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-nanoenzyme sensor for ultra-
sensitive diagnosis of gastric precancerous lesions

Ya Huang,†ad Yanwen Zhuang,†c Miao Zhu,ad Yangfan Zhou, c Miaowen Xu,c

Zixun Wang,c Jingwen Zhuc and Jinxin Sheng *b

Early identification and timely intervention of precancerous lesions of gastric cancer are the core strategies

to block their malignant transformation into gastric cancer (GC). This study developed a dual functional

sensor that combined surface-enhanced Raman scattering (SERS) activity and nanoenzyme catalytic

properties. The sensor was driven by catalytic hairpin self-assembly (CHA) technology triggered by the

target microRNA-21 (miR-21), promoting the conversion of 3,30,5,50-tetramethylbenzidine (TMB) and

signal amplification of TMB oxidation (ox-TMB). This work used Au–platinum nanoparticles (Au–Pt NPs)

as nanozyme probes and silica-encapsulated ferrite (Fe3O4@SiO2) as capture probes. In the presence of

target miR-21, CHA technology induced Au–Pt NPs to assemble on the Fe3O4@SiO2 surface, endowing

the sensor with SERS enhancement capability and peroxidase-like (POD-like) simulated catalytic

performance. This catalyzed the conversion of TMB and hydrogen peroxide (H2O2) into the oxidized

product ox-TMB with characteristic absorption. CHA technology, acting as an intrinsic driving force for

sensor assembly, further facilitated exponential amplification of the ox-TMB detection signal. This SERS

sensor demonstrated outstanding detection performance, achieving a detection limit as low as 20.24 aM

for miR-21. It also exhibited excellent clinical applicability and accuracy in clinical sample testing.

Therefore, the proposed SERS sensor holds significant clinical potential for diagnosing gastric

precancerous lesions.
1. Introduction

In the progression of gastric cancer (GC), precancerous lesions
serve as a critical transitional stage from normal gastric
mucosa to malignant transformation.1,2 Their early identi-
cation and intervention are crucial for reducing GC incidence.3

However, existing detection methods still face signicant
challenges in sensitivity, specicity, and cost-effectiveness for
identifying early-stage lesions.4,5 In recent years, nanozymes
have emerged as highly efficient enzyme-like catalysts.6,7 They
combine the high catalytic activity of natural enzymes with the
robust stability of nanomaterials, while also offering the
potential for cost-effective large-scale production.8–10

Leveraging these unique advantages, nanozymes overcome
limitations of traditional enzyme applications and have found
widespread use in biosensing and cancer diagnostics.11,12

Current research on nanocatalysts in analytical applications
primarily focuses on the direct visualization of substrate
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signals following catalytic reactions.13,14 Electrochemical
detection technologies are susceptible to electrode stability
issues, while colorimetric methods, though intuitive, suffer
from background interference affecting color signals and
limited quantitative accuracy.15,16 These factors constrain their
broader application scenarios.

Surface-enhanced Raman scattering (SERS) stands out as
a highly promising analytical technique, offering signicant
advantages such as rapid response, non-destructive analysis,
and high sensitivity.17–19 With its high spectral peak resolution
and strong resistance to interference, SERS can reect subtle
biochemical changes in tissues at the molecular level.20,21 Au–
platinum nanomaterials (Au–Pt NPs) exhibit dual functionality
due to their bimetallic structure: exceptional SERS enhance-
ment effects and outstanding simulated enzyme catalytic
activity.22,23 Iron-based nanomaterials, such as iron(III) oxide
(Fe3O4), also exhibit advantages including good biocompati-
bility, low cost, and ease of magnetic separation.24 However,
pure Fe3O4 nanomaterials exhibit strong ferromagnetism,
leading to magnetic aggregation that causes uneven SERS hot-
spot distribution and poor reproducibility.25 To enhance the
stability of Fe3O4 and the exibility of surface modication, we
introduced a silica (SiO2) coating to construct Fe3O4@SiO2 core–
shell nanomaterials through physical isolation and chemical
stabilization.
RSC Adv., 2026, 16, 3409–3419 | 3409
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To integrate the dual-functional properties of Au–Pt bime-
tallic nanomaterials with the magnetic separability advantage
of Fe3O4@SiO2 core–shell nanomaterials, we introduced the
catalytic hairpin self-assembly signal amplication strategy
(CHA) for composite assembly.26 The assembled gold–platinum
nanoparticle-coated silica-coated ferrite oxide composite struc-
ture (Fe3O4@SiO2@Au–Pt NPs) exhibits dual functionality with
both SERS activity and nanozyme catalytic performance.
Compared to traditional nucleic acid amplication techniques,
CHA achieves rapid SERS signal amplication under isothermal
conditions without enzymatic catalysis through a cyclic chain
displacement reaction.27,28 Leveraging this property with SERS
technology, a CHA-driven magnetic aggregation-based SERS-
nanocatalyst sensor was developed. This sensor employs an
indirect signal enhancement mechanism to minimize back-
ground interference from exogenous signal-labeling molecules,
offering a novel solution for detecting microRNAs (miRNAs)
associated with gastric precancerous lesions.

