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ABSTRACT

Colorectal cancer (CRC) is frequently diagnosed at advanced stages due to the asymptomatic nature of early disease and the

semi-invasive nature of colonoscopy. Developing effective noninvasive methods for CRC-related biomarker detection is crucial
for reducing CRC mortality. Notably, miR-451 has been reported as a CRC-related biomarker candidate. We present an in situ
single-particle spectroscopic assay for amplification-free quantitative detection of miR-451 using gold nanoparticles (AuNPs).

Functionalized substrates with immobilized AuNPs enable real-time monitoring of localized surface plasmon resonance (LSPR)
peak shifts at the single-particle level. By statistically analyzing the proportion of AuNPs exhibiting LSPR shifts, we achieved
quantitative detection of miR-451. This in situ microfluidic configuration allows spectral analysis of the same nanoparticles
before and after detection, eliminating spatial sampling errors. Specificity is conferred by a stem-loop DNA probe on the AuNP
surface via strand displacement. The main advance lies in in situ tracking of the same immobilized nanoparticles with statistical
single-particle readout. This strategy demonstrates a detection limit of 58 fM and excellent specificity against other miRNAs, with

proof-of-concept feasibility in spiked FBS samples.

1 | Introduction

Colorectal cancer (CRC) is one of the leading causes of mor-
tality [1, 2]. Currently, early screening for colorectal cancer is
considered one of the most effective methods to reduce mortality
and improve survival rates [3]. However, most colorectal cancer
patients are diagnosed at advanced stages, primarily because early
and intermediate stages lack obvious clinical symptoms, and
colonoscopy, the gold standard for colorectal cancer detection,
is an invasive procedure often resisted by patients [4]. Hence,
there is an urgent need to develop non-invasive methods for
the detection of CRC-related biomarkers. Prior research has
shown that the expression levels of microRNA(miRNA) in human

blood and feces are significantly associated with the prevalence
of colorectal cancer. Among them, miR-451 has been proven
to be widely dysregulated in human malignancies and plays a
critical role in tumorigenesis and progression [5], thus, miR-451
is a promising biomarker candidate for colorectal cancer-related
studies.

Significant effort has been devoted to developing methods for
miRNA detection [6], Traditional miRNA detection techniques
include northern blotting [7-9], microarray analysis [10, 11],
and quantitative polymerase chain reaction (qPCR) [12, 13].
Among these techniques, northern blotting has been extensively
applied in miRNA detection but is limited by low throughput,
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SCHEME 1 |

cumbersome procedures, and inadequate sensitivity. Microarray
analysis is advantageous for its high throughput and speed,
however, it suffers from high costs and limited sensitivity [10,
11, 14, 15]. Reverse transcription quantitative polymerase chain
reaction (RT-qPCR), a component of qPCR technology, is rec-
ognized as the gold standard for miRNA detection owing to
its extensive dynamic range, exceptional sensitivity, and high
sequence specificity. Nevertheless, difficulties in primer design,
elevated false-positive rates, and the interconnected nature of its
steps make reproducible and precise quantification particularly
challenging [16].

Fluorescence imaging, surface-enhanced Raman spectroscopy
(SERS), electrochemical methods, electrochemiluminescence
(ECL), and localized surface plasmon resonance (LSPR) are
among the prominent techniques for novel miRNA detection.
Fluorescence imaging offers advantages including real-time
capability, in situ analysis, and low cost [17, 18]. However, its
detection sensitivity is hampered by photobleaching, background
autofluorescence, and susceptibility to environmental changes.
SERS possesses high sensitivity and selectivity, yet its applica-
tion is limited by inherently weak SERS signals and potential
interference from fluorescent backgrounds [19, 20]. Furthermore,
the requirement for uniform SERS substrates and the challenges
associated with their reusability significantly elevate the cost
of SERS-based assays. Electrochemical methods exhibit high
specificity [21, 22], but their widespread adoption is constrained
by expensive instrumentation and relatively low sensitivity. While
ECL boasts high sensitivity and selectivity, the complexity of
designing efficient luminophore-co-reactant pairs [23, 24], cou-
pled with the difficulty in controlling short-lived radicals within
complex matrices, presents a significant barrier to multiplexed
miRNA detection.

LSPR is a resonance phenomenon caused by the absorption of
specific wavelengths of light by metal nanoparticles [25]. It has
been widely used in label-free small molecule detection due to
its high sensitivity and low background noise. Currently, various
LSPR sensing strategies have been proposed to enhance detection
sensitivity by altering the material and morphology of metal
nanoparticles [26-28]. However, these approaches struggle to

Scheme of the in situ detection strategy for miR-451 based on LSPR.

achieve improvements spanning multiple orders of magnitude.
Due to the extremely low concentration of miRNA in blood
and fecal samples, LSPR technology is often combined with
signal amplification strategies for miRNA detection, such as
catalytic hairpin assembly (CHA) [29-31], and hybridization
chain reaction (HCR) [32-34]. At the same time, the gen-
eral sensing framework based on AuNP functionalization with
DNA probes, target recognition via hybridization, and plas-
monic readout has already been established in previous miRNA
biosensing studies, including AuNP-based plasmonic systems
relying on DNA-miRNA hybridization [33, 35-37]. Although
these strategies greatly enhance detection sensitivity, they often
introduce false positives and increase assay complexity, which
can complicate quantitative analysis in complex biological matri-
ces. Consequently, achieving both high sensitivity and reliable
amplification-free quantitative detection remains a significant
challenge in the field of miRNA detection.

