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Nanodiamonds (NDs) with nitrogen-vacancy (NV)
centers are emerging as powerful quantum nanosensors (QNs) in
biomedical applications due to their exceptional sensitivity.
However, achieving optimal diagnostics performance necessitates
both high sensitivity and selectivity; especially in practical
biomedical settings, it remains challenging for QNs to provide
quantitative analyses when multiple analytes are present. Here, we
present a biosensing platform that integrates DNA logic gates
(DLGs) with spin-based quantum sensing, termed DLG-QN for
ultrasensitive and ultraselective diagnostics. Utilizing an AND
DLG, both NDs and magnetic beads (MBs) are functionalized
with hairpin DNA strands. In the presence of both miRNA-21 and
miRNA-155—key biomarkers overexpressed in cancer—the hair-
pin DNAs undergo conformational changes that facilitate DNA-guided self-assembly of NDs and MBs, enriching the target signal.
Resonant microwave modulation of ND fluorescence emission allows for high signal-to-noise ratio (SNR) detection by separating
the signal from background fluorescence via spin-enhanced analysis. This platform demonstrated ultrasensitive and ultraselective
detection of miRNA-21 and miRNA-1SS with a limit of detection of 19.8 fM, highlighting its potential as a general biosensing

strategy for precision diagnostics involving multiple biomarkers.

AND DNA Logic Gate built into Spin-based Quantum Nanosensor (AND DLG-QN)
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Nitrogen-vacancy (NV) centers in diamond, functioning as
quantum spin systems, exhibit remarkable fluorescence stability
and highly controllable optical transitions, making them highly
promising qubits in quantum technologies.' > By controlling
the transition of energy levels in NV centers from the ground
state m; = 0 to the ground states m, = +1, their quantum spin
states can be modulated and read out via optically detected
magnetic resonance (ODMR) imaging.""® This capability has
been leveraged in diverse sensing applications, including
magnetic field quantification,”” temperature sensing,'’”'"
biological labeling,13 cellular imaging,14 and contrast enhance-
ment in magnetic resonance imaging.ls’16 Recent advances
have explored spin-enhanced biosensing by modulating the
spin states of NV centers for ultrasensitive biomolecule
detection.'” A tailored microwave sequence involving the
periodic activation and deactivation of resonant microwave
irradiation is applied to NV centers under continuous optical
excitation, selectively modulating the NV center fluorescence
and effectively separating it from background fluorescence.
This spin-based modulation mechanism significantly improves
the signal-to-noise ratio (SNR), providing an innovative
method for ultrasensitive biomolecule detection.'”'® In
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addition, nanodiamonds (NDs) with NV centers, as emerging
quantum nanosensors (QNs), are particularly attractive for
nanoscale biosensing applications.'”~>* NDs inherit most of
the superior properties of bulk diamond and exhibit these
properties at the nanoscale, including photostability, bio-
compatibility, chemical stability, and resistance to harsh
environments.”’~>” Moreover, they offer high surface areas
and tunable surface chemistries for efficient conjugation with
target biomolecules, facilitating specific detection at the
nanoscale.”

Despite their promise, achieving optimal biosensing
performance requires both high sensitivity and high
selectivity.”®*” In practical biomedical applications, especially
in complex biological fluids, it remains challenging for QNs to
provide reliable quantitative results when multiple analytes are
present due to limited selectivity.”® Biomolecular logic gates
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Figure 1. Schematic of the AND DLG-QN platform. (A) AND DLG. Self-assembly between ND-H1 and MB-H2 occurs exclusively in the
presence of both miRNA-21 and miRNA-15S. (B) Integrated chip platform for imaging and spin manipulation of AND DLG-QN, featuring an
omega-shaped microwave antenna that converts preset RF signals into microwaves. (C) Spin-based QN. Left, simplified energy-level diagram and
the effect of resonant microwave (i.e., 2.87 GHz) on energy levels of the NV center. Middle, omega-shaped microwave antenna applies a focused
and uniform microwave field over the ND-MB assemblies, modulating the fluorescence emission of NV centers within NDs. Right, microwave
sequences of preset frequencies selectively modulate the fluorescence emission of NV centers, enabling specific separation of ND fluorescence from

background to highly improve the SNR.

offer a solution to enhance selectivity by receiving and
integrating multiple biochemical stimuli to generate a definitive
output, which is essential for advanced diagnostics that
demand handling complex factors with precise control.’*~**
DNA, with its programmability and strict base-pairing rules,
serves as an excellent material for constructing such molecular
logic gates.”™** Importantly, DNA can be easily engineered
with different molecules or moieties to selectively bind to
various targets (e.g., small molecules, proteins, and nano-
particles), facilitating highly specific labeling systems.’”~*
Incorporating DNA logic gates (DLGs) into biosensing
platforms can significantly enhance sensing selectivity, enabling
rapid and precise identification of various target molecules via
simple logical operations (e.g., AND logic gate),%’47 thereby
substantially improving response efficiency while reducing
false-positive rates.