In this study, we developed a dual functional SERS sensor
driven by CHA technology, which combined SERS activity and
Scheme 1 (A) Preparation process of Fe3O4@SiO2, (B) preparation proce
SERS sensor.

3410 | RSC Adv., 2026, 16, 3409–3419
nanoenzyme catalytic properties, and can catalyze 3,30,5,50-
tetramethylbenzidine (TMB) and hydrogen peroxide (H2O2) to
generate TMB oxidation (ox-TMB). Based on the detection of the
SERS signal of ox-TMB, we achieved sensitive detection of
miRNA-21 in human serum samples. As shown in Scheme 1A,
Fe3O4@SiO2 core shell magnetic material was prepared by
sequentially using solvothermal method and sol–gel method,
surface modied with HP2 structure to obtain capture probes
Fe3O4@SiO2@HP2. As shown in Scheme 1B, Au–Pt NPs were
prepared using the sodium citrate reduction method. This
material exhibited signicant SERS enhancement properties
and efficient peroxidase-like (POD-like) activity due to its
combination of Au and Pt elements. Surfacemodication of Au–
Pt NPs with HP1 hairpin structure to obtain nano enzyme probe
Au–Pt NPs@HP1. When the target miR-21 was present, miR-21
induced complementary pairing between the HP1 sequence on
the surface of the nanoenzyme probe and the HP2 hairpin
sequence on the surface of the capture probe, and the released
miR-21 continued to induce the next cycle, achieving the recy-
cling of the target. Due to the complementary pairing of HP1
ss of Au–Pt NPs, (C) process of detecting real serum samples using the

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07186k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

2/
20

26
 1

1:
21

:1
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and HP2, Au–Pt NPs were assembled in Fe3O4@SiO2 surface,
obtained Fe3O4@SiO2@Au–Pt NPs through magnetic separa-
tion, Fe3O4@SiO2@Au–Pt NPs possessed both SERS activity and
POD-like activity, catalyzing the generation of ox-TMB with
strong SERS signals (Scheme 1C). The core–shell magnetic
material prepared in this study Fe3O4@SiO2 compared with
Fe3O4 pure magnetic materials, SiO2 shell can improve material
stability and surface modication exibility, further enhancing
the reproducibility and reliability of detection results. At the
same time, the SiO2 shell can protect the Fe3O4 core layer and
prevent Fe3O4 from being corroded by H2O2 during the catalytic
process. Furthermore, this study employed CHA technology as
a driving force to induce the cyclic assembly of bifunctional
Fe3O4@SiO2@Au–Pt NPs, achieving cascading signal ampli-
cation and enabling ultrasensitive detection of targets. This
approach offers a novel strategy for the early detection of gastric
precancerous lesions.
2. Experiments and methods
2.1. Material and reagents