In situ detection, as a commonly used strategy in analytical
detection, can significantly enhance measurement reliability. In
spectroscopic detection and analysis technology, in situ detection
refers to the spectroscopic analysis of the same population of
metal nanoparticles before and after a detection event. This
design aims to eliminate spatial sampling errors. By fixing the
nanoparticle population within the observation field of view,
the shift in the plasmon resonance peak position can be pre-
cisely recorded, thereby achieving high-precision quantification
of biomolecular binding events. This strategy effectively avoids
the statistical bias inherent in conventional detection methods
caused by the distributional heterogeneity of nanoparticles across
different fields of view, significantly improving the reliability of
the detection results. This strategy has been widely applied to
SERS [38-40], Surface Plasmon Resonance (SPR) [41-43], and
LSPR [44-46] technologies. However, few studies have combined
in situ detection strategies with LSPR technology for miRNA
detection.

Herein, we introduce an in situ single-particle plasmonic assay
for the in situ detection of miR-451, leveraging the LSPR of
individual AuNPs within a microfluidic environment (Scheme 1).
This system is architected around a tri-layer microfluidic chip,
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comprising hydroxy- and amino-functionalized SiO, substrates
sandwiching a patterned polydimethylsiloxane (PDMS) layer
that defines the flow channel. The sensing elements consist of
AuNPs functionalized with two distinct thiolated DNA probes:
a capture probe (probe 1) and a hairpin-structured recognition
probe (probe 2). The detection mechanism is initiated by the
specific hybridization of target miR-451 with probe 2 via a
strand displacement reaction, which subsequently facilitates the
conjugation of the activated probe 2 to probe 1. The hybridization-
mediated AuNP sensing chemistry used here is therefore not
fundamentally new; rather, the principal innovation of our
methodology lies in the in situ tracking of the same immobilized
nanoparticles before and after target exposure, together with
a statistical readout at single-particle resolution. Conventional
LSPR-based assays typically quantify the average LSPR peak shift
across a population of nanoparticles within a given field of view
(FOV), an approach susceptible to spatial sampling errors due
to FOV inconsistencies. In contrast, our platform immobilizes
probe 1-conjugated AuNPs within the microfluidic channel via
electrostatic interactions with the amino-functionalized surface.
This permits longitudinal tracking of the LSPR spectrum from the
same set of individual AuNPs before and after the introduction
of both probe 2-conjugated AuNPs and the sample. The presence
of miR-451 induces nanoparticle aggregation, manifesting as
a characteristic LSPR redshift. Critically, the target concentra-
tion is derived from the percentage of individual AuNPs that
exhibit a significant spectral shift, rather than the mean shift
amplitude of a heterogeneous population. This paradigm shift
from ensemble averaging to a digital-like statistical readout at
the single-particle level effectively circumvents spatial sampling
variability. Consequently, our amplification-free assay achieves
exceptional sensitivity for miR-451, with a measured limit of
detection (LOD) of 58 fM, underscoring its potential for direct,
ultrasensitive miRNA profiling.

2 | Experimental

2.1 | Materials and Reagents

Sulfuric acid (H,SO,, 98%, FUCHEN), Hydrogen peroxide (H,O0,,
37%, DAMAO), 3-Aminopropyl trimethoxysilane (APTMS, 97%,
MAKLIN), N-2-Hydroxyethylpiperazine-N’-2-ethane sulfonic
acid (HEPES, 1M, PH 7, YUANYE), Sodium Citrate Buffer (0.1 M,
PH 3, MAKLIN), Polydimethylsiloxane (PDMS, HEOWNS).
Tris (2-carboxyethyl) phosphine (TCEP, Takara), microRNA-451
(miR-451, Sangon Biotech), single—stranded DNA (ssDNA,
Sangon Biotech), bovine serum(Dingguo), MgCl, buffer(25 mm,
DNase, RNase & Protease free, Sterile, Coolaber), KAc (3 M, PH
5.5, DNase, RNase &Protease free, Sterile, Beyotime), Tris-HCl
(1 M, PH 8.0, DNase, RNase &Protease free, Sterile, Beyotime),
NaCl (5 M, DNase, RNase &Protease free, Sterile, Beyotime),
DEPC water (DNase, RNase &Protease free, Sterile, Beyotime).

2.2 | Preparation of AuNPs and Surface
Functionalization of SiO,

AuNPs with a diameter of 50 nm were synthesized via the sodium
citrate reduction method. Initially, 1% chloroauric acid (HAuCl,)
solution was slowly added dropwise to 100 mL of ultrapure water

(18.2 MQ-cm) under continuous magnetic stirring, followed by
heating the mixture to 95°C. Subsequently, 350 mL of sodium
citrate solution was rapidly injected into the reaction mixture.
Within 2 min, the solution exhibited a distinct color change.
The reaction was maintained under continuous magnetic stirring
and heating for an additional 20 min. It is important to note
that all equipment and vessels used during the synthesis must
be carefully cleaned to prevent contamination, as impurities can
lead to non-uniform particle size distribution in the synthesized
AuNPs.

