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A B S T R A C T

In this study, we present a highly sensitive genoassay for the early detection of Alzheimer’s disease (AD) by 
targeting the microRNA biomarker miRNA-135a-5p. The assay is based on a sandwich hybridization format, 
utilizing magneto-plasmonic nanoparticles (MPNs) as the detection platform. The concentration of miRNA-135a- 
5p is directly correlated with the MPN binding events, which are quantitatively measured by monitoring the 
Faraday rotation angle. Our method demonstrated a remarkable limit of detection (LOD) of 27.1 aM, with a total 
assay time of 2 h. We validated our method with 13 healthy individuals, 13 individuals with mild cognitive 
impairment (MCI), and 13 individuals with AD, all of whom underwent neuropsychological diagnosis. Impor
tantly, miRNA-135a-5p levels were measured directly from serum with no further microRNA extraction pro
cessing. Statistically significant differences in miRNA-135a-5p levels were observed between the groups, with AD 
patients showing significantly elevated levels compared to MCI (p < 10− 4) and healthy controls (p < 10− 9). MCI 
individuals also exhibited higher levels compared to healthy controls (p < 10− 6). Receiver operating charac
teristic (ROC) analysis demonstrated that our method effectively differentiates between these groups. Specif
ically, a miRNA-135a-5p concentration below 4.08 × 10− 6 nM indicates a healthy individual, while a 
concentration above 5.68 × 10− 4 nM suggests an AD diagnosis. Additionally, no significant correlation was 
found between age and miRNA-135a-5p levels. Our method offers a highly sensitive and rapid approach for 
detecting miRNA-135a-5p in patient serum, showcasing the substantial potential to enhance clinical practices in 
the early diagnosis of AD.

1. Introduction

Alzheimer’s disease (AD) accounts for the most of dementia cases 
and it is perceived by the World Health Organization (WHO) to be a 
major public health problem [1,2]. The disease has both direct health
care expenditures and indirect costs like lost productivity from patients 
and caregivers, which places a significant economic burden on society. It 
is estimated that the number of people with this condition could rise 
sharply above 70 million worldwide by 2030 [3]. If there are no 

breakthroughs in its treatment, the cost could soar making millions of 
people helpless and overstretching health and social care systems [4,5].

AD is a highly intricate neurodegenerative disorder characterized by 
progressive cognitive function impairment as well as memory loss. AD 
starts with an asymptomatic stage proceeding to mild cognitive 
impairment before finally culminating into full-blown AD [6]. The exact 
cause of AD is not fully understood, but it is believed to result from a 
combination of genetic, environmental, and lifestyle factors [7–9]. The 
accumulation of amyloid-beta plaques and tau tangles in the brain is 
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believed to be the primary cause of AD [10,11]. Genetic predispositions, 
such as mutations in the Presenilin 1 and 2 genes [12], amyloid pre
cursor protein (APP), and Apolipoprotein E (ApoE) [13], often lead to 
the production of abnormal amyloid-beta protein (Aβ) [14]. Mutations 
in the microtubule-associated protein tau (MAPT) gene result in the 
production of abnormal tau proteins that aggregate into neurofibrillary 
tangles [15]. Additionally, oxidative stress, inflammation, and impaired 
neurotransmission have also been implicated in the pathogenesis of AD 
[16]. The treatment for AD has seen advancements in recent years. 
Primary therapeutic approaches involve FDA-approved drugs like 
acetylcholinesterase inhibitors (e.g., donepezil, galantamine, and riva
stigmine) and NMDA receptor antagonists (e.g., memantine), that aim at 
enhancing neurotransmitter function thus alleviating symptoms [17]. 
However, despite their symptomatic benefits, these medications do not 
offer a cure as they do not address the underlying neurodegeneration 
[18,19]. Other therapies like β-site of amyloid precursor protein cleav
age enzyme 1 (BACE1) inhibitors prevent the production of 
amyloid-beta peptides, while Tau-targeting therapies are about pre
venting tau protein abnormalities [20,21]. Similarly, miRNA replace
ment therapies could potentially regulate gene expression changes 
associated with AD [22]. Based on the current situations, the role of 
early diagnosis is becoming more important. It provides a critical win
dow for therapeutic intervention, which may delay or prevent the onset 
of severe symptoms [23].