Chloroauric acid (HAuCl4), chloroplatinic acid hexahydrate (H2-
PtCl6$6H2O), ferric chloride hexahydrate (FeCl3$6H2O), hydrogen
peroxide (H2O2), anhydrous ethanol, polydimethylsiloxane
(PDMS), fetal bovine serum (FBS), and phosphate buffer solution
(PBS) were purchased from China National Pharmaceutical Group
Chemical Reagent Co., Ltd. Tetraethyl orthosilicate (TEOS),
sodium citrate (TSC), ascorbic acid (AA), trichloroethyl phosphate
(TCEP), 3,30,5,50-tetramethylbenzidine (TMB), and ammonia water
(NH3$H2O) were purchased fromAladdin Biochemical Technology
Co., Ltd. The Real-time Quantitative Polynucleotide Chain Reac-
tion (qRT-PCR) kit was purchased from Jidan Biotechnology Co.,
Ltd. The nucleotide chains required for the experiment were
provided by Shenggong Biotechnology (Shanghai) Co., Ltd (Table
1). The experimental water used is deionized water (18.2 MU cm).
2.2. Serum sample collection

This study is based on the “Screening and Early Diagnosis and
Treatment Plan for Gastric Cancer (2024 Edition)”, strictly
following the inclusion and exclusion criteria for clinical samples
of GC, and combining gastroscopy observation, CT imaging
examination, and pathological diagnosis results. We collected
serum samples from 30 healthy individuals, 30 patients with
precancerous lesions of GC, and 30 patients with GC. The specic
Table 1 Summary of experimental nucleotide sequences

Name Sequence (50–30)

miR-21 UAGCUUAUCAGACUGAUGUUGA
HP1 HS-TTTTTTTTCAACATCAGTCTGATAAGCTACAT

TGGATGCTCTAGCTTATCAGACTG
HP2 HS-TTTTTATATTTAAGCTAGAGCATCCAATG

TAGCTTATCAGACTGCATTGGATGCTC
MT1 UAGCUUAUCAGAGUGAUGUUGA
MT3 UACGUUAUCAGACUCAUGUUGA
Random ACCAGCUCGAGUAAGGAAAUG

© 2026 The Author(s). Published by the Royal Society of Chemistry
information of the participants is shown in Table S1. All proce-
dures were performed in accordance with the relevant national
regulations of the “Ethical Review Measures for Biomedical
Research Involving Human Subjects” University and approved by
the Ethics Committee of Nantong Haimen People's Hospital. All
subjects signed informed consent forms. The serum collection of
clinical samples follows standard operating procedures (SOP):
1 mL of blood is collected from a vacuum blood collection tube
and le to stand for 1 hour. The serum is separated by centrifu-
gation (3000 rpm, 10 min), and the obtained serum samples are
divided into sterile centrifuge tubes (0.2 mL per tube) and stored
in a −80 °C ultra-low temperature freezer.

2.3. Preparation of nanoenzyme probes

Gold nanoparticles (Au NPs) with a diameter of 30 nm were
prepared as the core via the sodium citrate reduction method.29

Take 30 mL of the Au NPs solution, dilute with deionized water
to 60 mL, and heat to boiling. Sequentially add H2PtCl6 (2%, 1.5
mL) and AA (100 mM, 2.4 mL) to the mixture, maintaining the
temperature at 100 °C for 20 minutes. Aer cooling, purify by
centrifugation and redisperse in 25 mL of deionized water. The
resulting particles were Au–Pt NPs.

Hairpin DNA (HP1 and HP2) was dissolved in a phosphate-
buffered system containing magnesium ions (1× PBS, MgCl2
concentration 5 mM). Following denaturation (95 °C, 5 min),
the solution was rapidly cooled on ice to prevent renaturation.
Subsequently, 1 mM TCEP solution was added, and the mixture
reacted at room temperature in the dark for 2 hours to ensure
complete activation of the terminal thiol groups. Thoroughly
mix the pretreated HP1 (10 mM) with the Au–Pt NPs solution (5
mL) and incubate overnight. Aer overnight incubation,
disperse the mixture into BSA solution (1 wt%) and co-incubate
for 1 hour for surface passivation. The resulting nanozyme
probe (Au–Pt NPs@HP1) was prepared.