36 mL of a 37% H,0, solution was slowly added to 84 mL of
a 98% H,SO, solution using a glass rod to prepare the piranha
solution. The SiO, sheets, previously cleaned with deionized
water and ethanol, were immersed in the piranha solution for
30 min to introduce hydroxyl groups(-OH) onto their surfaces.
Following hydroxylation, the SiO, sheets were subjected to ultra-
sonic cleaning three times in deionized water and ethanol, and
then divided into two groups: Group A and Group B. Group A,
intended for the top layer of the microfluidic chip, was not further
treated, while Group B, intended for the bottom layer of the chip,
underwent amino functionalization. The SiO, sheets from Group
B were immersed in a 1% APTMS (3-aminopropyltriethoxysilane)
solution in ethanol for 30 min, followed by three cycles of
ultrasonic cleaning in ethanol and deionized water. Finally, the
SiO, sheets were heated at 120°C for 2 h. The methyl group in
APTMS undergoes hydrolysis, forming hydrogen bonds with the
hydroxyl groups on the SiO, surface. Upon heating, stable Si—O
bonds are formed.

2.3 | Fabrication of the Microfluidic Chip

The PDMS prepolymer and curing agent were mixed at a 10:1
ratio and thoroughly stirred. The mixture was then poured
onto a microfluidic template and heated at 80°C for 30 min to
fabricate the PDMS channels. Afterward, the PDMS channels
were subjected to plasma treatment for 30 s to introduce -OH
groups onto the PDMS surface. SiO, sheets from Groups A and
B were then attached to the top and bottom surfaces of the PDMS
channels, followed by heating at 120°C for 2 h. The bonded PDMS-
SiO, assemblies were left at room temperature for 24 h to allow for
full bonding. The microfluidic chip consisted of a central circular
sensing chamber (2 mm in diameter) connected to inlet and outlet
channels (500 um in width and 2 cm in length) with a channel
height of 50 ym. During the assay, the solution was introduced
using a microfluidic pump at a flow rate of 6 mL h™'. Detailed
structural views and COMSOL simulation results are provided in
Figures S1 and S2.

2.4 | Preparation of AuNPs-ssDNA

Based on the principle of complementary base pairing, sSDNA
sequences were designed and named probe 1 and probe 2,
respectively (Table S1). The purchased probe 2 was a linear single-
stranded DNA. To convert it into a stem-loop (hairpin) structure,
it was first dissolved in DEPC-treated water to a concentration
of 10 uM. The solution was then heated to 95°C for 4 min,
followed by annealing to room temperature at a rate of 1°C/min.
This procedure facilitated the spontaneous folding of the single
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-stranded probe into its hairpin conformation. To prepare the
functionalized AuNPs, 2.5 uL of 10 uM probe 1 and 15 pL of 100 pM
mismatched DNA (mis-DNA) (molar ratio of 1:60) were mixed,
followed by the addition of 5 uL of 0.5 M TCEP. The mixture
was incubated at room temperature for 30 min to activate the
thiol groups. Similarly, 15 pL of 10 uM probe 2 and 15 pL of
100 uM mis-DNA (molar ratio of 1:10) were mixed, with 10 pL of
0.5 M TCEP added to activate the thiol groups under the same
conditions. Subsequently, 730 uL of 75 pM AuNPs was added
to each mixture, and the samples were frozen at —20°C for
2 h. Successfully conjugated AuNPs-ssDNA exhibit a purple-red
color upon thawing. If the sample appears colorless with black
precipitates, it indicates that the AuNPs have aggregated. After
thawing, the samples were centrifuged at 4000 rpm, and the
precipitates were resuspended in DEPC-treated water.

2.5 | InSitu Detection of miR-451

3 uL of sodium citrate buffer (pH 3) was mixed with 27 uL of
AuNPs-probe 1 and introduced into the microfluidic chip at a
flow rate of 60 uL/h for 30 min. The acidic condition provided
by the sodium citrate buffer enhances the electrostatic adsorption
of AuNPs onto the amine-functionalized bottom surface of the
microfluidic chip. Additionally, the citrate ions present in the
AuNPs synthesis process prevent the introduction of impuri-
ties. After incubation, deionized water was flowed through the
microfluidic chip to remove any unbound AuNPs-probe 1.

The 2x buffer (10 mL final volume) was prepared by combining
200 pL of 1 M Tris-HCI, 200 pL of 5 M NaCl, 4 mL of 25 mM
MgCl,, and 5.6 mL of DEPC-treated water. Simultaneously, 1 uL
of 10 uM miR-451 was mixed with 40 pL of AuNPs-probe 2 and
50 pL of 2xbuffer, resulting in a final miR-451 concentration of
100 nM. The mixture was incubated at 55°C for 30 min to ensure
hybridization of miR-451 with AuNPs-probe2.