Biosensors are devices that can detect and quantify biomarkers by 
transforming biological reactions into quantifiable signals using trans
ducer principles. One of the primary advantages of biosensors is their 
ability to detect low concentrations of analytes, allowing for timely 
diagnosis and action. Biomarkers are biological indicators that reflect 
various aspects of disease pathology. In AD, they include the accumu
lation of amyloid-beta (Aβ) plaques, tau protein tangles, and neuronal 
loss or dysfunction [24]. Imaging biomarkers such as positron emission 
tomography (PET), can reveal the density and distribution of plaques 
using amyloid and tau tracers [25]. Magnetic resonance imaging (MRI) 
provides detailed images of brain structure, highlighting regions like the 
hippocampus where atrophy is pronounced [26]. However, these im
aging techniques are expensive. Fluid biomarkers, found in cerebrospi
nal fluid (CSF) and blood, can offer a more cost-effective alternative. CSF 
biomarkers, including Aβ42/Aβ40 ratio, total tau (t-tau), and phos
phorylated tau (p-tau), reflect the presence of neurofibrillary tangles and 
neuronal injury [27]. Blood-based biomarkers, such as plasma 
Aβ42/Aβ40, plasma tau, and neurofilament light (NfL) chain, offer less 
invasive alternatives for detecting amyloid pathology and neuro
degeneration [28–30]. Recently, microRNAs (miRNAs) have emerged as 
promising biomarkers for AD [31]. These small, non-coding RNA mol
ecules play a critical role in regulating gene expression and are deeply 
involved in the pathological processes of AD [32]. They influence the 
formation of amyloid-beta plaques, tau tangles, and neuroinflammation 
[33]. For instance, the miRNA-29 family, including miRNA-29a, miR
NA-29b, and miRNA-29c, regulates BACE1 expression. MiRNA-137 is a 
key regulator of neuronal development and cognitive function. 
MiRNA-132 and miRNA-212 play a role in the regulation of Tau protein 
[34]. They have also been found to be dysregulated in the brains, blood, 
and cerebrospinal fluid, offering potential as biomarkers for AD diag
nosis [24,35]. Meanwhile, exosomal miRNAs (exo-miRNAs) have also 
gained attention. They are enclosed within exosomes, which are small 
vesicles with a lipid bilayer membrane. This membrane protects miRNAs 
from degradation by enzymes in the blood and other bodily fluids, 
making exo-miRNAs stable and reliable for diagnostic purposes [36–38]. 
In the context of AD, exo-miRNAs derived from neurons, astrocytes, and 
other brain cells can reflect the pathological state of the brain by 
mediating intercellular communication and transferring pathological 
proteins. Studies have demonstrated that certain exo-miRNAs such as 
miRNA-125b, miRNA-29b, and miRNA-146a are differentially expressed 
in the body fluid of patients [36,39]. MiRNAs have promising potential 
as biomarkers for AD, but their biological variability complicates 

interpretation. Besides, exo-miRNA assays encounter difficulties with 
exosome isolation methods, which frequently result in low recovery 
rates or high contamination with free miRNAs. On the other hand, the 
trajectories of AD biomarkers vary significantly depending on the 
pathological stage [40]. The alterations in the biomarkers can be very 
subtle in their early stages, requiring highly sensitive methods for 
detection. This highlights the necessity for advanced diagnostic tools. 
Recent research on detecting miRNAs has demonstrated limits of 
detection (LOD) typically ranging from femtomolar (fM) to attomolar 
(aM) [37,41]. However, some of these methods are expensive, complex, 
or time-consuming. To meet the REASSURED diagnostic criteria [42], 
the development of reliable detection methods and the exploration of 
robust RNA biomarkers are now critical focal points in the advancement 
of diagnostic technologies. A comparison of the AD detection methods 
with our approach is discussed later in the results section.

In this work, we propose a biosensing platform for AD assay utilizing 
miRNA-135a-5p as a biomarker. Previous studies have indicated that 
miRNA-135a-5p is upregulated in the serum exosomes of AD patients 
[43,44]. Furthermore, recent research by Zheng et al. suggested that 
miRNA-135a-5p plays a crucial role in maintaining synaptic plasticity 
through its regulation by the transcription factor Foxd3, which controls 
the expression of Rock2 and thereby influences dendritic spine density 
and maturity [45]. The dysregulation of miRNA-135a-5p can lead to 
synaptic and memory impairments, mediated by an increase in Rock2 
activity and subsequent phosphorylation of Adducin1. This phosphor
ylation disrupts synaptic structure, contributing to the cognitive decline 
observed in AD. However, specific quantification was not detailed; 
therefore, we aimed to focus on miRNA-135a-5p as a specific blood 
biomarker for the early detection of AD.

In our previous research, we developed a biosensing platform that 
utilized the magneto-optical Faraday effect of magneto-plasmonic 
nanoparticles (MPNs) for protein detection [46,47]. This system was 
capable of detecting tau protein in plasma with a limit of detection 
(LOD) of 9 pg/mL [48]. While our earlier work focused on immunoas
says and protein targets, this study represents a significant advancement 
by transitioning to a sandwich-based genoassay for RNA detection. 
Specifically, we now target miRNA using a biochip format for early 
detection of AD. Besides, we have integrated an auto-balanced photo
detector to further enhance the sensitivity and precision. Due to the 
stability, lower cost, and specificity of ssDNA-135a-5p, we utilized it to 
establish the calibration line, achieving an LOD of 27.1 aM. Subsequent 
testing with clinical serum samples from AD patients successfully tar
geted miRNA-135a-5p and differentiated its levels between healthy in
dividuals, those with mild cognitive impairment (MCI), and AD patients. 
Notably, our method does not require complex RNA processing, allow
ing for rapid test results within 2 h. These findings highlight the po
tential of our approach for nucleic acid detection and the use of 
miRNA-135a-5p as a biomarker for early diagnosis of AD.