2.4. Capture probe preparation

Fe3O4 nanoparticles were synthesized via the sol–gel method.30

Aer the reaction, the black Fe3O4 product was collected by
magnetic separation, washed three times sequentially with
deionized water and anhydrous ethanol, then vacuum-dried at
65 °C to yield a black powder. The coating process employed the
sol–gel method to synthesize Fe3O4@SiO2. Weigh 0.2 g of the
prepared Fe3O4 nanoparticle powder and dissolve it in amixture of
96 mL anhydrous ethanol and 24 mL distilled water. Subject the
mixture to vigorous ultrasonic treatment for 10 min to achieve
uniform dispersion. Add 4 mL of NH3$H2O as a catalyst and
continue stirring for 25 min. Mix TEOS and anhydrous ethanol in
equal proportions (1 : 1). Slowly add this mixture dropwise to the
reaction solution. Continue stirring at room temperature for 5
hours to allow complete hydrolysis of TEOS and formation of
a uniform SiO2 coating layer on the Fe3O4 surface. Aer reaction
completion, collect the Fe3O4@SiO2 product using the same
method and prepare a stable suspension at 5 mg mL−1.

Take pretreated HP2 (10 mM) and Fe3O4@SiO2 solution (5 mg
mL−1, 3 mL), mix thoroughly, and incubate overnight. Collect
the enriched product via magnetic separation to remove
RSC Adv., 2026, 16, 3409–3419 | 3411
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View Article Online
unbound hairpin DNA, yielding the capture probe
(Fe3O4@SiO2@HP2).
2.5. Sensor preparation and Raman spectroscopy
measurement

Prepare premix A bymixing equal volumes (1 : 1) of the prepared
nanozyme probe and capture probe. Prepare premix B (PBS, pH
= 4) by mixing equal volumes of TMB solution (1.2 M) and H2O2

solution (0.2 M). Add 800 mL of premix A and 300 mL of the
sample to be tested into a 1.5 mL centrifuge tube. Aer incu-
bation for 25 min, use a mini magnet to enrich and separate the
product (Fe3O4@SiO2@Au–Pt NPs), wash away unbound nano-
zyme probes, and prepare the bifunctional sensor. Add 200 mL
of premix B to the centrifuge tube and react at room tempera-
ture for 15 min, during which the solution gradually turns blue.
Fig. 1 (A) SEM image, (B) TEM image, (C) HRTEM image, (D) SAED image
typical reciprocal plot of Au–Pt NPs.

3412 | RSC Adv., 2026, 16, 3409–3419
Aer the reaction, pipette the blue solution onto a clean silicon
wafer surface for Raman spectroscopy measurement. Instru-
ment settings were as follows: excitation wavelength, power,
integration time, and detection range were 785 nm, 5 mW, 5 s,
and 600–1800 cm−1 respectively. Origin soware was used for
baseline correction and spectral smoothing. Spectral data
represent the average of measurements taken at random posi-
tions on the same sample (n = 3).
2.6. Material characterization

Measure the ultraviolet absorption spectrum (UV-vis) of nano-
particles using a UV-vis spectrophotometer (Cary 60, Agilent).
Field emission scanning electron microscopy (S-4800 II, Hita-
chi), transmission electron microscopy (Tecnai 12, Philips), and
eld emission high-resolution transmission electron
, (E) EDX image, (F) UV-vis image, (G) Michaelis–Menten curve, and (H)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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microscopy (Tecnai G2 F30 S-TWIN, FEI) were employed to
characterize the size and microstructure of the nanomaterials.
3. Results and discussions
3.1. Feasibility validation of CHA-driven amplication
sensing strategy

To validate the feasibility of the CHA-driven sensing strategy
proposed in this study, polyacrylamide gel electrophoresis
(PAGE, 15%) was employed to characterize the strategy using
target miR-21 as an example (Fig. S1). The lemost lane repre-
sented the marker. HP1 (lane 1), HP2 (lane 2), and target miR-21
(lane 3) exhibited distinct bands. When HP1 and HP2 were
mixed without adding target miR-21, almost no reaction
occurred between them (lane 4). When HP1 was co-incubated
with target miR-21, miR-21 induced HP1 to open its hairpin
structure, forming an HP1–miR-21 complex. This complex
exhibited increased molecular weight and reduced migration
Fig. 2 SEM image of (A) Fe3O4, (B) Fe3O4@SiO2, (C) Fe3O4@SiO2@Au–
O4@SiO2@Au–Pt NPs. TEM image of (E) Fe3O4@SiO2, (F) Fe3O4@SiO2@
O4@SiO2@Au–Pt NPs. HRTEM image of (H) Fe3O4@SiO2, (I) Fe3O4@SiO2