The microfluidic chip, adsorbed with AuNPs-probe 1 was ana-
lyzed using a dark-field microscope. Subsequently, the AuNPs-
probe2-miR-451 complex was introduced into the microfluidic
chip and incubated at 55°C for 1 h. Finally, the chip was washed
with deionized water to remove any unbound complexes and
was subsequently analyzed. Thus, the total analytical detection
time, including AuNPs-probe 1 immobilization (30 min), tar-
get hybridization with AuNPs-probe 2 (30 min), and in-chip
incubation (1 h), was within 2 h, and the overall sample-to-
readout process was completed within 3 h. It should be noted that
this analytical time does not include chip fabrication or surface
pretreatment steps, which can be performed in advance.

2.6 | Statistical Analysis

For quantitative analysis of miR-451 at different concentra-
tions, three repeated measurements were performed for each
concentration. In each measurement, approximately 800-1000
AuNPs were analyzed, depending on the concentration group.
The response percentage was determined from the classified
AuNP populations. Data are presented as mean =+ standard

deviation (SD) unless otherwise noted. The mean and SD values
were calculated from the three repeated measurements at each

concentration and therefore reflect variability among repeated
measurements rather than particle-to-particle variation within
a single image. Error bars in the calibration plots represent SD
from three repeated measurements. Detailed particle-counting
statistics for each concentration are provided in Table S2. Data
processing and plotting were performed using MATLAB 2024a
and Origin 2018.

3 | Results and Discussion

3.1 | Determination of the Optimal Size of AuNPs
To determine the optimal size of AuNPs for LSPR sensing
applications, the LSPR scattering cross-sections of both single
AuNP and AuNP dimers with diameters ranging from 10 to 70 nm
were systematically simulated using Lumerical FDTD software.
The scattering peak wavelength of single AuNP exhibited a
moderate redshift as their diameter increased (Figure 1a), while
AuNP dimers demonstrated a more pronounced redshift in their
scattering peaks with increasing size (Figure 1b). Additionally, the
scattering cross-sections of both single AuNP and AuNP dimers
were observed to increase with particle size. The selection of
AuNP size constitutes a trade-off between scattering intensity
and spectral resolution. Smaller AuNPs exhibit lower scattering
peak intensity and a lower signal-to-noise ratio, making their
detection more susceptible to noise in microscopy imaging. In
contrast, larger AuNPs provide a higher signal-to-noise ratio
but possess a broader full width at half maximum (FWHM),
which compromises the accuracy of identifying spectral redshift.
Furthermore, to align with the optimal quantum efficiency
range (450-600 nm) of the camera, AuNPs with a diameter
of 50 nm were selected as the optimal configuration for the
LSPR sensor. Furthermore, AuNP dimers exhibited significantly
stronger electric field intensities compared to single AuNP
(Figure 1c,d). Therefore, normalization of the spectra before and
after testing is required for accurate analysis of AuNP spectral
responses.

3.2 | Characterization of AuNPs-ssDNA

To prevent nonspecific dimeric aggregation of the gold nanopar-
ticles (AuNPs), the particle surface was functionalized with an
excess of thiol-modified ssDNA to promote the formation of
a protective DNA layer. The hydrodynamic diameters of both
AuNPs and AuNPs-ssDNA were characterized using dynamic
light scattering (DLS) (Figure 2a). The average diameter of the
AuNPs was measured to be 50.748 nm, while that of the AuNPs-
ssDNA increased to 68.061 nm. The designed 27-base ssDNA has a
length of approximately 8.9 nm (with a single base length of about
0.33 nm), and the 17.3 nm increase in diameter was consistent
with the formation of a surface-bound DNA layer on the AuNPs.
Additionally, the zeta potentials of AuNPs and AuNPs-ssDNA
were characterized to provide additional evidence for ssDNA
modification of the AuNP surface. The citrate-stabilized AuNPs,
which carry citrate anions on their surface, exhibited a zeta
potential of —30.6 mV. Following ssDNA modification, the zeta
potential shifted to —36.4 mV (Figure 2b), which is consistent
with the increased surface electronegativity introduced by the
negatively charged phosphate backbone of ssDNA.
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FIGURE 1 |
a single AuNP. (d) AuNP dimers.

The absorption spectra of AuNPs and AuNPs-ssDNA were
measured using a spectrophotometer. Both AuNPs and AuNPs-
ssDNA were centrifuged at 4000 rpm for 20 min, and the
precipitates were resuspended in deionized water. The absorp-
tion spectra of AuNPs and AuNPs-ssDNA were then recorded
(Figure 2c). The citrate-reduced AuNPs displayed a character-
istic absorption peak at 531 nm. In comparison, the absorption
spectrum of AuNPs-ssDNA exhibited a 3 nm redshift, which is
consistent with the presence of a DNA coating that changes the
local refractive index surrounding the AuNPs.

To further support thiol-mediated functionalization of AuNPs,
a controlled freezing assay was conducted with thiolated and
non-thiolated DNA, respectively (Figure S3). After thawing,
the mixture containing thiolated DNA and AuNPs remained a
homogeneous wine-red solution. In contrast, the mixture with
non-thiolated DNA became colorless and formed a black precip-
itate. Citrate-capped AuNPs possess a negative zeta potential in
water, leading to electrostatic repulsion that prevents aggregation.
During the freezing process, as water turns to ice, both AuNPs and
DNA are concentrated into the interstitial spaces, forcing them
into close proximity. For thiolated DNA, this proximity facilitates
stable surface anchoring to AuNPs, which is consistent with thiol-
mediated binding and helps generate a protective DNA layer
that suppresses aggregation even when particles are brought into
close contact. For non-thiolated DNA, however, no comparable
stable attachment is expected. The absence of a protective layer
allows the concentrated AuNPs to aggregate irreversibly upon
close contact.

