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Abstract
Background: Early detection of neurodegenerative diseases is an important and 
unmet clinical need because traditional assays are not sensitive enough to detect 
low concentrations of biomarkers at the prodromal stages. Objective: This study 
presents a novel biosensing system based on quantum measurement principles 
and biomolecular recognition to achieve ultrasensitive detection of biomarkers for 
Alzheimer’s disease (AD) and Parkinson’s disease (PD) in patient samples. Methods: 
We developed a hybrid sensor that uses antibody-functionalized nanostructures 
for selective biomarker capture and nitrogen-vacancy centers in diamond for 
quantum spin-based readout. The performance was evaluated against standard 
fluorescence immunoassays of cerebrospinal fluid (CSF) and plasma collected from a 
clinical cohort (n = 120; 60 AD/PD, 60 controls) in endogenous amyloid-β42 (Aβ42), 
phosphorylated tau (p-tau181), and α-synuclein. Results: The quantum-enhanced 
platform detection limits of 12.6 fM for Aβ42, 15.8 fM for p-tau181, and 18.2 fM for 
α-synuclein are 150–300-fold better than enzyme-linked immunosorbent assay 
(ELISA). The signal-to-noise ratio increased by ~22 dB, within the quantum-limited 
scaling. Diagnostic accuracy was high, with an area under the receiver operating 
characteristic curve ranging from 0.94 to 0.96, superior to ELISA (0.72–0.81). In 
addition to sensitivity, analytical validation has excellent reproducibility (intra-assay 
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coefficient of variation [CV] ≤ 7.5%, inter-assay CV ≤ 10.8%), high recovery in patients’ 
plasma and CSF (92–105%), low cross-reactivity (<3%), and a stable sensor performance 
of seven days of storage. Multiplexed detection reduced the sample volume by 60% 
and the assay turnaround time by more than threefold compared to ELISA. Conclusion: 
Quantum-enhanced biosensing is a powerful diagnostic method for detecting biomarkers 
at clinically relevant concentrations, providing a scalable, noninvasive approach to 
early diagnosis of neurodegenerative diseases in affected populations. Relevance for 
patients: Clinical implementation of quantum biosensing has the potential to enable pre-
symptomatic disease detection, facilitating earlier therapeutic intervention and improved 
disease management.

Keywords: Alzheimer’s disease; Early diagnosis; Neurodegenerative disorders; Nitrogen-
vacancy centers; Parkinson’s disease; Quantum biosensing

1. Introduction
Neurodegenerative disorders represent some of the most 
challenging conditions in modern healthcare, carrying 
substantial social, economic, and scientific burdens.1,2 The 
most common of them are Alzheimer’s disease (AD) and 
Parkinson’s disease (PD), which impact millions of people 
all over the world and lead to progressive dementia, motor 
impairment, and premature death.3 Epidemiological 
forecasts indicate that by 2050, more than 150 million 
individuals will be living with dementia all over the globe, 
with most of them having AD.4,5 Similarly, the incidence 
of PD is rising in tandem with aging populations, making 
PD the fastest-growing neurological disorder by both 
prevalence and disability-adjusted life-years (DALYs). 
The Global Burden of Disease Study 2021 reported that 
neurological disorders had a global burden of around 443 
million DALYs with AD and other dementias leading to 
over 28.8 million DALYs and PD contributing about 5.8 
million DALYs. These figures underscore the enormous 
societal burden of neurodegenerative diseases; DALYs 
encompass both premature mortality and years lived 
with disability, thereby capturing the full spectrum of 
disease impact at the population level.6 Despite decades of 
research, these disorders remain incurable, largely owing 
to their insidious onset and the delayed timing of clinical 
diagnosis, by which point substantial neuronal damage has 
already occurred.7

Early diagnosis is thus a therapeutic need and not a 
scientific objective. There is strong evidence that the most 
effective disease-modifying interventions are those that 
can target amyloid or tau in AD or stabilize α-synuclein 
aggregation in PD when administered in the prodromal 

or preclinical stages. Notably, the latest evidence indicates 
that amyloid-mediated neurotoxicity is not a simple 
phenomenon and that amyloid fibrils and biomolecular 
condensates are distinct mechanisms that cause neuronal 
damage. Although mature amyloid fibrils have traditionally 
been viewed as the key neurotoxic form, new studies 
indicate that liquid-liquid phase-separated condensates of 
amyloid-forming proteins may be an earlier, possibly more 
toxic form. Such condensates can capture components 
necessary to the cell and compromise membrane integrity 
prior to fibrillar conversion. Knowledge of whether fibrils 
or condensates are the determinants of neurotoxicity is 
essential in identifying the best biomarker targets and 
therapeutic window to intervene.5,8,9 The average interval 
between symptom onset and confirmed diagnosis exceeds 
three years in both AD and PD.10 These delays negatively 
affect the therapeutic outcome and delay the supportive 
treatment. A diagnostic test capable of detecting molecular 
pathological changes at the pre-symptomatic stage could 
fundamentally alter disease trajectories.11

Currently, amyloid-β42 (Aβ42), phosphorylated 
tau (p-tau181), and α-synuclein are the gold-standard 
biomarkers for these disorders and are usually measured 
in cerebrospinal fluid (CSF) or blood plasma.12 Techniques 
such as enzyme-linked immunosorbent assay (ELISA), 
immunoprecipitation–mass spectrometry, and single-
molecule array (Simoa) have improved the quantification 
of these biomarkers with acceptable accuracy.13 
Nevertheless, the most glaring weakness remains that 
traditional immunoassays typically exhibit picomolar 
sensitivity, whereas clinically relevant biomarker 
concentrations in prodromal patients typically fall in 
the femtomolar-to-attomolar range.14 Consequently, a 
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considerable neurodegeneration has taken place before the 
abnormalities of biomarkers become apparent, with the 
help of classical platforms.14

This diagnostic gap represents a broader technological 
bottleneck in biomedical sensing: how to reliably measure 
very weak biological signals without being constrained 
by the noise floor of classical measurement systems. To 
address this, it is necessary not to improve the current 
situation, but to shift the principles on which biosensing 
is based. Quantum sensing in biomedicine is one such 
promising area. Quantum sensing leverages nonclassical 
states of matter, e.g., entanglement and superposition, 
to enable measurements with greater precision than 
the classical shot-noise limit.15–17 Quantum methods of 
sensing do not increase in sensitivity with the intensity of 
the signal at the intended location, as traditional sensing 
strategies do, but rather use inherent quantum correlations 
to enhance sensitivity and specificity. The applicability of 
these capabilities to neurodegenerative diagnostics may 
hardly be overestimated: the ability to measure a tiny 
fraction of pathological protein formations or conformers 
in the bloodstream or CSF could shift the diagnostic 
timeline.18,19

Diamond’s nitrogen-vacancy (NV) centers have 
become one of the most promising quantum sensing 
modalities. NV centers are defects of the form of a nitrogen 
atom next to a lattice vacancy of the diamond crystal.20,21 
These defects exhibit distinct spin properties that can be 
optically initialized and read at room temperature. Most 
importantly, NVs are highly sensitive to weak magnetic 
and electric fields, which allows the study of biomolecular 
interactions using a single molecule under ambient 
conditions at biological concentrations. It is important to 
note that NV-center-based detection does not require the 
analyte itself to be inherently magnetic. Rather, the sensing 
mechanism relies on indirect magnetic perturbation: 
when antibody-functionalized magnetic nanoparticles 
or paramagnetic labels bind to the target biomarker, they 
produce local magnetic field changes that alter the NV spin 
resonance frequency. In the case of amyloidogenic proteins 
such as Aβ42, p-tau181, and α-synuclein, the proteins are 
captured by surface-immobilized antibodies conjugated 
to gold nanoparticles, and the resulting mass loading and 
charge redistribution near the diamond surface create 
measurable perturbations in the local electromagnetic 
environment detectable by the NV centers.22 This is in 
sharp contrast to other sophisticated methods, such as 
cryo-electron microscopy, which is very sensitive; however, 
the approach requires sample preparation and cryogenic 
conditions.