2. Experimental section

2.1. Synthesis of Fe3O4@PEI@Au nanoparticles and preparation of 
biochips

We utilized core-shell Fe3O4@PEI@Au MPNs as the recognition el
ements in a sandwich genoassay biochip. The synthesis of these MPNs 
and the detailed biochip fabrication process are outlined in the supple
mentary material.

2.2. Design of probes for miRNA-135a-5p detection

In this study, we also aimed to validate miRNA-135a-5p as a 
biomarker for AD. As illustrated in Fig. 1, DNA probes were employed 
for detection due to their superior chemical stability compared to RNA, 
which is more prone to hydrolysis and environmental degradation. 
Additionally, single-stranded DNA-135a-5p (ssDNA-135a-5p) 
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corresponding to miRNA-135a-5p was used for calibration purposes. 
The limitations associated with using DNA in this context are discussed 
in detail later in the manuscript. It should be noted that while DNA was 
employed for probe design and calibration, the specific RNA target 
(miRNA-135a-5p) remained the focus of clinical testing. Consequently, 
all subsequent discussions and experiments focus solely on the miRNA 
target.

Two thiol-modified probes were specifically designed for the detec
tion of miRNA-135a-5p, each complementary to distinct sequences of 
the ssDNA-135a-5p to ensure specificity as shown in Fig. 1. Probe 1 is 
thiol-modified and engineered to be anchored onto the surface of the 
biochip. This probe is designed to hybridize with one end of the miRNA 
sequence. Conversely, Probe 2 is also thiol-modified and is functional
ized onto the surface of Fe3O4@PEI@Au MPNs. The second probe can 
hybridize with the opposite end. Together, these two probes facilitate 
the accurate and specific detection. During the assay, the ssDNA-135a- 
5p (calibration)/miRNA-135a-5p (clinical test) is first exposed to the 
Fe3O4@PEI@Au MPNs, which allows its one end to bind with Probe 2 on 
the MPNs. Subsequently, the complex is incubated with the biochip, 
enabling the other end molecule to pair with Probe 1, thereby anchoring 
MPNs to the biochip. Both probes were purchased from commercial 
suppliers and the preparation of the biochip with Probe 1 and the 
Fe3O4@PEI@Au-Probe 2 reagents are detailed in the supplementary 
material.

2.3. Protocol for detecting ssDNA-135a-5p (calibration)/miRNA-135a- 
5p (clinical test)

For ssDNA-135a-5p (calibration)/miRNA-135a-5p (clinical test) 
detection, the sample solution was first incubated with the prepared 
Fe3O4@PEI@Au-Probe 2 reagents at 55 ◦C for 1 h. The functionalized 
biochip was then exposed to this mixture under the same conditions. 
Post incubation, the unbound target and Fe3O4@PEI @Au-Probe 2 were 
washed away with TE buffer and the substrate was dried with nitrogen, 
finalizing the biochip preparation for measurement. TE buffer solutions 
were prepared using 40 mM Tris-HCl and 2 mM EDTA at pH 7.4.

2.4. Mechanism of the assay

As mentioned earlier, we employed a sandwich assay using specially 
designed probes. The probe-target interaction through simple base 
pairing. This enables the capture of the target miRNA on the biochip, 
which is integrated with a detection medium consisting of Fe3O4@
PEI@Au MPNs. As the concentration of the target analyte increases, so 
does the accumulation of Fe3O4@PEI@Au MPNs on the biochip. When 
subjected to an external magnetic field, these nanoparticles aggregate 
and align with the field, enhancing the birefringence effect and 

amplifying the Faraday rotation phenomenon. Consequently, the con
centration of the analyte can be quantitatively determined by measuring 
the variation of the Faraday rotation angle Δθ of the biochip. The Δθ is 
defined as the change in the Faraday rotation angle resulting from the 
binding of MPNs. It is calculated as the difference between the Faraday 
rotation angle of the biochip after the assay (θ) and the blank biochip 
before the assay (θ0): Δθ = θ − θ0.

Additionally, the Faraday optical activity of DNA/RNA in the pres
ence of small magnetic fields is negligible, which effectively minimizes 
background interference and boosts the signal-to-noise ratio. This high 
specificity ensures that the signals measured are solely attributable to 
the Fe3O4@PEI@Au nanoparticles bound to the target, directly quanti
fying miRNA-135a-5p levels. Fig. 2 provides a detailed schematic of the 
experimental setup and workflow.