The stability of the DNA-functionalized AuNPs was further
assessed under high-salt conditions. A 100 mM NaCl environment
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(a) Relationship between scattering cross-section and diameter of single AuNP. (b) AuNP dimers. (c) Simulation of the electric field of

was created by adding 100 pL of 1 M NaCl to 900 uL of as-
synthesized citrate-AuNPs or thiolated sSDNA-AuNP conjugates.
The unmodified citrate-AuNPs aggregated immediately upon
salt addition, forming a visible precipitate (Figure S4a). This is
because the high salt concentration screens the negative surface
charge, eliminating the electrostatic repulsion that stabilizes the
pristine AuNPs. The resulting aggregate could not be re-dispersed
even with sonication. In contrast, the thiolated sSDNA-AuNP
conjugates settled gradually over time (Figure S4b). Crucially, this
settlement was reversible; gentle vortexing was sufficient to re-
disperse the particles into a homogeneous solution (Figure S4c).
Although the screened electrostatic force allows the DNA-capped
particles to approach each other, the steric hindrance and stability
provided by the covalently bound DNA monolayer prevent
irreversible aggregation. The settling is attributed to gravitational
forces over time, and the particles can be easily re-suspended.
This result demonstrates the improved colloidal stability of the
ssDNA-AuNP conjugates in high-salt environments.

AuNPs and AuNPs-ssDNA were immobilized on amine-
functionalized silica substrates for XPS characterization. The
Au 4f binding energy of citrate-reduced AuNPs was measured
at 84.05 eV (Figure 2d). After treatment with thiolated ssDNA,
a negative shift of 0.48 eV was observed in the Au 4f spectrum,
indicating a change in the surface chemical environment of
the AuNPs that is consistent with DNA functionalization.
This shift originates from the evolution of surface chemistry:
Citrate-synthesized AuNPs initially adsorb citrate anions via
Au-O (carboxyl) coordination, which explains their inherent
negative zeta potential. When thiolated ssDNA is introduced to
the AuNP surface, thiol-mediated binding is expected to alter
the original surface coordination environment and thereby
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FIGURE 2 | Characterization of AuNP-ssDNA conjugates and probe-mediated AuNP binding behavior. (a) Hydrodynamic diameter distributions

of AuNPs and AuNPs-ssDNA measured by DLS. (b) Zeta potentials of AuNPs

and AuNPs-ssDNA. (c) UV-vis absorption spectra of AuNPs and AuNPs-

ssDNA. (d) XPS spectra of the Au 4f region for citrate-stabilized AuNPs and AuNPs-ssDNA conjugates. (e) XPS spectra of the S 2p region. (f) XPS spectra
of the P 2p region. (g) UV-vis absorption spectra of 2 uM ssDNA and the corresponding supernatant after conjugation with AuNPs using the freezing-
assisted method. (h) Agarose gel electrophoresis analysis of hybridization among miR-451, probe 1, and hairpin probe 2. Lanes: a, 2 uM miR-451; b, 2 uM

probe 1; ¢, 2 uM hairpin probe 2; d, 2 um hairpin probe 2 + miR-451; e, 2 uM

probe 1 + hairpin probe 2; f, 2 uM miR-451 + probe 1 + hairpin probe 2.

(i) TEM image of AuNPs modified with probe 1 and probe 2 after miR-451 addition. (j) TEM image of AuNPs modified with mis-DNA and probe 1 at

a molar ratio of 60:1, and with mis-DNA and probe 2 at a molar ratio of 10:1

after miR-451 addition. (k) Magnified view of the dimer structure in (j).

(1) FDTD-simulated LSPR scattering spectra of a single AuNP, an AuNP dimer, and an AuNP aggregate.

change the electronic state of surface Au atoms. The lower
electronegativity of sulfur (y = 2.58) compared to oxygen (y =
3.44) reduces electron withdrawal from Au atoms, while sulfur’s
lone electron pairs may donate partial electron density to the
Au surface. These synergistic effects collectively increase the
electron density around Au atoms, thereby lowering the binding