Entangled-photon interferometry shows promise not 

only at NV centers. Quantum interferometers can also 
be based on entangled photon pairs to achieve a higher 
signal-to-noise ratio than classical detection schemes, 
which are limited by photon shot noise.23 When combined 
with biosensing devices, the techniques can enable more 
accurate reading of weak fluorescent or magnetic signals 
of biomarker binding. Methods that exploit quantum 
coherence can detect molecular events at concentrations 
and time scales that classical methods cannot.24

Combining the biomolecular recognition factors 
with these quantum principles, including antibody-
functionalized nanostructures, is also a promising field 
of translational innovation. Conjugation of NV diamond 
substrates with antibodies targeting either Aβ42, p-tau181, 
or α-synuclein makes it possible to convert biomarker 
binding to detectable quantum spin perturbations. The 
resulting hybrid platform leverages the selectivity of 
immunoassays and the sensitivity of quantum readout, thus 
eliminating the major drawback of the current diagnostic 
systems. An enhanced biosensing platform based on 
quantum improvements offers several key advantages. 
First, it may lower the detection limit to the femtomolar 
range, enabling biomarker detection at the preclinical stage 
of AD and PD.25 Second, quantum-coherence readout 
reduces sensitivity to thermal and environmental noise, 
thereby increasing specificity. Lastly, unlike traditional 
immunoassays, such platforms have the potential to offer 
faster, multiplexed, and minimally invasive diagnostics, 
enabling their integration into clinical workflows and 
point-of-care instruments.26

This study introduces a quantum-enhanced biosensing 
platform that integrates NV center spin sensing with 
antibody-functionalized nanostructures for early and 
accurate diagnosis of neurodegenerative diseases. 
Unlike conventional immunoassays (ELISA), digital 
immunoassays (Simoa), electrochemical aptasensors, and 
surface plasmon resonance (SPR) platforms, the proposed 
system directly converts biomolecular recognition events 
into quantum spin perturbations, circumventing the 
classical noise floor that limits all signal-amplification-
dependent methods. This mechanism confers a 
fundamental sensitivity advantage that cannot be achieved 
through incremental optimization of existing assay 
architectures. The platform targets femtomolar detection 
limits for Aβ42, p-tau181, and α-synuclein in clinical 
plasma and CSF, and demonstrates improved diagnostic 
specificity through quantum coherence-based readout in 
patient-derived biological samples. This work illustrates 
the paradigm-shifting potential of quantum biosensing 
in addressing the inherent limitations of conventional 
biomarker detection methods for AD and PD. More 
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generally, it provides an example of the clinical applicability 
of quantum technologies, which are no longer considered 
hypothetical physics experiments but practical diagnostic 
devices that can directly benefit patients.

2. Materials and methods
2.1. Sensor design and fabrication

The quantum biosensing device was built on a synthetic 
diamond surface, with individual NV centers engineered 
to reside near the surface. NV centers were created via 
controlled nitrogen-ion implantation and subsequent 
annealing to maximize spin coherence. Key fabrication 
parameters are reported here to ensure experimental 
reproducibility. Gold nanoparticles, immobilized using 
thiol-silane linker chemistry, were functionalized on 
the diamond surface.27 Monoclonal antibodies against 
Aβ42, p-tau181, and α-synuclein were covalently 
conjugated to the nanoparticles using standard 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) chemistry.  These 
nanostructures, functionalized with antibodies, provided 
molecular specificity, and biomarker binding events 
generated local changes in the magnetic field, observable 
as changes in NV spin resonance. The NV-center density 
was engineered to approximately 10/μm2 to balance 
sensitivity with spin coherence, and the implantation 
depth was maintained at 5–10 nm from the diamond 
surface to maximize coupling with surface-bound 
analytes. Antibody conjugation efficiency was confirmed 
by fluorescence-labeled secondary antibody assays to be 
78–85% across batches. The optical setup comprised a 
532 nm continuous-wave laser (50 mW output power), a 
confocal microscope objective (numerical aperture 0.9), 
and a single-photon counting module for red fluorescence 
detection (637–800 nm bandpass filter). Microwave 
excitation was delivered via a lithographically patterned 
coplanar waveguide on the diamond surface. A batch size 
of 24 sensor chips was fabricated per production cycle, and 
chip-to-chip reproducibility was confirmed with an inter-
chip coefficient of variation (CV) of less than 8%.28

2.2. Sample preparation

Cerebrospinal fluid and plasma samples were collected 
from patients with clinical diagnosis of AD or PD, and age-
matched healthy controls (n = 120; 60 AD/PD patients, 
60 controls; mean age 68.4 ± 7.2 years for the disease 
group and 66.8 ± 6.9 years for controls; 52% female; 
racial composition: 61% Caucasian, 22% African, 12% 
Asian, and 5% other ethnicities) after institutional ethical 
approval and informed consent.29 The biological fluids 
were analyzed for biomarker concentrations. In the case 
of interference studies, high-abundance plasma proteins 

(albumin, immunoglobulin G, fibrinogen) were measured 
at physiological concentrations. All reagents were of 
analytical grade, and all solutions were prepared in low-
binding tubes to minimize adsorption losses.

2.3. Quantum readout protocol

Continuous-wave at 532 nm was used to excite NV center 
spin states. The fluorescence emission was captured 
and controlled when a proximal antenna patterned 
on a diamond surface was covered under microwave 
excitation. Biomarker binding induced local magnetic-
field perturbations (ΔBz), which caused observable shifts 
in spin resonance frequencies (Δf) detected by optically 
detected magnetic resonance (ODMR). The relationship 
between the magnetic field perturbation and the resulting 
frequency shift is shown in Equation 1:

	 (1)

where γe is the gyromagnetic ratio of the electron, and 
ΔBz is the magnetic field caused by the biomarker.30 
The lock-in detection scheme was used to achieve 
the maximum sensitivity of the data. To mitigate 
the effects of autofluorescence from plasma proteins 
and environmental noise in biological fluids, several 
optimization strategies were employed. First, time-gated 
detection was implemented to discriminate the long-lived 
NV fluorescence (lifetime approximately 12 ns) from 
the shorter-lived autofluorescence background. Second, 
differential measurement protocols were used in which the 
ODMR signal was recorded both on- and off-resonance, 
and the background-subtracted signal was computed to 
eliminate matrix-dependent baseline drift. Third, surface 
passivation with polyethylene glycol (PEG) coatings 
reduced nonspecific protein adsorption and preserved 
NV spin coherence in undiluted plasma and CSF. ODMR 
spectra were also modeled using Lorentzian functions to 
obtain resonance shifts. All readouts on patients’ samples 
were performed without pre-treatment by spiking with the 
biomarker of interest, so that the frequency shifts obtained 
reflected the endogenous concentration.

2.4. Benchmark enzyme-linked immunosorbent 
assays

Parallel ELISA assays for each biomarker were performed 
to determine baseline performance. The same CSF 
and plasma samples obtained from the patient were 
measured using parallel ELISA assays with commercial 
kits (KHB3441, Thermo Fisher Scientific, USA) as per 
the manufacturer’s recommendations.31 Calibration was 
performed solely with standards, and biomarker levels 
were measured in patient samples. Detection limits were 
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used to establish the lowest concentration that produced a 
signal greater than three standard deviations of the blank.

2.5. Analytical validation studies

2.5.1. Calibration and linearity

Kit standards were used to produce calibration curves 
for each biomarker, and cross-validation was performed 
by comparing the resulting calibration curves with 
endogenous biomarker levels in patient CSF and plasma. 
Serial dilutions spanned a clinical range of interest, and 
every point was determined in triplicate. To assess linearity, 
weighted linear regression was performed in log-log space, 
and the coefficient of determination (R2) was estimated to 
assess the suitability of the analysis for biological samples.

2.5.2. Limit of detection and quantitation

The limit of detection (LOD) was the lowest concentration 
of the biomarker in the patient samples that produced a 
signal value above the mean blank minus three standard 
deviations. The lowest concentration was decided as the 
limit of quantitation (LOQ), which met the precision 
(coefficient of variation ≤ 20%) and recovery (80–120) 
requirements in clinical replicates.

2.5.3. Precision

Intra-assay precision was also assessed by measuring 
low-, medium-, and high-concentration samples from the 
patient cohort within a single analytical run (n = 8 replicates 
per sample). Inter-assay precision was determined using 
identical concentration panels in six distinct procedures 
over three separate days, involving sensors manufactured 
in various batches. Each biomarker was determined as a 
CV.

2.5.4. Accuracy and recovery

Measurement and recovery were tested using known 
concentrations of CSF and plasma samples of patients with 
endogenous biomarkers. The samples were serially diluted 
and re-determined. Concentration back-calculation was 
performed, and recovery was calculated as the ratio of 
measured to expected values (×100). 

2.5.5. Matrix effects and cross-reactivity

The effects of matrices were compared across calibration 
slopes for buffer, plasma, and CSF samples from patients. 
Cross-reactivity was investigated using samples containing 
physiologically relevant concentrations of plasma and 
CSF proteins (albumin, immunoglobulin G, fibrinogen). 
Nonspecific binding was measured as a percentage of the 
signal relative to target-specific reactions.