2.5. Measurement system for Faraday rotation

The experimental setup, depicted in Fig. 3, is a custom-built Faraday 
rotation analyzer that utilizes a differential detection method to enhance 
accuracy and stability. A 532 nm single longitudinal mode laser was 
used, producing a laser beam with a diameter of 0.51 cm and a power 
output of 1 mW, as measured on the sample. The laser beam is first 
polarized to produce linearly polarized light, which then passes through 
the sample located within a custom-built coil. To optimize detection 
sensitivity, the magnetic field is modulated by a lock-in amplifier. The 
lock-in amplifier (SR830, Stanford Research Systems, Inc.) drives an 
amplifier (LVC2016, AE Techron, Inc.), which powers the coil to 
generate a sinusoidal AC magnetic field of 100 gauss at 813 Hz, chosen 
for its low-noise characteristics in our experimental environment. The 
frequency employed in our experiments is far below the thresholds for 
both Néel and Brownian relaxation, and the applied field is sufficiently 
small to avoid any heating effects. Furthermore, temperature moni
toring during the experiments detected no evidence of heating. After 
interacting with the sample, the light passes through a half-wave plate to 
adjust the polarization splitting ratio before entering a Wollaston prism, 
which splits the light into two orthogonal polarization components. 
These beams are subsequently detected by an auto-balancing photode
tector, where the differential detection technique reduces common- 
mode noise, enhancing the signal-to-noise ratio for more accurate 
measurements. The signals are then processed by the lock-in amplifier 
and recorded digitally for the quantification of the Faraday effect. Under 
the low-field AC conditions, the Faraday angle can be derived from the 
ratio of AC to DC signals [46,49]. We employed both lock-in techniques 
and differential detection with an auto-balanced photodetector to 
optimize the sensitivity of our platform. Then, the Faraday rotation 
angle of the biochips can be measured, and the change in the Faraday 
angle induced by the target can be utilized to quantify the detection.

Fig. 1. Sequences of the probes designed for miRNA-135a-5p detection.
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3. Results and discussions

3.1. Characterization

Transmission electron microscope (TEM) analysis of Fe3O4@
PEI@Au MPNs revealed uniformly spherical nanoparticles with an 
average diameter of 200 nm. Lattice fringes corresponding to Fe3O4 
(220) in the center and Au (311) in the shell of the nanoparticle clearly 
delineate the core-shell structure [50]. Additionally, the selected area 

electron diffraction (SAED) patterns showed distinct rings correspond
ing to multiple crystallographic planes of Fe3O4 and Au, confirming the 
crystallinity of both magnetite and gold in the nanoparticles [51]. TEM 
images are provided in the supplementary material.

Fig. 4 presents the Energy-Dispersive X-ray Spectroscopy (EDS) 
analysis of Fe3O4@PEI@Au MPNs. The top panel features the scanning 
electron microscope (SEM) image of the MPNs with a highlighted region 
chosen for EDS analysis. Subsequent panels display the EDS maps, with 
each color representing a unique element in which iron is depicted in 
gray, oxygen in cyan, carbon in red, and gold in yellow. These maps 
provide a visualization of the spatial distribution of each element within 
the MPNs. The bottom panel shows the EDS spectroscopy of MPNs, 
demonstrating the elemental composition of iron, oxygen, carbon, ni
trogen, and gold. The EDS maps of these elements indicate the presence 
of the Fe3O4 core, the PEI coating, and the gold shell. The distribution of 
Fe and O elements is more concentrated in the core of the particles, 
whereas the C and Au elements are predominantly found on the surface. 
They also reveal a uniform distribution of elements across the MPNs, 
affirming the effectiveness of our synthesis. These characterization re
sults conclusively demonstrate the successful synthesis of the Fe3O4@
PEI@Au MPNs, as evidenced by the consistency with the intended 
design.

Fig. 2. Flowchart of the sandwich genoassay biochip (Created with Biorender.com).

Fig. 3. Schematic diagram of the auto-balancing magneto-optical Faraday ef
fect detection system (Created with Biorender.com).
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3.2. Calibration curve established by ssDNA-135a-5p

