction and amplification, with a low LOD of 8 CFU/mL. As expected, the satisfactory
practical applicability in actual samples. The sensing platform integrated Pt NCs@M-Mn3Os with competitive
sensing mechanism could provide new prospects for other pathogens detection, pushing forward the

high-performance ECL bioassay.
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