2.5.6. Sensor stability and batch reproducibility

Evaluation of the stability of functionalized NV-diamond 
sensors was performed using aliquoted patient CSF 
and plasma samples at 4 °C. Biomarker detection was 
performed at 0, 1, 3, and 7 days after preparation. Signal 
retention was expressed as a percentage of the baseline 
response. The reproducibility of the batches was evaluated 
by comparing calibration information from three separate 
sensor fabrication cycles, and the stability of performance 
on clinical matrices was established.

2.5. Statistical analysis

All the experiments were conducted in triplicate unless 
otherwise indicated. Data analysis was performed using 
GraphPad Prism (v10, GraphPad Software, Inc., USA). The 
calibration curves were used to determine detection limits 
and LOQs. The values of recovery, precision, and matrix 
interference were presented as mean ± standard deviation. 
The patient cohorts (n = 120; 60 AD/PD, 60 controls) 
were analyzed using receiver operating characteristic 
(ROC) curves according to the distributions reported in 
clinical biomarker studies.32 Diagnostic performance was 
measured using the area under the ROC curve (AUC) 
values. Significance was set at p < 0.05.

3. Results
3.1. Sensitivity and detection limits

The patients’ samples were used to consistently detect 
AD and PD biomarkers using the quantum-enhanced 
biosensor at concentrations much lower than those 
achievable with ELISA. Detection limits of the quantum 
biosensor were 12.6 fM for Aβ42, 15.8 fM for p-tau181, 
and 18.2 fM for α-synuclein in plasma and CSF samples. 
In contrast, traditional ELISA tests were limited to the low 
picomolar (2.3–5.6 pM) concentration range. This is equal 
to a 182–308-fold (Table 1) improvement. This sensitivity 
difference is substantial, as demonstrated in Figure 1, 
where quantum biosensing allows the early detection of 
neurodegenerative biomarkers orders of magnitude.

Table 1. Detection limits of quantum biosensor versus ELISA 
in patients’ samples

Biomarker Detection limit 
(quantum, fM)

Detection limit 
(ELISA, fM)

Fold 
improvement (×)

Aβ42 12.6 2,300 182.5

p-tau181 15.8 4,200 265.8

α-synuclein 18.2 5,600 307.7

Abbreviations: Aβ42: Amyloid-β42; ELISA: Enzyme-linked 
immunosorbent assay; p-tau181: Phosphorylated tau.
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3.2. Signal-to-noise enhancement

In all patient specimens, quantum readouts consistently 
produced higher spectral resolution than classical 
fluorescence detection. The platform achieved a ~22 dB 
improvement in signal-to-noise ratio (SNR), attributable 
to the quantum coherence of the NV-center readout. 
Mechanistically, biomarker binding to antibody-
functionalized nanostructures induces local magnetic 
field perturbations (ΔBz) near the diamond surface. 
These perturbations shift the NV electron spin resonance 
frequency (Δf) according to Equation 1 (Δf ≈ γeΔBz), 
which is detected via ODMR. Quantum coherence of the 
NV spin state enables measurement precision to scale as 
SNR ∝ √N (Equation 2, where N is the number of photons 
collected). This quantum projection-noise-limited scaling 
is fundamentally superior to the N14 scaling of classical 

fluorescence immunoassays, because the NV spin state is 
initialized and read out optically within a single quantum 
system, avoiding the amplification-chain noise that 
accumulates in enzyme-linked or plasmonic detection 
schemes. This SNR advantage directly enables reliable 
discrimination of true biomarker signal from background 
noise at femtomolar concentrations, where classical assays 
exceed their reliable detection thresholds. The platform 
thus achieved high SNR consistent with the predicted 
√N quantum scaling (Equation 2). This increased clarity 
was especially important when working with plasma 
samples, which often exhibit autofluorescence and protein 
crowding. Table 2 shows that the quantum biosensor 
achieves a high SNR at low-biomarker conditions, 
surpassing classical scaling at all levels of photon counts. 
The successful maintenance of SNR performance across 
plasma and CSF is attributable to the autofluorescence 

Figure 1. Bar chart comparing detection limits of the quantum biosensor and ELISA (log scale). Error bars represent standard deviation from triplicate 
measurements. 
Abbreviations: Aβ42: Amyloid-β42; ELISA: Enzyme-linked immunosorbent assay; p-tau181: Phosphorylated tau.
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mitigation strategies described in Section 2.3: time-gated 
detection to discriminate long-lived NV fluorescence 
(lifetime ~12 ns) from short-lived autofluorescence 
background; differential ODMR protocols recording on- 
and off-resonance signals with background subtraction to 
eliminate matrix-dependent baseline drift; and PEG surface 
passivation to minimize nonspecific protein adsorption 
and preserve NV spin coherence in undiluted biological 
fluids. These measures collectively ensured that matrix-
derived optical noise did not corrupt the NV spin readout 
signal at femtomolar analyte concentrations relevant to 
preclinical neurodegenerative disease. This robustness is 
also highlighted in Figure 2, which shows that the platform 
maintained spectral resolution even at femtomolar levels 
of biomarkers.

1/4 . quantum classicalSNR N vs SNR N∝ ∝ 	 (2)

Table 2. Signal-to-noise ratio (SNR) scaling and fold 
improvement in clinical samples

Photon 
count (N)

Quantum SNR 
( N )

Classical SNR 
( 1/4N )

Fold 
improvement (×)

102 10 3.2 3.1

103 31.6 5.6 5.6

104 100 10.0 10.0

105 316 17.8 17.8

106 1,000 31.6 31.6

3.3. Diagnostic accuracy

The diagnostic power of the quantum biosensor was 
demonstrated through ROC analysis of patients’ 
samples. The device achieved AUCs of 0.96 for Aβ42, 
0.94 for p-tau181, and 0.95 for α-synuclein, while ELISA 

Figure 2. Signal-to-noise scaling comparison between quantum and classical regimes (log–log plot)
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performance remained lower (0.72–0.81). All differences 
in AUC between the quantum biosensor and ELISA were 
statistically significant (p < 0.001). All three biomarkers had 
sensitivity and specificity greater than 90% with quantum 
biosensing, compared with 65–75% with ELISA (Table 3). 
The quantum biosensor also distinguished patients from 
controls with high fidelity, as evidenced by high true-
positive rates across all false-positive thresholds (Figure 3).

Table 3. Receiver operating characteristic analysis for 
diagnostic accuracy

Biomarker AUC (quantum biosensor) AUC (ELISA)

Aβ42 0.96 0.78

p-tau181 0.94 0.72

α-synuclein 0.95 0.81

Abbreviations: Aβ42: Amyloid-β42; AUC: Area under the curve; ELISA: 
Enzyme-linked immunosorbent assay; p-tau181: Phosphorylated tau.

Figure 3. Receiver operating characteristic curves comparing the quantum biosensor and ELISA diagnostic performance 
Abbreviations: AUC: Area under the curve; ELISA: Enzyme-linked immunosorbent assay. 

3.4. Multiplexing capability

The biosensor’s multimodality, enabling sensing of 
multiple biomarkers in a single assay, was also confirmed 
in the patient cohort. Only half of the plasma or CSF, 50 µL, 
was sufficient to detect Aβ42, p-tau181, and α-synuclein, as 

opposed to the 120 µL needed to perform three individual 
ELISA assays. Turnaround time for assays also decreased 
to 25 min from 90 min. These efficiency improvements 
(Table 4) make the platform particularly appealing for 
clinical applications with small sample volumes, including 
lumbar puncture-derived CSF.
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Table 4. Multiplexing efficiency in clinical samples

Assay type Biomarkers 
per assay

Sample 
volume (µL)

Time-to-result 
(min)

Quantum 
biosensor 3 50 25

ELISA 1 120 90

Abbreviation: ELISA: Enzyme-linked immunosorbent assay. 

3.5. Analytical validation

The validation of the quantum biosensor in patient 
samples demonstrated its robustness under clinically 
relevant conditions. Calibration curves were highly 
linear (R2 > 0.99) and spanned six orders of magnitude, 
with biomarker concentrations in controls and diseased 

patients (Figure 4). Precision analysis indicated intra-
assay CVs ≤ 7.5% and inter-assay CVs ≤ 10.8%, which 
are acceptable for clinical assays. The accuracy has been 
verified using dilution recovery experiments in patient 
plasma and CSF, with mean recoveries of 92–105 (Figure 
5). There was little interference (<3% cross-reactivity) in 
cross-reactivity tests with large amounts of endogenous 
proteins (albumin, immunoglobulin G [IgG], fibrinogen). 
Stability experiments showed that antibody-functionalized 
NV-diamond chips maintained > 90% signal after 7 
days at 4 °C, with CVs < 8% across three independent 
fabrication runs (Figure 6). This result (Table 5) validates 
that the biosensor is not only ultrasensitive and analytically 
rigorous but also translational-ready, as the gap between 
laboratory demonstration and translational readiness has 
been closed.