For quantification, we established a calibration curve using the 
ssDNA-135a-5p with various concentrations ranging from 100 nM to 
10− 10 nM, diluted using TE buffer. We monitor the changes in Faraday 
rotation angle Δθ of the biochips treated with different concentrations of 
ssDNA-135a-5p. To obtain the variation caused by the target analytes, 
the baseline Faraday rotation angle of the clean biochip (θ0) was 
measured prior to testing and subtracted from the experimental read
ings. Each concentration was measured five times within a span of two 
minutes, with each measurement representing the average of 100 
readings. These five values were then averaged to represent the mea
surement for each concentration. We conducted experiments in tripli
cate using different batches of reagents and biochips to ensure the 
consistency and reliability. Fig. 5a illustrates the relationship between 
Δθ and logarithmic concentration of ssDNA135a-5p. Each data point 
represents the averaged Δθ with error bars indicating the standard error 
derived from triplicate experiments. The data shows good linearity, as 
depicted by the red fitting curve in Fig. 5a. The linear fit indicates a 

positive correlation between Δθ and the logarithmic concentration, with 
an excellent R² value of 0.99. As previously detailed, our measurements 
were conducted over a 2-minute duration. Repeatability was assessed by 
analyzing the deviation values of these readings. Reproducibility was 
evaluated by analyzing the results among triplicate experiments. Fig. 5b 
demonstrates the statistical results of the repeated measurements and 
reproduced measurements of Δθ for different concentrations, indicated 
by light orange and light green, respectively. The bars represent the 
average values with their deviations. Fig. 5c highlights the deviation 
values for repeatability and reproducibility. For all tested concentra
tions, the repeated measurements remained stable over time. The de
viations were consistently within 2 μrad, highlighting the repeatability 
of the biochip. Triplicate experiments were conducted using three 
distinct biochips, each fabricated and tested on separate days. Besides, 
both deviations seem to be stable and independent of the concentration, 
which could indicate that the noise is not influenced by the sample 
concentration. Consistency in noise could indicate the accuracy of our 
measurements, as it ensures that the data reflects true variations in the 
sample rather than being confounded by variable noise levels. The 
average deviations across different concentrations for repeatability and 
reproducibility were 0.645 and 1.080 μrad, respectively, as indicated by 
the orange dotted line and green dashed line in Fig. 5c. The smaller 
deviation in repeatability compared to reproducibility is reasonable, due 
to a broader range of potential influences on the measurement. The 
overall consistency in the data validates our biochips’ reliability for 
quantitative analysis.

Besides, the limit of detection was determined by the conventional 
method 3.3σ/S, where σ is the standard deviation of the response and S 
is the slope of the calibration line. Here, σ represents the standard de
viation of the blank samples, which is 0.676 μrad. The blank sample in 
our work refers to the biochip that has undergone the entire process 
without the addition of the analyte. The deviation of the blank samples is 
comparable to the average deviations observed in repeatability and 
reproducibility tests, providing a convincing validation of the results. 
Consequently, the LOD of our system can be estimated to be 27.1 aM, 
demonstrating the high sensitivity of our method.

The Δθ is described by Δθ = kMl, where k is a proportionality con
stant, l is the optical path length, and M represents the magnetization. 
The magnetization M from MPNs is directly proportional to its number 
bound to the biochip. Furthermore, the correlation between analyte 
concentration and the number of bound MPNs can be described by the 
Hill equation, which characterizes the binding behavior of analytes to 
receptors, resulting in a logarithmic dependence of Δθ on concentration. 
However, our results reveal a linear relationship between the Δθ and the 
logarithm of concentration. We attribute this linearity to the sensor 
operating within the linear region of the binding curve, as the calibra
tion concentrations used were below the saturation threshold.

3.3. Mutation DNA detection

To affirm the reliability and specificity of our method as shown in 
Fig. 5d, we conducted a series of mismatch detection tests. Fig. 5e il
lustrates the testing sequences of ssDNA-135a-5p and its three mismatch 
scenarios: a single-base mismatch (Target 1, where Cytosine is replaced 
by Adenine), a double-base mismatch (Target 2, with two Cytosine 
replaced by two Adenine), and a triple-base mismatch (Target 3, 
featuring sequential replacements of Cytosine, Cytosine and Thymine 
with Adenine, Adenine, and Cytosine, respectively). All samples were 
prepared at a low concentration of 0.01 nM to reflect typical assay 
conditions. Fig. 5d illustrates the changes in Faraday rotation angle Δθ 
for detecting these samples. The results reveal a significantly higher 
response of 15.94 μrad for the target ssDNA-135a-5p compared to much 
lower responses for mismatched DNA sequences—specifically, 
2.43 μrad for one mismatch, 1.21 μrad for two, and 0.47 μrad for three. 
This decrease not only underscores the method’s specificity but also 
effectively distinguishes between similar, non-identical sequences. The 

Fig. 4. EDS analysis of Fe3O4@PEI@Au MPNs.
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reduction in response to an increasing number of mismatches corre
sponds with the anticipated decrease in binding affinity.