energy required for Au 4f photoelectron emission. The XPS
spectrum of the S 2p region exhibited a peak at approximately
169 eV, which is attributed to sulfur in sulfate ions (SO,>~) rather
than thiolated ssDNA (Figure 2e). This observation is consistent
with residual sulfate ions from the piranha solution treatment
used for hydroxylation of the SiO, surface. Theoretically, sulfur
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derived from thiolated ssDNA would be expected to appear near
162 eV in the S 2p region; however, due to the extremely low sulfur
content of the DNA probes, no distinct thiol-derived S 2p signal
could be reliably resolved in our measurements. The presence
of P provided direct evidence for the presence of DNA on the
AuNP-modified surface (Figure 2f). When AuNPs alone were
immobilized on the SiO, surface, no P 2p signal was detected, as
expected in the absence of DNA. In contrast, after immobilization
of AuNPs-ssDNA conjugates, a distinct P 2p peak emerged at
133.4 eV, corresponding to phosphorus in the phosphate
backbone of ssDNA. To determine the conjugation efficiency,
a solution containing 2 uMm thiolated ssDNA and 73.5 pM
AuNPs was prepared by mixing 15 pL of 100 uM ssDNA with
735 pL of 75 pM AuNPs. The conjugation was facilitated using
a freeze-assisted method. Following conjugation, the mixture
was centrifuged, and the absorption spectrum of the supernatant
was measured and compared to that of the initial 2 um ssDNA
solution (Figure 2g). The initial ssDNA solution (2 um) exhibited
an absorbance of 0.4852 OD at 260 nm. The absorbance of the
supernatant after conjugation was measured to be 0.4817 OD at
the same wavelength. The decrease in absorbance (AOD =0.0035)
corresponds to the concentration of ssDNA estimated to have
been associated with the AuNPs after the conjugation process.
Based on the Beer-Lambert law, this absorbance difference
equates to a bound ssDNA concentration of approximately 15 nM.
Consequently, the molar ratio of thiolated ssDNA bound to
AuNPs was calculated to be 204: 1.

Taken together, these results support successful DNA func-
tionalization of the AuNPs. However, the evidence for Au-S
bonding remains indirect, because a distinct thiol-derived S 2p
signal was not clearly resolved in the XPS measurements. There-
fore, the surface modification was inferred from the combined
physicochemical characterization, control experiments, and DNA
loading analysis, rather than from the S 2p spectrum alone.

3.3 | Characterization of AuNPs Binding

The hybridization events among probe 1, probe 2, and miR-451
were characterized using agarose gel electrophoresis (Figure 2h).
Lanes a, b, and c correspond to 2 uM of miR-451, probe 1,
and hairpin probe 2, respectively, serving as reference markers.
Lane d shows the product after incubating 2 uM hairpin probe
2 with miR-451 at 55°C in 1X buffer for 30 min. The observed
upward band shift compared to lanes a and c confirms the
successful hybridization between hairpin probe 2 and miR-
451.Lane e represents the mixture of 2 pM hairpin probe 2 and
probe 1 under the same incubation conditions. The lack of a band
shift compared to lanes b and c verifies that no hybridization
occurs between probe 1 and hairpin probe 2 in the absence of
the target. Lane f displays the result of incubating a mixture of
2 uM Probe 1, hairpin probe 2, and miR-451. A more pronounced
band shift is observed compared to all other lanes, demonstrating
the successful formation of the ternary complex involving probe
1, probe 2, and miR-451.

The surfaces of AuNPs were functionalized with probe 1 and mis-
DNA at a molar ratio of 1:60, and with probe 2 and mis-DNA at a
molar ratio of 1:10. This functionalization strategy was specifically
designed to reduce the proportion of effective DNA on the AuNP

surface. When AuNPs were exclusively functionalized with probe
1 and probe 2, a single probe 1-functionalized AuNP frequently
bound multiple probe 2-functionalized AuNPs, resulting in the
formation of aggregated clusters (Figure 2i). Minimizing the num-
ber of AuNPs bound to a single nanoparticle was critical in situ
detection for improving the accuracy of miRNA quantification.
This accuracy was achieved by calculating the ratio of AuNPs
exhibiting LSPR shifts to all AuNPs. However, when AuNPs
form aggregates, a single LSPR redshift event could originate
from either a dimer or an aggregate, which would significantly
compromise quantification accuracy if not distinguished. To
minimize errors, it was crucial to decrease the proportion of
effective DNA on the AuNP surface to limit the formation of
clusters of aggregated AuNPs. TEM images demonstrated that
reducing the effective DNA proportion substantially mitigated
the formation of aggregated clusters of AuNPs (Figure 2j,k). This
result verified that the AuNPs were connected via the specific
hybridization mechanism of probe 1-miR-451-probe 2, rather than
by nonspecific aggregation.

Although the majority of the aggregates are dimers, a small
population of aggregates consisting of three AuNPs may still
form. To establish objective classification criteria, we performed
finite-difference time-domain (FDTD) simulations of the LSPR
scattering spectra for a single 50-nm AuNP, a dimer, and an
aggregate of three AuNPs (Figure 21). The simulated scattering
peaks were located at 541, 569, and 647 nm, respectively. Based
on these simulation results, we defined the following thresh-
olds for classifying the spectral shifts of individual AuNPs: A
redshift of less than 10 nm was considered an invalid point
(no specific binding). A redshift between 10 and 40 nm was
classified as a dimer. A redshift greater than 40 nm was classified
as an aggregate of three AuNPs. The percentage of redshifted
AuNPs was then calculated using the following formula, which
specifically accounts for effective dimers to ensure accurate
quantification:

+k
=M 100% )

In this formula, P represents the aggregation percentage; N is the
total number of AuNPs analyzed in the field of view; n, is the
number of points classified as dimers; n, is the number of points
classified as aggregates of three AuNPs; k is a weighting factor
with a value of 2, accounting for the greater signal contribution
from an aggregate compared to a dimer.