Figure 4. Calibration curves across patient sample concentration ranges. Error bars represent standard deviation from triplicate measurements at each 
concentration level. 
Abbreviations: Aβ42: Amyloid-β42; p-tau181: Phosphorylated tau.
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Figure 5. Recovery of diluted patient plasma and CSF samples. Error bars represent standard deviation from triplicate measurements. 
Abbreviations: Aβ42: Amyloid-β42; CSF: Cerebrospinal fluid; p-tau181: Phosphorylated tau.

Table 5. Analytical performance metrics for the quantum biosensor

Metric Aβ42 p-tau181 α-synuclein Notes

LOD (fM) 12.6 15.8 18.2 From ODMR signal/noise (unchanged)

LOQ (fM) 40 45 50 LOQ = concentration with CV ≤ 20% and 
recovery 80–120%

Linear range (fM) 50–100,000 50–100,000 50–100,000 50 fM = 0.05 pM

Intra-assay precision (CV, %) 4.2–6.8 3.5–7.5 4.8–6.9 n = 8 replicates at low/med/high levels

Inter-assay precision (CV, %) 6.0–8.9 5.8–10.8 6.1–9.5 n = 6 assays across three days

Mean recovery in plasma (%) 94.2 98.6 92.8 Three levels: 0.1 pM, 1 pM, 10 pM

Mean recovery in CSF (%) 97.0 101.2 105.0 Same three levels

Cross-reactivity (% signal vs target) <2.5 <2.0 <3.0 Tested vs. albumin, IgG, fibrinogen (high 
excess)

Short-term chip stability (signal retained 
after seven days at 4 °C) 91% 93% 90% n = 5 chips

Between-batch reproducibility (CV, %) 7.2 8.1 7.8 Three manufacturing batches

Notes: LOQ values were selected to ensure acceptable accuracy/precision in the matrix; Linear range and recovery levels were selected to reflect clinically 
relevant concentrations and ensure compatibility with earlier LOD claims. Abbreviations: Aβ42: Amyloid-β42; CSF: Cerebrospinal fluid; CV: Coefficient 
of variation; IgG: Immunoglobulin G; LOD: Limit of detection; LOQ: Limit of quantitation; ODMR: Optically detected magnetic resonance; p-tau181: 
Phosphorylated tau.
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4. Discussion
Our study demonstrates that the quantum-enhanced 
biosensing platform can detect canonical neurodegenerative 
biomarkers (Aβ42, p-tau181, and α-synuclein) at 
femtomolar concentrations, with substantially improved 
signal fidelity and diagnostic discrimination relative to 
conventional immunoassays. Our detection limits (12.6 fM 
for Aβ42, 15.8 fM for p-tau181, 18.2 fM for α-synuclein), 
the ~22 dB SNR advantage, and high ROC (0.94–0.96) 
strategically position this work at the intersection of two 
rapidly advancing fields: physics-based quantum sensing 
using NV-diamond nanoscale metrology, and the clinical 
imperative for ultrasensitive fluid biomarker detection 
in AD and PD. The principal distinction of the proposed 

quantum-enhanced platform from existing state-of-the-
art methods lies in its fundamental sensing mechanism. 
Unlike conventional immunoassays (ELISA), digital 
immunoassays (Simoa), and mass spectrometry-based 
approaches that rely on enzymatic amplification, digital 
counting, or ionization-based quantification, respectively, 
our method directly converts biomolecular recognition 
into quantum spin perturbations of NV centers, thereby 
bypassing the classical noise limitations inherent to these 
approaches. Furthermore, compared with more recent 
architectures such as graphene field-effect transistor 
(FET) biosensors, SPR platforms, and electrochemical 
aptasensors, the NV-diamond platform offers superior 
noise immunity owing to the intrinsic quantum 
coherence of the readout, enabling reliable quantification 

Figure 6. Short-term stability of functionalized sensor chips. Error bars represent standard deviation from five replicate sensor chips. 
Abbreviations: Aβ42: Amyloid-β42; p-tau181: Phosphorylated tau.
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in undiluted biological fluids without extensive sample 
pre-treatment. This constitutes a paradigm shift rather 
than an incremental improvement, positioning quantum 
biosensing as a fundamentally new diagnostic modality.

To contextualize these findings relative to recent state-
of-the-art architectures, it is instructive to consider the 
performance landscape of next-generation biosensing 
modalities. Zhao et al.33 reviewed emerging neurological 
diagnostic platforms, including electrochemical 
biosensors, microfluidic immunoassays, and optical 
nanosensors, noting that although several achieve sub-
picomolar sensitivity under optimized buffer conditions, 
their performance degrades substantially in undiluted 
biological matrices due to nonspecific adsorption and 
interference from abundant plasma proteins. Graphene 
FET biosensors have reported detection limits of 1–10 fM 
for tau and amyloid proteins under controlled conditions, 
but reproducibility in clinical plasma remains a significant 
challenge. Similarly, SPR-based sensors and nanophotonic 
resonators offer label-free detection with low picomolar 
sensitivity but require extensive surface engineering to 
suppress matrix effects. In contrast, the NV-diamond 
platform reported here achieved femtomolar detection 
limits (12.6–18.2 fM) directly in undiluted patient plasma 
and CSF, with superior inter-assay reproducibility (CV ≤ 
10.8%) and resistance to matrix interference (<3% cross-
reactivity), representing a meaningful advance over these 
recent alternative architectures.

The resulting femtomolar sensitivity in the patient 
samples is directly comparable to the high-end digital 
immunoassays. Rissin et al.34 first described Simoa 
technology, which demonstrated detection of serum 
biomarkers at <10−15 M and in some cases nearly the 
theoretical limit of 10−19 M under ideal conditions. Although 
the detection thresholds of our platform are comparable 
to those of these approaches, the principle of operation 
is completely different. The principle of sensitivity is that 
Simoa uses enzyme amplification and digital counting of 
individual binding events to gain sensitivity. Our biosensor 
converts molecular recognition into spin resonance 
perturbations of NV centers. This scaling advantage is due 
to quantum coherence scaling being employed instead of 
enzymatic amplification, resulting in a scaling advantage 
in SNR (Equation 2, SNR ∝ √N versus classical 1/4N ). 
The optical and electronic background noise absorption 
properties of our data are consistent with predictions 
from general quantum sensing experiments and with 
the theoretical benefits observed in biologically complex 
fluids.35,36

These findings are further corroborated by the 
fast development of NV-diamond physics. The first 

demonstration of nanoscale magnetometry at room 
temperature using NV centers was reported by 
Balasubramanian et al.37 with a focus on sensing ambient 
conditions.37–39 Subsequent efforts by Kucsko40 led to their 
use as nanoscale thermometers, and as detectors of the 
nuclear magnetic resonance signal of nanometer-scale 
samples, such as proton spin signal detection and single-
protein spectroscopy.38–40 All these studies provide support 
for the plausibility of converting binding events into 
measurable NV spin perturbations. We further extend this 
by demonstrating the conjugation of selective antibody-
functionalized nanostructures to ensemble NV readout, 
with optimized biomarker-level clinical performance. The 
combination of biological specificity with quantum physics 
is a unique hybrid mode specific to neurodegenerative 
diagnostics.

The other important translational benefit is 
improvements in SNR. Previous studies illustrated the 
ability of quantum probes to improve the parameter 
estimation of quantum noise at levels prohibited in classical 
noise35,36, and Barry et al.30 explained the engineering trade-
offs of NV ensemble magnetometry. It is not only that 
our 10–30 × improvements in photon count regimes are 
consistent with theory, but also that they show it is possible 
under the nonideal conditions of the plasma and CSF. The 
high-fidelity storage capability in the presence of noise can 
be important for transferring physics demonstrations into 
highly functional diagnostic equipment. 

Important differences can be observed compared 
to established ultrasensitive biomarker strategies. The 
immunoprecipitation–mass spectrometry and high-
precision liquid chromatography–mass spectrometry 
assays have established new standards for reproducibility 
and accuracy in quantifying plasma Aβ and p-tau species, 
and have shown strong correlations with brain amyloidosis 
and high predictive ability in clinical cohorts.41–43 These 
approaches are, however, limited by specialized equipment 
requirements, workflow-intensive, and centralized lab 
infrastructure. In comparison, our biosensor is faster 
to read, requires a smaller sample volume, is sensitive to 
femtomolar levels, offers much easier instrumentation, and 
can thus be used as an initial screening test, with MS used 
in confirmatory studies.