3.4. Assays Comparison

Detection of miRNA has recently been advanced to show its potential 
for diagnosing AD. Several studies have identified miRNAs as possible 
biomarkers. Delkhahi et al. developed a gold nanoparticle-based 

colorimetric assay for the detection of miRNA-137. This approach em
ploys the hybridization chain reaction (HCR) amplification technique, 
achieving a LOD of 0.25 nM [52]. Pan et al. introduced a dual electrode 
sensing surface using gold nanourchins as electrochemical signal am
plifiers that had an LOD of 0.01 pM for miRNA-137 [53]. Miglione et al. 
developed electrochemical strips for detecting miRNA-29a, with an LOD 
of 1 nM for DNA-based targets and 0.15 nM for RNA-based targets 
within a duration of 3 h [54]. Lim et al. proposed a hydrogel-based 

Fig. 5. (a) Faraday rotation angle changes Δθ of biochips with different concentrations of ssDNA-135a-5p. The blue line represents the minimum detectable signal 
strength, and the red line represents the fitting logistic curve. (b) Bar plots of Δθ and (c) Bar plots of the deviation of Δθ for biochips with different concentrations of 
ssDNA-135a-5p from repeatability and reproducibility measurements. (d) Faraday rotation angle changes Δθ of biochips with ssDNA having different mismatch sites 
and (e) ssDNA sequence diagrams of different mismatch sites.
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sensor for detecting miRNA-574-5p. This sensor is capable of self-signal 
amplification and achieves an LOD of 1.29 pM for DNA-based targets 
and 1.23 pM for RNA-based targets within 2 h[55]. Khalilzadeh et al. 
developed an electrochemical biosensor for miRNA-146a, achieving an 
LOD of 10 pM over 4 h [56]. Compared to other methods that typically 
detect miRNA biomarkers at pM levels within a few h, our technique 
achieves an LOD of 27.1 aM within 2 h. The improvement in sensitivity 
suggests earlier and more accurate detection of AD. Besides, our method 
does not require complicated fabrication or pre-processing steps, mak
ing it more practical and accessible. We have conducted clinical tests to 
validate the effectiveness and reliability of our method, as discussed 
below. The summary of these biosensors for AD is listed in Table 1.

3.5. Clinical tests

The clinical research was conducted following approval from the 
Institutional Review Board (IRB), under case number CE22366A, in 
collaboration with Taichung Veterans General Hospital. A total of 39 
clinical serum samples were obtained from participants, all of whom 
were required to be at least 50 years old. The participants were cate
gorized into three demographic groups for analysis: 13 healthy in
dividuals, 13 subjects with mild cognitive impairment (MCI), and 13 
patients diagnosed with AD. Healthy control group participants were 
selected on the basis that they had no history of dementia, cognitive 
impairment, or neurological disorders. All participants underwent 
comprehensive neuropsychological assessments conducted by neurolo
gists in the hospital. These assessments included the Mini-Mental State 
Examination (MMSE) [57], the Clinical Dementia Rating (CDR) [58], 
and the Cognitive Abilities Screening Instrument (CASI) [59]. The age 
distribution within the healthy cohort averaged 66 ± 8 years, including 
six males with an average age of 69 ± 6 years and seven females aver
aging 63 ± 4 years. The MCI group had an average age of 73 ± 5 years, 
with seven males averaging 74 ± 3 years and six females averaging 72 
± 4 years. In the AD category, the average age was calculated at 69 ± 8 
years, where the male participants averaged 72 ± 8 years and the female 
participants 78 ± 5 years. Details of the assessments and sample col
lections for participants are listed in the supplementary material.

Fig. 6 illustrates the logarithmic concentration of miRNA-135a-5p 
among three distinct groups: AD patients, individuals with MCI, and 
healthy controls. The box plot indicates a statistically significant in
crease in the log-transformed levels of miRNA-135a-5p in AD patients 
compared to MCI individuals (*p < 10− 4), as determined by a one-tailed 
t-test, and healthy controls (***p < 10− 9). The MCI individuals also 
show a significant difference when compared to healthy controls 
(**p < 10− 6). Using the Receiver Operating Characteristic (ROC) anal
ysis detailed in Fig. 7, we can establish specific cutoff points: 
4.08 × 10− 6 nM for distinguishing between healthy and MCI in
dividuals, and 5.68 × 10− 4 nM for differentiating MCI from AD patients. 
The red dashed lines in Fig. 6 mark the threshold levels for each com
parison. The data suggest that miRNA-135a-5p could potentially serve 
as a biomarker for differentiating between stages of cognitive impair
ment, with elevated levels correlating with the severity of the condition.