© 2026 The Author(s). Published by the Royal Society of Chemistry
rate, forming an upper band (lane 5). Further addition of HP2
displaced miR-21 via a chain displacement reaction, forming an
HP1–HP2 complex with an even larger molecular weight (lane
6). These experimental results fully validated the feasibility of
the proposed sensing strategy for detecting target miR-21.
3.2. Characterization of Au–Pt NPs

This study used seed growth method to prepare nano enzyme
probes, and obtained Au–Pt NPs with a diameter of about
50 nm, presenting a spike-like structure on the surface, uniform
morphology, stable size, and batch preparation (Fig. 1A and B).
Combining high-resolution transmission electron microscopy
(HRTEM) image and selected area electron diffraction (SAED)
patterns (Fig. 1C and D), distinct local lattice fringes were
observed in the Au–Pt NPs. The lattice fringes with a spacing of
0.227 nm correspond to the {111} crystal plane of Pt in a face-
centered cubic (FCC) structure. Furthermore, the Au–Pt NPs
exhibited a single-crystal structure. The elemental composition
Pt NPs. (D) UV-vis and color changes during the preparation of Fe3-
Au–Pt NPs. (G) SERS enhancement performance verification of Fe3-
@Au–Pt NPs.

RSC Adv., 2026, 16, 3409–3419 | 3413
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of Au–Pt NPs was determined by energy dispersive X-ray spec-
troscopy (EDX) (Fig. 1E). Au–Pt NPs were composed of Au and Pt
elements, C element came from the surfactant used in the
preparation process, and Cu element came from the network
structure as the test carrier. The element mapping further
conrmed the uniform distribution of Au and Pt elements in
Au–Pt NPs. Veried by UV-vis (Fig. 1F), Au–Pt NPs exhibited
POD-like enzyme activity and can catalyze the generation of ox-
TMB from H2O2 and TMB, resulting in the transformation of
light gray liquid solution (Au–Pt NPs, UV absorption peak: 555
nm) into blue solution (ox-TMB, UV absorption peak: 652 nm).
Enzyme reaction kinetics analysis was performed on the POD-
like activity of Au–Pt NPs (Fig. 1G and H), and Michaelis–
Menten curves and typical reciprocal plots were tted. Au–Pt
NPs nano enzyme exhibited high affinity (low Km of 0.393 mM)
and considerable catalytic ability (Vmax of 5.962 mm s−1), indi-
cating their enormous potential for efficient catalytic
applications.

3.3. Characterization of the preparation process for
Fe3O4@SiO2@Au–Pt NPs

The preparation process of Fe3O4@SiO2@Au–Pt NPs were
characterized step by step. The initial Fe3O4 exhibited surface-
rough spherical particles (Fig. 2A) with an average diameter of
Fig. 3 (A) Synthesis process of Fe3O4@SiO2@Au–Pt NPs, (B) elemental m
NPs, (D) comparison of EDX images for Fe3O4@SiO2 and Fe3O4@SiO2@A

3414 | RSC Adv., 2026, 16, 3409–3419
approximately 228 nm. To enhance solution stability, a layer of
SiO2 was encapsulated onto the Fe3O4 surface, forming smooth
spherical Fe3O4@SiO2 structures (Fig. 2B) with a diameter of
about 428 nm. Fe3O4@SiO2 exhibited a distinct core–shell
structure (Fig. 2E and H), with Fe3O4 as the core and SiO2 as the
shell, whose thickness was approximately 50 nm. Finally, the
Au–Pt NPs nanoenzyme probe was assembled onto the surface
of the capture probe Fe3O4@SiO2 via CHA technology, forming
the Fe3O4@SiO2@Au–Pt NPs (Fig. 2C, F and I), which endowed
the Fe3O4@SiO2@Au–Pt NPs with nanoenzyme catalytic activity.
Fig. 2D further illustrated the color changes in the solution and
UV-vis absorption during the preparation of Fe3O4@SiO2@Au–
Pt NPs, conrming their potent POD-like activity. Modifying
Fe3O4@SiO2@Au–Pt NPs with 4-MBA at a specic concentration
(10−6 M) as the signal molecule, compared to pure 4-MBA (10−1