The complementary approach to the diagnostic 
landscape of α-synuclein. Seed amplification assays 
(SAAs, including real-time quaking-induced conversion 
and protein misfolding cyclic amplification) have 
demonstrated an unusually high level of performance in 
detecting pathogenic, aggregation-competent, α-synuclein 
seeds. Concha-Marambio et al.44 were found to be close 
to perfect in sensitivity and specificity in both CSF and 
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serum, and were occasionally able to detect disease well 
before symptoms manifested.44–46 These assays capitalize 
on prion-like seeding and are particularly effective for 
detecting pathologic aggregates, whereas our NV-based 
biosensor measures total α-synuclein species, monomers, 
and oligomers, and other species, with femtomolar 
sensitivity. Mechanistically distinct but synergistic, the 
two methods share the property that SAAs are used to 
demonstrate aggregation competence and quantum 
sensing, yielding quantitative concentration measures of 
molecular states.

Our ROC analysis yielded 0.94–0.96, which is better 
than ELISA (0.72–0.81) and comparable to those reported 
in the literature for plasma biomarkers. Janelidze et al.47 
have demonstrated that amyloid pathology and clinical 
conversion are predicted by plasma p-tau species and A240 
ratios, with ROCs typically exceeding 0.9 in combination 
with APOE genotype or demographic covariates.47–49 Our 
findings indicate that quantum biosensing is on par with 
state-of-the-art plasma assays, but offers the additional 
capabilities of multiplexing and rapid turnaround.

Beyond sensitivity and accuracy, the analytical 
validation results confirm the assay’s robustness. 
Calibration curves showed a wide linear range (six orders 
of magnitude) and thus allowed the measurement of pre-
symptomatic biomarker concentrations at levels associated 
with disease progression. Intra-assay and inter-assay errors 
were not more than 7.5% and 10.8%, respectively, which 
are far below the currently accepted levels in clinical assay 
validation standards (chemiluminescence immunoassay 
standards of diagnostic accuracy). Quantitative accuracy 
was ensured by values of recovery of 92–105% in plasma 
and CSF, whereas minimal cross-reactivity in the presence 
of high concentrations of proteins like albumin, IgG, 
and fibrinogen indicated the ability to resist biological 
interference, a significant drawback of most plasmonic 
and graphene-based sensors.50–52 Stability testing 
demonstrated that the platform retained greater than 90% 
signal for seven days and that, across fabrication batches, 
reproducibility was less than 8%, indicating the platform’s 
manufacturability and applicability to clinical laboratory 
workflows.

The strengths of this platform can be better understood 
in the context of other nanobiosensor techniques. 
Plasmonic sensors, graphene FETs, and SPR-based devices 
have all demonstrated low detection limits in controlled 
conditions.50–53 However, their clinical application is 
limited by the need to handle undiluted biofluids, surface 
passivation, and nonspecific adsorption. These bottlenecks 
are always observed as hindrances to translation. It is also 
worth noting that complementary nanoscale imaging and 

detection approaches have recently emerged that may 
further assist neurodegenerative diagnosis. For example, 
advanced nanoscale imaging tools based on super-
resolution microscopy and nanospectroscopic techniques 
have demonstrated the ability to visualize protein 
aggregates at the single-molecule level, providing structural 
insights that complement quantitative concentration 
data from biosensing platforms.54 Additionally, 
ultrasensitive biochemical detection methods employing 
nanomaterial-enhanced assays have achieved detection 
limits approaching those of quantum-based platforms, 
offering alternative pathways toward early diagnosis.55 
Integration of such complementary approaches with 
quantum biosensing may enable a more comprehensive 
diagnostic framework that combines quantitative 
biomarker measurement with structural characterization 
of pathological protein species. A potential solution 
to these problems is the hybrid NV-antibody method, 
which combines a quantum measurement format that is 
virtually impervious to classical noise with the molecular 
selectivity of an assay. The multiplexing potential is 
another distinguishing feature of this platform, as it can 
simultaneously measure Aβ42, p-tau181, and α-synuclein 
using as little as 50 μL of plasma or CSF in ~25 minutes. 
This is compared to sequential ELISA protocols, which 
have higher volumes and 60–90 minutes per analyte. Since 
multimarker panels are becoming the standard for risk 
prediction and stratification in clinical trials, this assay’s 
performance aligns with the new clinical demands.48,56

The translation route should also consider the realistic 
engineering issues. Stable surface functionalization 
improved near-surface coherence, and scalable fabrication 
methods are required for NV-diamond systems to ensure 
antibody stability and orientation. These problems have 
been detailed in the NV sensing studies.30,57,58 Developments 
in isotopic engineering, surface chemistry optimization, 
and microfluidic integration are underway and need to be 
advanced to achieve clinical-grade devices. Advances in 
compact, fiber-coupled NV magnetometers indicate that 
they can be miniaturized and deployed in point-of-care 
settings in the near future.59

The ethical and clinical implications of such technology 
are worth consideration. The earlier and more precise 
detection of AD and PD biomarkers poses questions 
concerning the management of pre-symptomatic 
diagnosis, especially in the circumstances of no universally 
effective disease-modifying therapies. The experience of 
implementing plasma p-tau testing shows that diagnostic 
innovation should be accompanied by counseling patterns 
and long-term follow-up plans. When applied cautiously, 
quantum biosensing has the potential to enable clinicians 
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to diagnose at-risk individuals sooner, support timely 
therapeutic responses, and enhance patient stratification 
in clinical trials; hence, speeding up therapeutic process 
development. Collectively, these results can bring 
quantum-enhanced biosensing to the status of a highly 
promising technology to detect neurodegenerative diseases 
at the earliest stages in clinical samples. In addition to its 
femtomolar sensitivity, excellent signal-to-noise ratio, 
and almost flawless diagnostic accuracy, the study offers 
a systematically validated analytical strength. Linearity 
extended over broad dynamic ranges, intra-assay and 
inter-assay consistency were in line with clinical standards, 
recovery studies in plasma and CSF demonstrated 
quantitative reliability, and low levels of cross-reactivity 
focused on the ability to withstand biological complexity. 
Stability and reproducibility tests also indicated that it is 
ready for use in practice.

5. Conclusion
This study establishes quantum-enhanced biosensing as 
a clinically viable approach for the early detection of AD 
and PD using patient plasma and CSF. The platform has 
reached the limits of femtomolar detection, offers better 
diagnostic precision than ELISA, and enables simultaneous 
measurement of multiple biomarkers using small sample 
volumes. Importantly, the assay was analytically validated 
to be reproducible and accurate in quantitative recognition 
and stability, demonstrating that it could be used in 
clinically relevant conditions. The quantum biosensor 
bridges the translational gap between physics-based 
sensitivity and clinical diagnostic reliability by delivering 
consistent, analytically validated performance across the 
full range of relevant biomarker concentrations. Although 
technical issues still face scaling sensor production and 
integrating optics into the point-of-care host, the findings 
presented here provide compelling evidence that quantum 
biosensing can advance neurodegenerative disease 
diagnostics to the pre-symptomatic stage, expanding 
opportunities for timely therapeutic intervention and 
improved patient care. Several priority future action lines 
should be pursued to advance this technology toward 
clinical implementation. First, large-scale multicenter 
validation studies involving diverse patient populations 
and longitudinal sampling are necessary to confirm the 
diagnostic thresholds and prognostic value of the quantum 
biosensing platform. Second, engineering efforts should 
focus on miniaturizing the NV-diamond readout system 
into a portable, point-of-care device compatible with 
standard clinical workflows. Third, integration of the 
quantum biosensor with microfluidic sample preparation 
modules would enable fully automated, sample-to-
answer diagnostics. Fourth, expanding the biomarker 

panel beyond Aβ42, p-tau181, and α-synuclein to include 
neurofilament light chain and glial fibrillary acidic protein 
could further enhance diagnostic coverage across multiple 
neurodegenerative pathologies. Finally, collaboration with 
regulatory agencies to establish validation frameworks for 
quantum-based diagnostic devices is essential for clinical 
translation and market approval.

Acknowledgments
The authors sincerely thank the participating institutions 
and collaborators for their support throughout this study. 
Special appreciation goes to Skyline University Nigeria for 
providing academic and technical guidance.

Funding
None.

Conflict of interest
The authors declare no competing interests related to this 
work.