3.4 | Characterization of Electrostatic Adsorption
of AuNPs

The adsorption density of AuNPs on amino-functionalized SiO,
surfaces depended on the adsorption time. AFM was used to
characterize the electrostatic adsorption of AuNPs on the amino-
modified SiO, surfaces after 3, 2, and 1 h (Figure 3a-c). The
results indicated that the adsorption density of AuNPs gradually
increased as the adsorption time was extended. In addition, the
uniformity of the prepared gold nanoparticles was confirmed
(Figure 3d). As the adsorption density of AuNPs increased, the
color of the SiO, substrates gradually changed from pale pink to
purple-red (Figure S5).
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FIGURE 3 |
view of the white-boxed region in (c).

3.5 | Dark-Field Detection of miR-451

The scattering intensity of AuNPs under 400-600 nm incident
light was recorded using dark-field microscopy with an in situ
detection strategy, and the spectra from both measurements were
analyzed. When AuNPs-probe 1did not bind to AuNPs-probe 2 via
hybridization with miR-451, no change was observed in the LSPR
peaks in both spectra (Figure 4a). When AuNPs-probe 1 bound to
AuNPs-probe 2 through hybridization with miR-451, a redshift in
the LSPR peak was observed in the second spectrum (Figure 4b).
It is important to note that in Figure 4a,b, the x-axis represented
the wavelength of the incident light, while the y-axis represented
the scattering intensity of the particles. This was because the
dark-field microscope utilized a monochrome camera capable of
detecting only the scattering light intensity, without analyzing
the wavelength of the scattered light. Therefore, the x-axis
corresponded to the incident light wavelength modulated by the
monochromator in the scattering intensity spectrum.

To detect miR-451 at varying concentrations, different concentra-
tions of miR-451 were introduced into the microfluidic channel.

1: Helght Sensor

1: Height Sensor

(a) AFM image of AuNPs electrostatically adsorbed on SiO, surface for 3 h; (b) adsorption for 2 h; (c) adsorption for 1 h; (d) enlarged

The proportion of AuNPs exhibiting a redshift in their spec-
tra relative to the total AuNPs was analyzed before and after
introducing miR-451. Theoretically, any miR-451 present should
induce spectral changes in some particles within the dark-field
view, indicating that this detection method has an extremely low
detection limit.

Dark-field microscopy was used to detect miR-451 at concentra-
tions of 100 fM, 1, 10, 100 pM, 1, 10, and 100 nM, and the spectra
were analyzed. The percentage of AuNPs exhibiting redshift in
the LSPR peaks was fitted (Figure 4c). The limit of detection
(LOD) was calculated to be 58 fM based on the mean blank signal
(n = 3) plus three times the standard deviation. The statistical
results for the blank sample and different concentrations of
miR-451 are summarized in Table S2. The main challenge in
achieving the theoretically low detection limit arises from the
difficulty of the ssDNA modified on the surface of AuNPs in
pulling larger AuNPs, resulting in greater randomness in the base
pairing activity between AuNPs-probel and AuNPs-probe2-miR-
451. Compared with representative reported amplification-free
miRNA detection methods, our strategy shows a competitive
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(a) In situ detection spectra of AuNPs-probe 1 without hybridization with miR-451 and AuNPs-probe 2; (b) In situ detection spectra of

AuNPs-probe 1 hybridized with miR-451 and AuNPs-probe 2; (c) Fitting curve for in situ detection of miR-451 at concentrations ranging from 100 fm
to 100 nM; (d) Detection results of blank samples, miR-451, miR-141, miRNA let-7a, miR-21, 3° 2 nt mismatch, 3‘ 1 nt mismatch, 5° 2 nt mismatch and
5°1 nt mismatch at a concentration of 100 nM, showing discrimination of the fully matched target from non-target miRNAs and closely related single-
/double-mismatched sequences. Each data point represents mean + SD from three repeated measurements (n = 3). Error bars represent SD. Detailed

particle-counting statistics are provided in Table S2.

detection limit while additionally offering an in situ single-
particle statistical readout and applicability in spiked serum
samples (Table S4). Although the assay time is not the shortest
among reported methods, the fixed-particle tracking format
provides improved measurement robustness by analyzing the
same AuNP population before and after target recognition.

To further support the simulation-guided spectral classification,
AFM characterization was performed on the AuNP-modified
substrate under 0 M and 100 nM miR-451 conditions. As shown
in Figure S7, the surface was mainly occupied by isolated AuNPs
in the absence of miR-451, whereas dimer and aggregate features
became observable after the addition of 100 nM miR-451. In
the representative 3 x 3 um? AFM image after target addition,
two dimer features and one aggregate feature were identified,
corresponding to a weighted percentage of 17.4% according to
Equation (1). These AFM results provide orthogonal morpho-
logical support for the target-induced nanoparticle aggregation
inferred from the LSPR redshift.

To further evaluate the robustness of the assay, chip-to-chip,
batch-to-batch, and day-to-day reproducibility tests were per-
formed at 10 pM and 1 nM miR-451. As shown in Figure S8,
the responses were highly consistent under all three conditions,
with all RSD values below 5% (Table S3), indicating good
reproducibility of the proposed assay.