M), yielded a characteristic peak at 1075 cm−1 (Fig. 2G). Yielding
an enhancement factor (EF) of 1.2 × 106, demonstrating dual
functionality in both SERS and nanocatalytic activity.

3.4. Verication of element distribution in the preparation
process of Fe3O4@SiO2@Au–Pt NPs

The elemental composition and distribution of intermediates
during the preparation process of Fe3O4@SiO2@Au–Pt NPs were
veried. Fig. 3A illustrated the synthesis process of
apping of Fe3O4@SiO2, (C) elemental mapping of Fe3O4@SiO2@Au–Pt
u–Pt NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fe3O4@SiO2@Au–Pt NPs. Au–Pt NPs were assembled onto the
Fe3O4@SiO2 surface via miR-21 target-triggered assembly,
successfully constructing a bifunctional composite exhibiting
both SERS activity and nanocatalytic properties. Fig. 3B and C
showed the elemental mapping distribution comparison
between Fe3O4@SiO2 and Fe3O4@SiO2@Au–Pt NPs. It could be
observed that Au–Pt bimetallic nanospheres were attached to
the surface of the Fe3O4@SiO2 core–shell structure. Concur-
rently, EDX image comparison (Fig. 3C) revealed that Au–Pt NPs
assembled on the surface of the intermediate Fe3O4@SiO2

structure, resulting in altered elemental composition with the
addition of Au and Pt. This further conrmed via electron
optical techniques the feasibility of the CHA-amplied sensing
strategy.
3.5. Experimental parameter optimization

To optimize detection performance and obtain reliable results,
optimal experimental parameters were achieved by adjusting
reaction conditions such as CHA reaction time, pH, TMB
concentration, and H2O2 concentration. As shown in Fig. 4A,
with increasing CHA reaction time, more Au–Pt NPs were
assembled on the Fe3O4@SiO2 surface, endowing the sensor
with stronger SERS enhancement effects and POD-like catalytic
capabilities. The catalytic production of increased ox-TMB
resulted in a signicant enhancement of the characteristic
peak intensity at 1606 cm−1. This increase was attributed to
inter-ring C–C stretching vibrations.31 The SERS intensity of the
characteristic peak reached its maximum at 25 min, indicating
Fig. 4 Experimental parameter optimization: (A) CHA reaction time, (B)

© 2026 The Author(s). Published by the Royal Society of Chemistry
that the optimal CHA reaction time for this SERS sensor was
25 min. pH directly inuenced the catalytic efficiency of nano-
zymes. As shown in Fig. 4B, the intensity of the characteristic
peak at 1606 cm−1

rst increased and then decreased with
rising pH, reaching its maximum at pH = 4. This result
conrmed that the catalytic efficiency of Fe3O4@SiO2@Au–Pt
NPs nanozyme reached its peak at pH = 4, maximizing the
conversion of TMB and H2O2 into ox-TMB. The optimal pH
value for this nanozyme was pH = 4. As shown in Fig. 4C and D,
the intensity of the characteristic peak at 1606 cm−1 exhibited
a trend of rst increasing, then decreasing aer reaching its
peak. When the TMB concentration was 1.2 M and the H2O2

concentration was 0.2 M, the catalytic rate of ox-TMB reached its
maximum, and the Fe3O4@SiO2@Au–Pt NPs exhibited optimal
POD-like activity.
3.6. Specic and stability evaluation