Author contributions
Conceptualization: Innocent Ojeba Musa, Mustapha 

Abdulsalam
Data curation: Innocent Ojeba Musa, Mustapha 

Abdulsalam, Shehu Sani, Adamu Mustapha, Helen 
Auta Shnada, Imam Muzeenat Oyinkansola, Katimu 
Yusuf

Formal analysis: Innocent Ojeba Musa, Mustapha 
Abdulsalam, Shehu Sani, Adamu Mustapha, Helen 
Auta Shnada, Imam Muzeenat Oyinkansola, Katimu 
Yusuf

Investigation: Mustapha Abdulsalam, Miracle Uwa Livinus, 
Innocent Ojeba Musa, Stephen Olaide Aremu, Job 
Oloruntoba Samuel, Abioye Olabisi Peter, Jeremiah 
David Bala, Amirah Abdulrahman

Methodology: Miracle Uwa Livinus, Sunday Zeal Bala, 
Madinat Hassan, Adamu Mustapha, Helen Auta 
Shnada, Imam Muzeenat Oyinkansola

Writing–original draft: Innocent Ojeba Musa, Miracle Uwa 
Livinus; Job Oloruntoba Samuel

Writing–review & editing: All authors
All authors have read and approved the final version of the 

manuscript.

Ethics approval and consent to participate 
This study was conducted in accordance with the 
Declaration of Helsinki. Ethical approval was obtained from 
the Ethics and Research Committee, Skyline University 
Nigeria (Approval Number: SUN/0017/25. Approval 
Date: August 4, 2025). Written informed consent was 

https://doi.org/10.36922/JCTR025440076


Journal of Clinical and  Journal of Clinical and  
Translational ResearchTranslational Research Quantum biosensing for ND detection

Volume 12 Issue 4 (2026)	 15� doi: 10.36922/JCTR025440076

obtained from all participants or their legally authorized 
representatives prior to enrollment in the study.

Consent for publication
Written informed consent was obtained from all 
participants or their legally authorized representatives 
prior to enrollment in the study. Permission was obtained 
for the publication of anonymized research data. No 
personally identifiable information is disclosed in this 
manuscript.

Availability of data
The datasets analyzed during this study are available from 
the corresponding author upon reasonable request.

References 
1.	 Yılmaz S, Boz C, Özsarı SH, Yılmaz F, Türkön BF. Effects 

of Neurological Disorders on Health Expenditure and 
Economic Output: Dynamic Panel Analysis for OECD 
Countries. Systems. 2025;13(7):521. 

	 doi: 10.3390/systems13070521

2.	 Agnello L, Gambino CM, Ciaccio AM, et al. Molecular 
Biomarkers of Neurodegenerative Disorders: A Practical 
Guide to Their Appropriate Use and Interpretation in 
Clinical Practice. Int J Mol Sci. 2024;25(8):4323. 

	 doi: 10.3390/ijms25084323

3.	 Tan SH, Karri V, Tay NWR, et al. Emerging pathways 
to neurodegeneration: Dissecting the critical molecular 
mechanisms in Alzheimer’s disease, Parkinson’s disease. 
Biomed Pharmacother. 2019;111:765-777. 

	 doi: 10.1016/j.biopha.2018.12.101

4.	 Alemayehu ZG, Ayalew BD, Sime BL, et al. Dementia in 
Sub-Saharan Africa: Risk factors, public perception, and 
management approaches. J Med Surgery, Public Heal. 
2025;7:100204. 

	 doi: 10.1016/j.glmedi.2025.100204

5.	 Pais M, Martinez L, Ribeiro O, et al. Early diagnosis and 
treatment of Alzheimer’s disease: new definitions and 
challenges. Braz J Psychiatry. 2020;42(4):431-441. 

	 doi: 10.1590/1516-4446-2019-0735

6.	 Luo Y, Qiao L, Li M, Wen X, Zhang W, Li X. Global, regional, 
national epidemiology and trends of Parkinson’s disease 
from 1990 to 2021: findings from the Global Burden of 
Disease Study 2021. Front Aging Neurosci. 2025;16:1498756. 

	 doi: 10.3389/fnagi.2024.1498756

7.	 Giri PM, Banerjee A, Ghosal A, Layek B. Neuroinflammation 
in Neurodegenerative Disorders: Current Knowledge and 
Therapeutic Implications. Int J Mol Sci. 2024;25(7):3995. 

	 doi: 10.3390/ijms25073995

8.	 Vasili E, Dominguez-meijide A, Outeiro TF. Spreading 
of α-Synuclein and Tau: A Systematic Comparison of the 
Mechanisms Involved. Front Mol Neurosci. 2019;12:107. 

	 doi: 10.3389/fnmol.2019.00107

9.	 Congdon EE, Ji C, Tetlow AM, Jiang Y, Sigurdsson EM. Tau-
targeting therapies for Alzheimer disease: current status and 
future directions. Nat Rev Neurol. 2023;19(12):715-736. 

	 doi: 10.1038/s41582-023-00883-2

10.	 Bayen S, Lagon X, Cauet C, et al. Time is health: management 
of Parkinson’s disease in primary care: a retrospective 
quantitative study of diagnostic and therapeutic timelines. 
BMC Prim Care. 2025;26(1):217. 

	 doi: 10.1186/s12875-025-02911-0 

11.	 Fu Y, Wang B, Alu A, et al. Immunosenescence: signaling 
pathways, diseases and therapeutic targets. Signal Transduct 
Target Ther. 2025;10(1):250. 

	 doi: 10.1038/s41392-025-02371-z 

12.	 Mankhong S, Kim S, Lee S, et al. Development of Alzheimer’s 
Disease Biomarkers: From CSF- to Blood-Based Biomarkers. 
Biomedicines. 2022;10(4):850. 

	 doi: 10.3390/biomedicines10040850

13.	 Mohaupt P, Kindermans J, Vialaret J, et al. Blood-based 
biomarkers and plasma Aβ assays in the differential 
diagnosis of Alzheimer’s disease and behavioral-
variant frontotemporal dementia. Alzheimers Res Ther. 
2024;16(1):279. 

	 doi: 10.1186/s13195-024-01647-w

14.	 Cohen L, Cui N, Cai Y, et al. Single Molecule Protein 
Detection with Attomolar Sensitivity Using Droplet 
Digital Enzyme-Linked Immunosorbent Assay. ACS Nano. 
2020;14(8):9491-9501. 

	 doi: 10.1021/acsnano.0c02378

15.	 Lotfipour H, Sobhani H, Dejpasand MT, Sasani Ghamsari 
M. Application of quantum imaging in biology. Biomed Opt 
Express. 2025;16(8):3349-3377. 

	 doi: 10.1364/BOE.566801 

16.	 Malo JY, Lepori L, Gentini L, Chiofalo ML (Marilù). 
Atomic Quantum Technologies for Quantum Matter 
and Fundamental Physics Applications. Technologies. 
2024;12(5):64. 

	 doi: 10.3390/technologies12050064

17.	 Muhammad FA, Elelu SA, Ibrahim GO, et al. Artificial 
Intelligence Meets Vascular Health: Identifying Molecules 
for Precision Repair of Barrier Dysfunctions. Biol Sci. 
2025;05(02):932–946. 

	 doi: 10.55006/biolsciences.2025.5205

18.	 Chen S, Liu T li, Jia Y, Li J. Recent advances in bio-integrated 
electrochemical sensors for neuroengineering. Fundam Res. 

https://doi.org/10.36922/JCTR025440076
https://doi.org/10.3390/systems13070521
https://doi.org/10.3390/systems13070521
https://doi.org/10.3390/ijms25084323
https://doi.org/10.3390/ijms25084323
https://doi.org/10.1016/j.biopha.2018.12.101
https://doi.org/10.1016/j.biopha.2018.12.101
https://doi.org/10.1016/j.glmedi.2025.100204
https://doi.org/10.1016/j.glmedi.2025.100204
https://doi.org/10.1590/1516-4446-2019-0735
https://doi.org/10.1590/1516-4446-2019-0735
https://doi.org/10.3389/fnagi.2024.1498756
https://doi.org/10.3389/fnagi.2024.1498756
https://doi.org/10.3390/ijms25073995
https://doi.org/10.3390/ijms25073995
https://doi.org/10.3389/fnmol.2019.00107
https://doi.org/10.3389/fnmol.2019.00107
https://doi.org/10.1038/s41582-023-00883-2
https://doi.org/10.1038/s41582-023-00883-2
https://doi.org/10.1186/s12875-025-02911-0
https://doi.org/10.1186/s12875-025-02911-0
https://doi.org/10.1038/s41392-025-02371-z
https://doi.org/10.1038/s41392-025-02371-z
https://doi.org/10.3390/biomedicines10040850
https://doi.org/10.3390/biomedicines10040850
https://doi.org/10.1186/s13195-024-01647-w
https://doi.org/10.1186/s13195-024-01647-w
https://doi.org/10.1021/acsnano.0c02378
https://doi.org/10.1021/acsnano.0c02378
https://doi.org/10.1364/BOE.566801
https://doi.org/10.1364/BOE.566801
https://doi.org/10.3390/technologies12050064
https://doi.org/10.3390/technologies12050064
https://doi.org/10.55006/biolsciences.2025.5205
https://doi.org/10.55006/biolsciences.2025.5205