To further assess the diagnostic precision of our method, ROC curves 
were employed. Fig. 7 illustrates the diagnostic accuracy of our method 

with miRNA-135a-5p as a biomarker through ROC curves. The area 
under the curve (AUC) values effectively demonstrates the precision in 
differentiating cognitive states: healthy versus MCI (AUC= 1), AD versus 
MCI (AUC= 0.86), and AD versus healthy (AUC= 1). A combined 
comparison of healthy versus AD and MCI also yields a perfect AUC of 1. 
These results, with high AUC values across different group comparisons, 
indicate that our method has an excellent discriminatory ability to 
distinguish between healthy individuals, those with MCI, and those with 
AD. This confirms a reliable diagnostic capability for our method tar
geting miRNA-135a-5p, particularly in distinguishing healthy in
dividuals from those with cognitive impairments, with slightly less 
distinction between MCI and AD cases. We have established a frame
work to examine how miRNA-135a-5p biomarkers correlate with stages 
of AD. Our method is well-positioned to identify miRNA-135a-5p bio
markers that could signify the transition from normal cognitive function 
to MCI and eventually AD. This approach could ultimately lead to more 
effective diagnostic tools and treatments for AD.

3.6. Discussion

By incorporating the Faraday rotation measurement, we have 
demonstrated a new pathway for miRNA detection that leverages the 
unique properties of magneto-plasmonic nanoparticles, providing an 
innovative alternative to more conventional analytical approaches. 
Exceptional sensitivity and selectivity were achieved through the inte
gration of gold-shell MPNs, an auto-balanced detector, and a lock-in 
amplification technique. This approach significantly enhances the as
say’s performance, enabling the detection of aM concentrations. 

Table 1 
Comparison of miRNA detection methods for AD.

Method Target LOD Calibration Usage time Ref.

Colorimetric detection miRNA− 137 0.25 nM RNA 2 hr [52]
Dual electrode sensing surface miRNA− 137 0.01 pM RNA N/A [53]
Electrochemical strips miRNA− 29a 1.0 nM 

0.15 nM
DNA 
RNA

3 hr [54]

Hydrogels-based sensor miRNA− 574–5p 1.29 pM 
1.23 pM

DNA 
RNA

2 hr [55]

Electrochemical genosensor miRNA− 146a 10 pM RNA 4 hr [56]
This work miRNA− 135a− 5p 27.10 aM DNA 2 hr -

Fig. 6. Box-and-whisker plots illustrating the logarithmic concentration of 
miRNA-135a-5p in individuals with AD, MCI, and in healthy controls. The 
statistical significance of differences between groups is indicated by asterisks: 
* denotes p < 10− 4, * * denotes p < 10− 6 and * ** denotes p < 10− 9. The red 
dashed lines represent the threshold levels for distinguishing between AD and 
MCI, and MCI and healthy controls. Points marked with a cross repre
sent outliers.
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Furthermore, results of clinical trial using our methods suggest that our 
detection approach targeting biomarker miRNA-135a-5p aligns with 
doctors’ diagnoses and can effectively distinguish different stages of AD. 
However, there are still challenges to address and overcome in terms of 
assay optimization and validation for broader clinical use.

When establishing the calibration curve, we used ssDNA, which 
slightly differs from the actual RNA targets in serum samples. This 
choice was originally made due to the higher stability of DNA compared 
to RNA, as well as its economic advantages. Differences in binding af
finity between DNA/DNA and DNA/RNA hybrids could potentially 
affect detection, introducing deviation and causing discrepancies in the 
actual concentration when detecting RNA. However, our results can still 
serve as a reliable reference since this deviation is systematic. Addi
tionally, because the target is miRNA, which is a short sequence, the 
differences between DNA/DNA and DNA/RNA binding are likely mini
mal. Therefore, we believe that the quantity and variations should not 
significantly influence the outcome. Moreover, unlike orthodox methods 
that involve isolating and extracting RNA from exosomes, we directly 
measured circulating free miRNA-135a-5p in patient serum samples 
with genoassays. Although we did not implement specific measures to 
prevent RNA degradation, our clinical trial results demonstrated sig
nificant statistical differences among AD, MCI, and healthy controls. The 
ROC curve also indicated a strong discriminatory capability. Our results 
align with neuropsychological assessments and are consistent with other 
research findings [43,44]. We hypothesize that despite the inherent 
fragility and susceptibility of RNA to degradation, the miRNA-135a-5p, 
being a smaller fragment of RNA, might be less prone to such changes, 

enhancing its stability during sample collection and assays. It could also 
be released from exosomes into the blood, making direct detection 
feasible without the need for additional exosome processing. We also 
found that miRNA-135a-5p could serve as an age-independent 
biomarker for AD. As shown in Fig. 8, the correlation between age 

Fig. 7. ROC curves comparing the diagnostic performance for (a) Healthy vs. MCI, (b) AD vs. MCI, (c) AD vs. Healthy, and (d) Healthy vs. AD+MCI groups. The AUC 
is provided for each comparison, with AUC= 1 indicating perfect diagnostic ability and AUC= 0.86 indicating high diagnostic ability.