In biological sample analysis, specicity and reproducibility are
key indicators for evaluating the performance of SERS sensors.
To verify its specicity, this study selected single base
mismatches, triple base mismatches, blank and random
sequences as control groups (1 nM), and compared them with
the target miR-21 (100 pM) for analysis. The nucleotide
sequences used in the experiment are shown in Table 1. Aer
three repeated detections, and the corresponding SERS detec-
tion results are shown in Fig. 5A and B. Using the characteristic
peak at 1606 cm−1 corresponding to ox-TMB, the intra group
relative standard deviation (RSD) of the control group was
pH, (C) TMB concentration, (D) H2O2 concentration.
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Fig. 5 Sensor performance evaluation. (A and B) Specificity evaluation, (C and D) reproducibility evaluation.
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calculated to be 8.29%, indicating that the sensor has high
recognition specicity for miR-21. To further investigate the
reproducibility of the sensors, ve different batches of sensors
were used to detect the same sample solution (CmiR-21 = 100
pM). Aer three repeated detections, and the intensity changes
of the characteristic peak at 1606 cm−1 were shown in Fig. 5C
and D. The RSD values between the ve batches of sensors were
calculated to be 9.33%, indicating that the developed SERS
sensor had good repeatability and detection stability. Only miR-
21 was targeted, and SERS spectra were detected in the presence
Fig. 6 (A) SERS spectra of miR-21 at different concentration gradients in

3416 | RSC Adv., 2026, 16, 3409–3419
of physiologically relevant serum interferents (Fig. S2A). The
RSD value of SERS intensity between groups at 1606 cm−1 was
7.28%, and the RSD values of SERS intensity corresponding to
characteristic peaks within all test groups were below 10%
(Fig. S2B). Therefore, the SERS sensor has strong serum anti-
interference ability.

3.7. Quantitative detection of miR-21

In the evaluation system for assessing the performance of SERS
sensors in detecting samples, quantitative analysis of their
serum and (B) the corresponding linear relationship.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sensitivity metrics is crucial. Using fetal bovine serum as the
solvent, miR-21 target solutions at different concentration
gradients (1 fM to 100 pM) were prepared. As shown in Fig. 6A,
increasing target concentrations induced more Au–Pt NPs to
assemble on the Fe3O4@SiO2 surface via CHA technology,
forming Fe3O4@SiO2@Au–Pt NPs composite structures and
yielding a bifunctional SERS sensor. The SERS activity and POD-
like activity of this sensor increased with rising miR-21
concentration, catalyzing greater conversion of TMB and H2O2

into ox-TMB. The intensity of the characteristic peak at
1606 cm−1 corresponding to ox-TMB consequently rose.
Concurrently, the CHA technology enables the recycling of
targets, whereby the induced assembly of miR-21 continues to
drive the assembly of the next batch of Fe3O4@SiO2@Au–Pt NPs
complexes, further amplifying the characteristic peak signal
intensity at 1606 cm−1. A signicant linear correlation existed
between the logarithm of miR-21 concentration and the
Table 2 Comparison of this strategy with other methods in biomarker d

Method Biomarker Linear

Electrochemistry miR-21 1.0 fM
Fluorescence miR-21 0–80 nM
Colorimetric miR-21 1–100 f
SERS miR-21 10 pM t

Fig. 7 Gastroscopy, CT and pathological verification of (A and B) health

© 2026 The Author(s). Published by the Royal Society of Chemistry
intensity of the characteristic peak at 1606 cm−1 (Fig. 6B). The
tted linear equation was y = 1417.18x − 1851.03 (R2 = 0.9513).
Calculations indicated a sensitivity of 20.24 aM for miR-21
detection using this sensor. Comparing the detection perfor-
mance of this SERS sensor with other methods (Table 2), this
approach signicantly reduced detection sensitivity while
providing a broader detection range. Although the current
research uses miR-21 as the target to verify the sensing mech-
anism, the sensing mechanism in this study has the potential to
expand to multiplex detection and multiple types of targets.
Through the integration of microuidic chip or microarray
platform, multi-target synchronous analysis of spatial/spectral
partition can be realized. In addition, this sensing mecha-
nism can be used to detect other tumor biomarkers by rede-
signing hairpin DNA, which has a broad application prospect in
future disease detection.
etection

range Detection limit Ref.

to 1 nM 0.58 fM 32
0.25 nM 33

M 8.9 fM 34
o 1 fM 20.24 aM This work

y people, (C–F) precancerous lesions, (G–I) patients with GC.
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Fig. 8 (A) SERS spectra of serum samples from healthy individuals, patients with gastric precancerous lesions, and GC patients detected by the
SERS sensor, and (B) histogram of the characteristic peak intensity at 1606 cm−1.