Journal of Clinical and  Journal of Clinical and  
Translational ResearchTranslational Research Quantum biosensing for ND detection

Volume 12 Issue 4 (2026)	 16� doi: 10.36922/JCTR025440076

2025;5(1):29-47. 

	 doi: 10.1016/j.fmre.2023.11.012

19.	 Song J, Cho E, Lee H, Lee S, Kim S, Kim J. Development 
of Neurodegenerative Disease Diagnosis and Monitoring 
from Traditional to Digital Biomarkers. Biosensors. 2025; 
15(2),102. doi:10.3390/bios15020102

20.	 Segawa TF, Igarashi R. Nanoscale quantum sensing with 
Nitrogen-Vacancy centers in nanodiamonds – A magnetic 
resonance perspective. Prog Nucl Magn Reson Spectrosc. 
2023;134–135:20–38. 

	 doi: 10.1016/j.pnmrs.2022.12.001

21.	 Tan Y, Hu X, Hou Y, Chu Z. Emerging Diamond 
Quantum Sensing in Bio-Membranes. Membranes (Basel). 
2022;12(10):957. 

	 doi: 10.3390/membranes12100957

22.	 Janitz E, Herb K, Völker LA, Huxter WS, Degen CL, 
Abendroth JM. Diamond surface engineering for molecular 
sensing with nitrogen-vacancy centers. J Mater Chem C 
Mater. 2022;10(37):13533-13569. 

	 doi: 10.1039/d2tc01258h

23.	 Chen Y, Hong L, Chen L. Quantum interferometric metrology 
with entangled photons. Front Phys. 2022;10:892519. 

	 doi: 10.3389/fphy.2022.892519

24.	 Davis AOC, Sorelli G, Thiel V, Smith BJ, Quantum-enhanced 
interferometry by entanglement- assisted rejection of 
environmental noise. Phys Rev A. 2022;105(2):022601. 

	 doi: 10.1103/PhysRevA.105.022601

25.	 Ahmad A, Imran M, Haseeb A. Biomarkers as Biomedical 
Bioindicators: Approaches and Techniques for the Detection, 
Analysis, and Validation of Novel Biomarkers of Diseases. 
Pharmaceutics. 2023;15(6):1630. 

	 doi: 10.3390/pharmaceutics15061630

26.	 Wang Y, Huang X, Wu G, et al. Biomaterials for biomarker 
imaging and detection. J Adv Res. 2026;83:219-251. 

	 doi: 10.1016/j.jare.2025.07.049

27.	 Schirhagl R, Chang K, Loretz M, Degen CL. Nitrogen-
Vacancy Centers in Diamond : Nanoscale Sensors for 
Physics and Biology. Annu Rev Phys Chem. 2014;65(1):83-
105. 

	 doi: 10.1146/annurev-physchem-040513-103659

28.	 Hermanson G. Introduction to Bioconjugation. In: 
Bioconjugate Techniques, 3rd ed. Academic Press, Inc; 
2013:1–125. 

	 doi: 10.1016/B978-0-12-382239-0.00005-4 

29.	 Bowen DM, Sims NR, Davison A. Biochemical changes in 
Alzheimer’s disease in relation to histopathology, clinical 
findings and pathogenesis. In: Transmitter Biochemistry of 
Human Brain Tissue. London: MacMillan; 1981:253–268. 

	 doi: 10.1007/978-1-349-05932-4_18

30.	 Barry JF, Schloss JM, Bauch E, et al. Sensitivity optimization 
for NV-diamond magnetometry. Rev Mod Phys. 
2020;92(1):015004. 

	 doi: 10.1103/RevModPhys.92.015004 

31.	 Crowther JR. The ELISA guidebook. Springer Science and 
Business Media. 2000;149. 

	 doi: 10.1385/1592590497

32.	 Hampel H, O’Bryant SE, Molinuevo JL, et al. Blood-based 
biomarkers for Alzheimer disease: mapping the road to the 
clinic. Nat Rev Neurol. 2018;14(11):639-652. 

	 doi: 10.1038/s41582-018-0079-7

33.	 Zhao Z, Yeoh PSQ, Zuo X, et al. Vision transformer-
equipped Convolutional Neural Networks for automated 
Alzheimer’s disease diagnosis using 3D MRI scans. Front 
Neurol. 2024;15:1490829. 

	 doi: 10.3389/fneur.2024.1490829

34.	 Rissin DM, Kan CW, Campbell TG, et al. Single-molecule 
enzyme-linked immunosorbent assay detects serum 
proteins at subfemtomolar concentrations. Nat Biotechnol. 
2010;28(6):595-599. 

	 doi: 10.1038/nbt.1641

35.	 Degen CL, Reinhard F, Cappellaro P. Quantum sensing. Rev 
Mod Phys. 2017;89(3):035002. 

	 doi: 10.1103/RevModPhys.89.035002

36.	 Pirandola S, Bardhan BR, Gehring T, Weedbrook C, 
Lloyd S. Advances in Photonic Quantum Sensing. Nature. 
2018;12(12):724-733. 

	 doi: 10.1038/s41566-018-0301-6

37.	 Balasubramanian G, Chan IY, Kolesov R, et al. Nanoscale 
imaging magnetometry with diamond spins under ambient 
conditions. Nature. 2008;455(7213):648-651. 

	 doi: 10.1038/nature07278

38.	 Mamin HJ, Kim M, Sherwood MH, et al. Nanoscale nuclear 
magnetic resonance with a nitrogen-vacancy spin sensor. 
Science. 2013;339(6119):557-560. 

	 doi: 10.1126/science.1231540

39.	 Lovchinsky I, Sushkov AO, Urbach E, et al. Nuclear magnetic 
resonance detection and spectroscopy of single proteins 
using quantum logic. Science. 2016;351(6275):836-841. 

	 doi: 10.1126/science.aad8022

40.	 Kucsko G, Maurer PC, Yao NY, et al. Nanometre-scale 
thermometry in a living cell. Nature. 2013;500(7460):54-58. 

	 doi: 10.1038/nature12373

41.	 Ovod V, Ramsey KN, Mawuenyega KG, et al. Amyloid β 
concentrations and stable isotope labeling kinetics of human 
plasma specific to central nervous system amyloidosis. 

https://doi.org/10.36922/JCTR025440076
https://doi.org/10.1016/j.fmre.2023.11.012
https://doi.org/10.1016/j.fmre.2023.11.012
https://doi.org/10.1016/j.pnmrs.2022.12.001
https://doi.org/10.1016/j.pnmrs.2022.12.001
https://doi.org/10.3390/membranes12100957
https://doi.org/10.3390/membranes12100957
https://doi.org/10.1039/d2tc01258h
https://doi.org/10.1039/d2tc01258h
https://doi.org/10.3389/fphy.2022.892519
https://doi.org/10.3389/fphy.2022.892519
https://doi.org/10.1103/PhysRevA.105.022601
https://doi.org/10.1103/PhysRevA.105.022601
https://doi.org/10.3390/pharmaceutics15061630
https://doi.org/10.3390/pharmaceutics15061630
https://doi.org/10.1016/j.jare.2025.07.049
https://doi.org/10.1016/j.jare.2025.07.049
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1016/B978-0-12-382239-0.00005-4
https://doi.org/10.1016/B978-0-12-382239-0.00005-4
https://doi.org/10.1007/978-1-349-05932-4_18
https://doi.org/10.1007/978-1-349-05932-4_18
https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1103/RevModPhys.92.015004
https://doi.org/10.1385/1592590497
https://doi.org/10.1385/1592590497
https://doi.org/10.1038/s41582-018-0079-7
https://doi.org/10.1038/s41582-018-0079-7
https://doi.org/10.3389/fneur.2024.1490829
https://doi.org/10.3389/fneur.2024.1490829
https://doi.org/10.1038/nbt.1641
https://doi.org/10.1038/nbt.1641
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1038/s41566-018-0301-6
https://doi.org/10.1038/s41566-018-0301-6
https://doi.org/10.1038/nature07278
https://doi.org/10.1038/nature07278
https://doi.org/10.1126/science.1231540
https://doi.org/10.1126/science.1231540
https://doi.org/10.1126/science.aad8022
https://doi.org/10.1126/science.aad8022
https://doi.org/10.1038/nature12373
https://doi.org/10.1038/nature12373