Fig. 8. The relationship between the logarithmic concentration of miRNA- 
135a-5p and the age of participants.
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and logarithmic miRNA-135a-5p concentration across different groups 
(Healthy, MCI, and AD) shows no obvious correlation. We analyzed each 
group using Pearson, Spearman, and Kendall correlation methods, as 
listed in Table 2. All three methods consistently showed weak or small 
correlations across the three groups. Moreover, since the p-values are far 
above the common significance threshold of 0.05, we cannot reject the 
null hypothesis. Consequently, we infer that there is no significant 
correlation between age and the logarithmic concentration of 
miRNA-135a-5p.

Additionally, we have observed differential expression of miRNA- 
135a-5p in our work compared to the findings reported by other 
studies [45]. Specifically, miRNA-135a-5p levels increased in the blood, 
while levels decreased in the frontal cortex of AD patients. Why the 
concentration of miRNA-135a-5p increases in the blood as AD pro
gresses, while it decreases in hippocampal neurons is not yet clear. We 
hypothesize that some factors may cause miRNA-135a-5p to be expelled 
extracellularly into the bloodstream, leading to a decrease in 
miRNA-135a-5p levels within brain neurons and thereby contributing to 
the progression of AD. However, the precise mechanisms underlying 
these changes of miRNA-135a-5p levels in the blood and brain neurons 
require further investigation. Besides, this study focuses on 
miRNA-135a-5p for the diagnosis of AD. While the results indicate high 
sensitivity and selectivity, further research is necessary. Future research 
could conduct parallel tests of miRNA-135a-5p alongside other 
well-established AD biomarkers, such as amyloid-beta and tau proteins. 
These comparative studies could provide a better understanding of the 
diagnostic role of miRNA-135a-5p within the broader context of AD 
biomarker research, further enhancing its clinical relevance.

4. Conclusion

We have developed a highly sensitive platform for the early detection 
of AD by integrating a sandwich genoassay with magnetoplasmonic 
nanoparticles (MPNs), leveraging their magneto-optical properties. We 
designed two thiolate probes, Probe 1 and Probe 2, specifically targeting 
miRNA-135a-5p to facilitate the sandwich assay. The miRNA-135a-5p 
concentration is proportional to the binding of the MPNs on the 
biochip and can be transduced into a measurable signal using the 
Faraday effect. With our signal-to-noise ratio enhanced Faraday mea
surement setup, our system demonstrated both good reproducibility 
among triplicate experiments conducted at three different times and a 
remarkable LOD of 27.1 aM. Moreover, clinical validation was con
ducted on 39 participants, divided equally among healthy individuals, 
people with MCI, and AD patients. We successfully measured the con
centration of miRNA-135a-5p in the serum of participants. There was a 
statistically significant increase in miRNA-135a-5p levels in individuals 
with AD compared to those with MCI (p < 10− 6) and compared to 
healthy controls (p < 10− 9). Additionally, individuals with MCI also had 
significantly higher miRNA-135a-5p levels compared to healthy controls 
(p < 10− 4). Our findings align with clinical diagnoses and indicate that 
miRNA-135a-5p concentrations in serum below 4.08 × 10− 6 nM typi
cally signify healthy individuals, whereas levels exceeding 5.68 × 10− 4 

nM may indicate AD.
Our method has demonstrated its good sensitivity and reliability 

through clinical tests. It is time-efficient, with measurements completed 
within 2 h, and cost-effective, requiring only 3 USD per test. Notably, 
miRNA-135a-5p may hold potential as a biomarker for AD in clinical 
applications. Its elevated levels in serum and regulatory roles in AD 
pathology aid in early diagnosis and provide insights into disease 
mechanisms. Our experimental conditions and results further indicate 
that miRNA-135a-5p allows for straightforward detection in blood 
without the need for complex extraction or preservation processes. 
Additionally, our findings suggest that miRNA-135a-5p could serve as 
an age-independent biomarker, enhancing its reliability across diverse 
patient populations. Overall, our method targeting miRNA-135a-5p 
meets the critical criteria of a biosensor—sensitivity, specificity, cost- 

effectiveness, and ease of use—demonstrating promising potential for 
the diagnosis of AD. However, we acknowledge certain limitations, 
including the need for further comparison with well-established AD 
biomarkers, and the current calibration approach could benefit from 
additional refinements. Nonetheless, the results provide a promising 
foundation for the novel application of the Faraday effect in RNA 
detection and reinforce the potential of miRNA-135a-5p as a robust AD 
biomarker. Future efforts will focus on addressing these limitations to 
further validate this approach.
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Table 2 
Correlation coefficients for different participants groups.

Group 
Correlation 
type

Healthy 
(coefficient/p- 
value)

MCI 
(coefficient/p- 
value)

AD 
(coefficient/p- 
value)

Pearson − 0.0515/ 0.867 0.0645/0.834 − 0.323/0.283
Spearman 0.232/ 0.446 − 0.0860/0.780 − 0.138/0.654
Kendall 0.170/ 0.425 − 0.0534/0.805 − 0.0903/0.669
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