Table 3 Comparison between this study and qRT-PCR detection of
human serum samples

Sample SERS (fM) qRT-PCR (fM) Relative error (%)

Health 0.779 0.813 4.306
Precancer 2.622 2.481 −5.394
GC 4.793 4.993 4.172
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3.8. Characterization of clinical samples

The clinical samples collected under three disease states,
including healthy people (chronic gastritis), patients with
precancerous lesions of GC and patients with GC, were char-
acterized. As shown in Fig. 7A–C, the gastric mucosa was
uniform in color and smooth in surface, with normal gastric
morphology, clear surrounding tissues, normal cell morphology
in pathological sections, and a small number of normal
inammatory cells could be seen. It was comprehensively
determined as a healthy person in combination with blood
examination. As shown in Fig. 7D–F, ulcer and local redness
could be seen on the surface of gastric mucosa, local thickening
of gastric wall could be seen, pathological section showed that
glands have high dysplasia, andmitosis is increased. Combined
with blood examination, it was comprehensively determined as
precancerous lesion of GC. As shown in Fig. 7F and G, the
gastric mucosa had large ulcerative lesions covered with dirty
moss, the gastric wall was irregular and the hierarchical struc-
ture is fuzzy, and there were local invasion and lymph node
metastasis. Cancer cells could be seen in the pathological
section. The cell morphology was obviously heteromorphic, and
the normal tissue structure was lost. Combined with the blood
examination, it was comprehensively determined as GC.

3.9. Detection of clinical samples

To validate the reliability of the constructed sensor, this study
performed SERS detection on 90 collected human serum samples,
obtaining SERS spectra from healthy individuals, patients with
gastric precancerous lesions, and GC patients (Fig. 8A). The
3418 | RSC Adv., 2026, 16, 3409–3419
intensity of the characteristic peak at 1606 cm−1 in the serum
SERS spectra fromdifferent disease states (Fig. 8B) was substituted
into the linear regression equation (Fig. 6B) to calculate the miR-
21 content in human serum across the three disease states (Table
S2), with clinical sample sizes of 30 for different groups and 3
replicates for detection. The obtained results were compared with
qRT-PCR detection results (Table 3), demonstrating high consis-
tency with absolute deviations all below 10%.

4. Conclusion

This study successfully developed a dual-functional sensor based
on SERS signal detection, combining SERS activity with nanozyme
catalytic properties. Assisted by target-triggered CHA technology as
the driving force to promote the generation and amplication of
ox-TMB signals, it enables sensitive detection of miR-21 in the
serum of GC precancerous patients. This study constructed novel
Fe3O4@SiO2 core–shell magnetic materials. The SiO2 shell coating
effectively reduced the susceptibility of pure Fe3O4 to oxidation
reactions and agglomeration, signicantly enhancing the disper-
sion, stability, and surface functionalization potential of the
magnetic nanomaterials. Targeted miR-21 in serum triggers CHA
technology, driving the assembly of dual-functional Au–Pt NPs
onto the Fe3O4@SiO2 surface. Magnetic separation yields the
Fe3O4@SiO2@Au–Pt NPs composite structure, endowing the
sensor with strong SERS activity and high POD-like activity.
Furthermore, the sensor demonstrates excellent specicity,
reproducibility, broad detection range, and low sensitivity when
analyzing serum samples. Clinical serum test results exhibit high
consistency when compared against the gold standard qRT-PCR.
However, there are still some issues to be addressed in clinical
applications, such as the heterogeneity of clinical samples and the
complexity of analyzing serum sample data. In the future, we
should focus on optimizing these aspects to promote the wider
application of this technology in clinical diagnosis and treatment.
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