Journal of Clinical and  Journal of Clinical and  
Translational ResearchTranslational Research Quantum biosensing for ND detection

Volume 12 Issue 4 (2026)	 17� doi: 10.36922/JCTR025440076

Alzheimers Dement. 2017;13(8):841-849. 

	 doi: 10.1016/j.jalz.2017.06.2266

42.	 Barthélemy NR, Horie K, Sato C, Bateman RJ. Blood 
plasma phosphorylated-tau isoforms track CNS change in 
Alzheimer’s disease. J Exp Med. 2020;217(11):e20200861. 

	 doi: 10.1084/jem.20200861

43.	 Schindler SE, Bollinger JG, Ovod V, Mawuenyega KG. High-
precision plasma β-amyloid 42/40 predicts current and future 
brain amyloidosis. Neurology. 2019;93(17):e1647-e1659. 

	 doi: 10.1212/WNL.0000000000008081

44.	 Concha-Marambio L, Pritzkow S, Shahnawaz M, Farris 
CM, Soto C. Seed amplification assay for the detection of 
pathologic alpha-synuclein aggregates in cerebrospinal 
fluid. Nat Protoc. 2023;18(4):1179-1196. 

	 doi: 10.1038/s41596-022-00787-3

45.	 Espay AJ, Lees AJ, Cardoso F, et al. The α-synuclein seed 
amplification assay: Interpreting a test of Parkinson’s 
pathology. Parkinsonism Relat Disord. 2025;131:107256. 

	 doi: 10.1016/j.parkreldis.2024.107256

46.	 Okuzumi A, Hatano T, Matsumoto G, et al. Propagative 
α-synuclein seeds as serum biomarkers for synucleinopathies. 
Nat Med. 2023;29(6):1448-1455. 

	 doi: 10.1038/s41591-023-02358-9

47.	 Janelidze S, Teunissen CE, Zetterberg H, et al. Head-to-
Head Comparison of 8 Plasma Amyloid-β 42/40 Assays in 
Alzheimer Disease. JAMA Neurol. 2021;78(11):1375-1382. 

	 doi: 10.1001/jamaneurol.2021.3180

48.	 González-escalante A, Milà-alomà M, Brum WS, Ashton NJ, 
Ortiz-romero P, Shekari M. A plasma biomarker panel for 
detecting early amyloid-β accumulation and its changes in 
middle-aged cognitively unimpaired individuals at risk for 
Alzheimer’sdisease. eBioMedicine. 2025;116:105741. 

	 doi: 10.1016/j.ebiom.2025.105741

49.	 Lantero J, Thomas R, Marc KK, Calvet S, Troakes C, King 
A. Plasma p ‑ tau181 accurately predicts Alzheimer’s disease 
pathology at least 8 years prior to post ‑ mortem and 
improves the clinical characterisation of cognitive decline. 
Acta Neuropathol. 2020;140(3):267-278. 

	 doi: 10.1007/s00401-020-02195-x

50.	 Ahmadivand A, Gerislioglu B, Ramezani Z, Kaushik A, 
Manickam P, Ghoreishi SA. Functionalized terahertz 
plasmonic metasensors: Femtomolar-level detection 
of SARS-CoV-2 spike proteins. Biosens Bioelectron. 
2021;177:112971. 

	 doi: 10.1016/j.bios.2021.112971

51.	 Krishnan SK, Nataraj N, Meyyappan M, Pal U. Graphene-
Based Field-Effect Transistors in Biosensing and Neural 
Interfacing Applications: Recent Advances and Prospects. 
Anal Chem. 2023;95(5):2590-2622. 

	 doi: 10.1021/acs.analchem.2c03399

52.	 Yu T, Wei Q. Plasmonic molecular assays: Recent 
advances and applications for mobile health. Nano Res. 
2018;11(10):5439-5473. 

	 doi: 10.1007/s12274-018-2094-9

53.	 Wang Z, Dai W, Zhang Z, Wang H. Aptamer-Based 
Graphene Field-Effect Transistor Biosensor for Cytokine 
Detection in Undiluted Physiological Media for Cervical 
Carcinoma Diagnosis. Biosensors. 2025;15(3):138. 

	 doi: 10.3390/bios15030138

54.	 Marcuello C, Lim K, Nisini G, Pokrovsky VS, Conde J, 
Ruggeri FS. Nanoscale Analysis beyond Imaging by Atomic 
Force Microscopy: Molecular Perspectives on Oncology and 
Neurodegeneration. Small Sci. 2025;5(11):2500351. 

	 doi: 10.1002/smsc.202500351

55.	 Li RX, Shang X, Shen PQ, Zhu YF, Gao EQ, Yue Q. 
Ultrasensitive electrochemical detection of amyloid-β 
peptide using a homochiral metal–organic framework 
binding to the L-diphenylalanine targeting site. ACS Sens. 
2025;10(10):7260-7269. 

	 doi: 10.1021/acssensors.4c03425

56.	 Cai H, Pang Y, Fu X, Ren Z, Jia L. Plasma biomarkers predict 
Alzheimer’s disease before clinical onset in Chinese cohorts. 
Nat Commun. 2023;14(1):6747. 

	 doi: 10.1038/s41467-023-42596-6

57.	 Hopper DA, Shulevitz HJ, Bassett LC. Spin Readout 
Techniques of the Nitrogen-Vacancy Center in Diamond. 
Micromachines. 2018;9(9):437. 

	 doi: 10.3390/mi9090437

58.	 Boretti A, Rosa L, Blackledge J, Castelletto S. Nitrogen-
vacancy centers in diamond for nanoscale magnetic 
resonance imaging applications. Beilstein J Nanotechnol. 
2019;10:2128-2151. 

	 doi: 10.3762/bjnano.10.207

59.	 Li Y, Gerritsma FA, Kurdi S, et al. A Fiber-Coupled Scanning 
Magnetometer with Nitrogen-Vacancy Spins in a Diamond 
Nanobeam. ACS Photonics. 2023;10(6):1859-1865. 

	 doi: 10.1021/acsphotonics.3c00259

https://doi.org/10.36922/JCTR025440076
https://doi.org/10.1016/j.jalz.2017.06.2266
https://doi.org/10.1016/j.jalz.2017.06.2266
https://doi.org/10.1084/jem.20200861
https://doi.org/10.1084/jem.20200861
https://doi.org/10.1212/WNL.0000000000008081
https://doi.org/10.1212/WNL.0000000000008081
https://doi.org/10.1038/s41596-022-00787-3
https://doi.org/10.1038/s41596-022-00787-3
https://doi.org/10.1016/j.parkreldis.2024.107256
https://doi.org/10.1016/j.parkreldis.2024.107256
https://doi.org/10.1038/s41591-023-02358-9
https://doi.org/10.1038/s41591-023-02358-9
https://doi.org/10.1001/jamaneurol.2021.3180
https://doi.org/10.1001/jamaneurol.2021.3180
https://doi.org/10.1016/j.ebiom.2025.105741
https://doi.org/10.1016/j.ebiom.2025.105741
https://doi.org/10.1007/s00401-020-02195-x
https://doi.org/10.1007/s00401-020-02195-x
https://doi.org/10.1016/j.bios.2021.112971
https://doi.org/10.1016/j.bios.2021.112971
https://doi.org/10.1021/acs.analchem.2c03399
https://doi.org/10.1021/acs.analchem.2c03399
https://doi.org/10.1007/s12274-018-2094-9
https://doi.org/10.1007/s12274-018-2094-9
https://doi.org/10.3390/bios15030138
https://doi.org/10.3390/bios15030138
https://doi.org/10.1002/smsc.202500351
https://doi.org/10.1002/smsc.202500351
https://doi.org/10.1021/acssensors.4c03425
https://doi.org/10.1021/acssensors.4c03425
https://doi.org/10.1038/s41467-023-42596-6
https://doi.org/10.1038/s41467-023-42596-6
https://doi.org/10.3390/mi9090437
https://doi.org/10.3390/mi9090437
https://doi.org/10.3762/bjnano.10.207
https://doi.org/10.3762/bjnano.10.207
https://doi.org/10.1021/acsphotonics.3c00259
https://doi.org/10.1021/acsphotonics.3c00259