To better interpret the analytical significance of this conc-
entration-based LOD, we further estimated the corresponding
target copy number using N = C X V x N,, where C is the
target concentration, V is the assay volume, and N, is Avo-
gadro’s constant. Based on the measured LOD of 58 fM and the
assay volume of 1 uL miR-451 used in the present microfluidic
chamber, the corresponding number of miR-451 molecules is
approximately 3.5 x 10* copies. This result supports the feasi-
bility of amplification-free miRNA detection under the present
assay conditions. However, this concentration-based LOD should
not be overinterpreted as demonstrating clinical equivalence
to amplification-based techniques such as RT-qPCR, because
practical performance in clinical samples also depends on matrix
effects, sample processing, and benchmarking against established
reference methods.

The specificity of the assay was evaluated by testing a blank
sample, 100 nM of miR-451, and both non-target and closely
related sequences, including miR-141, let-7a, miR-21, as well as
miR-451 variants with single- and double-base mismatches at the
5" end (5 1 nt mismatch, 5 2 nt mismatch) and 3’ end (3’ 1 nt
mismatch, 3’ 2 nt mismatch) (Figure 4d). This design allowed us
to directly assess the ability of the assay to discriminate the fully
matched target from unrelated miRNAs as well as from closely
related single-/double-mismatched sequences under the tested
conditions. The signal intensities for miR-141, miR-21, and let-7a
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TABLE 1 | Analytical results for the detection of miR-451 in bovine serum (n = 5).

Sample Added Group 1 Group 2 Group 3 Recovery (%) RSD (%)
1 100fm 80.55 fm 98.24 fm 112 fm 96.93 16.26
2 1pM 0.95 pM 0.95 pM 111 pM 100.33 9.25
3 10pM 10.96 pM 9.86 pM 10.17 pMm 103.3 5.49
4 100pM 99.78 pM 98.1 pM 107.5 pM 101.79 4.92
5 InM 0.96 nM 1.07 nM 0.97 nM 100 6.08
6 10nM 10.45 nM 9.37 nM 9.81 nM 98.77 5.50

showed no significant difference compared to the blank control,
whereas miR-451 produced a markedly higher signal response.
Among the mismatch variants, the 5 single-base mismatch
(5 1 nt MM) yielded a slightly higher non-specific signal than
the other homologous miR-451 variants. This is likely because a
single mismatch at the 5" end can still partially open the hairpin
structure of probe 2 to a small extent. Nevertheless, the response
of the 5’ 1 nt MM remained much lower than that of the perfectly
matched miR-451, indicating effective mismatch discrimination
by the assay. After subtracting the background signal, the CR%
(Cross-reactivity Rate) was calculated to be 2.54%, demonstrating
the strong selectivity of this in situ detection strategy for miR-451
and a low level of cross-reactivity under the tested conditions.

To validate the applicability of our in situ detection strategy in
complex biological samples, we performed a spike-and-recovery
experiment using bovine serum as a model for human blood.
miR-451 was quantified in the serum matrix using the standard
addition method. The results showed satisfactory recoveries
ranging from 96.93% to 103.3%, with relative standard deviations
(RSDs) between 4.92% and 16.26% (Table 1). These findings
demonstrate the efficacy of our method for detecting miRNAs in
serum. Although the RSD was relatively high at the 100 fM con-
centration, it remained within an acceptable range, confirming
the robustness of the assay.

4 | Conclusion

This study presents an in situ single-particle miRNA detection
strategy leveraging LSPR of AuNPs within a microfluidic chip.
The primary advance of this work lies not in the general AuNP-
DNA hybridization/plasmonic sensing mechanism itself, which
has been widely explored in previous miRNA biosensing studies,
but in the fixed observation of the same individual AuNPs
before and after target hybridization. This design reduces spatial
sampling errors inherent in conventional methods that average
signals from transient nanoparticles. Probe-modified AuNPs were
immobilized on the microfluidic channel surface via electrostatic
adsorption. Upon specific hybridization with the target miR-451,
the designed hairpin DNA probes induce AuNP aggregation. By
quantifying the percentage of AuNPs that aggregate within a fixed
field of view—rather than averaging spectral shifts—we achieved
amplification-free, calibration-based quantitative detection of
miR-451 with a detection limit of 58 fM. For the present assay
volume of 1 pL, this LOD corresponds to approximately 3.5 X
10* target molecules, indicating the feasibility of amplification-
free detection in the current platform. This direct quantitative

approach bypasses nucleic acid amplification, thereby simplify-
ing probe design (compared to methods like HCR and CHA)
and avoiding the steps and potential errors associated with
enzyme-free amplification techniques. Our amplification-free
approach directly counts the binding events, providing a more
direct and reliable correlation between the signal and the target
concentration. Under the optimized protocol used in this study,
the analytical in situ detection workflow can be completed within
3 h, although further simplification of the procedure will still be
important for improving practical applicability. The successful
detection in spiked bovine serum demonstrates feasibility in
a model biological matrix, but does not yet establish clinical
applicability for CRC diagnosis or screening. Further validation
using clinical samples and direct comparison with established
methods such as RT-qPCR will be necessary in future studies.
In summary, this work provides a promising amplification-free
strategy for the accurate and straightforward quantification of
miRNA.
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