Herein, we established an AND molecular logic gate-based
NV sensing system, termed AND DNA Logic Gate built into
Spin-based Quantum Nanosensor (AND DLG-QN), aiming
for ultrasensitive and ultraselective diagnostics. As a proof of
concept, we focus on simultaneous detection of miRNA-21
and miRNA-15S5, both of which are overexpressed in various
cancers and serve as important biomarkers for diagnosis and
prognosis.”*>* Relying on a single biomarker can be
problematic due to natural biological variability, individual
differences, and potential interference from nondisease-related
factors—all of which can lead to false positives or
negatives.55_57 By employing an AND logic gate to require
the simultaneous detection of both miRNA-21 and miRNA-
155 at clinically relevant levels, our system sets a much stricter
diagnostic criterion. This dual detection strategy significantly
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reduces the likelihood of misdiagnosis because the probability
that both biomarkers are erroneously expressed or suppressed
in the same sample is considerably lower than that for a single
biomarker. Consequently, this approach enhances diagnostic
specificity, minimizes false outcomes, and improves the overall
accuracy, reliability, and robustness of the clinical diagnostic
method. By employing an AND logic gate mechanism, we
functionalized NDs and magnetic beads (MBs) with specific
hairpin DNA probes that respond to the presence of both
miRNA targets. The presence of both miRNA-21 and miRNA-
155 as inputs induces conformational changes in the hairpin
structures, facilitating the self-assembly of NDs and MBs as the
output. These assemblies are further magnetically enriched on
the chip surface via a magnet to enhance the imaging signal.

Furthermore, we utilized a microwave field to modulate the
fluorescence emission of NV centers in the ND-MB
assemblies. This spin-based modulation allows us to separate
the specific signal from background fluorescence through
frequency-domain analysis, significantly improving the
SNR.'”'® By focusing on this quantum sensing approach, we
demonstrate ultraselective and ultrasensitive detection of
miRNA-21 and miRNA-155. The integration of DLGs with
QNs not only overcomes the selectivity challenge in complex
biological matrices but also extends the potential clinical
applications of spin-based quantum sensing strategies in
biomedical diagnostics.

To implement the AND DLG, we synthesized hairpin DNA-
functionalized NDs (ND-H1) and MBs (MB-H2). The hairpin
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Figure 2. Evaluating the fundamental sensitivity using biotin—streptavidin binding of NDs and MBs. (A) Schematic of the assay. Reaction of BSA-
ND-Biotin and BSA-MB-Streptavidin was performed, and purified assemblies were highly enriched by a conical magnet with a sharp tip. (B)
Comparison between conventional intensity analysis and spin-enhanced analysis. Top, fluorescence images at various ND concentrations (scale
bar: 10 um); bottom, intensity—frame plots, showing that a periodic signal is still evident after the fluorescent signal is no longer clearly visible in
the images. (C) The SNRs of a dilution series of NDs were measured by both conventional intensity and spin-enhanced analyses. LODs were 3.2
aM and 104 zM, respectively. Spin-enhanced analysis provided a ~30-fold improved sensitivity over conventional intensity analysis. Data are
represented as mean = s.d., where error bars represent the s.d. of n = 20 technical replicates and n = 3 measurement replicates for each sample.

DNA probes are designed to open in the presence of their
respective target miRNAs (Figure 1A). In the presence of both
miRNA-21 and miRNA-155, the hairpin structures unfold,
allowing complementary sequences on ND-H1 and MB-H2 to
hybridize and self-assemble. This DNA-guided self-assembly
brings the NDs and MBs into close proximity, forming ND-
MB assemblies that can be magnetically purified and enriched.
Furthermore, we developed an integrated chip platform for
imaging and spin manipulation of the DLG-QN system
(Figure 1B). Purified ND-MB assemblies are magnetically
enriched on the chip surface via a conical magnet with a sharp
tip for imaging and analysis. The platform features an omega-
shaped microwave antenna that converts preset radio
frequency (RF) signals into a focused and uniform microwave
field over the measurement area. This design aligns with
previous findings, where an omega-shaped stripline resonator
was demonstrated to generate a well-confined and uniform
peak field."”

Conventional intensity and spin-enhanced analyses are
employed on the NV centers in the ND-MB assemblies. For
spin-enhanced analysis, the NV centers have spin states that
can be manipulated using microwave irradiation at a resonant
frequency of 2.87 GHz (Figure 1C, left). Specifically,
transitions from the ground state m, = 0 to the ground states

m, = *1 can be induced by resonant microwave
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irradiation.'”"” During the optical excitation and decay, the
mg = *1 excited-state levels exhibit a higher propensity for
decaying into a metastable “dark” state, leading to a reduction
in fluorescence emission.”!” Consequently, under continuous
optical excitation, the NV centers emit fluorescence that can be
precisely modulated via a microwave field.

By tailoring a microwave sequence that involves periodic
activation and deactivation of resonant microwave irradiation,
we induce periodic fluctuations in the fluorescence emission of
NV centers under 532 nm laser illumination (Figure 1C,
middle and right). This modulation allows us to perform spin-
enhanced analysis to separate the specific signal from
background fluorescence arising from endogenous biomole-
cules, buffer solutions, and surface impurities, thus highly
improving the SNR. The use of a narrowband resonator
integrated on a glass chip (i.e.,, microwave antenna chip, Figure
S1) is well-suited for point-of-care devices as it ensures efficient
modulation with low power consumption, making it ideal for
such applications.

To assess the fundamental sensitivity limits of our ND-MB
system, we employed a high-affinity interaction model (i.e.,
biotin—streptavidin interaction; Figure 2A). Bovine serum
albumin (BSA) coated biotin-functionalized NDs (BSA-ND-
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Figure 3. Construction of the AND DLG-QN. (A) SEM images (scale bar: 200 nm) and size distribution plots of BSA-ND-H1, BSA-MB-H2, and
ND-MB assemblies. Curves in size distribution plots represent the Gaussian fitting results. (B) Schematic of wide-field imaging and in situ single
particle spectroscopy. Typical fluorescence image (scale bar: 10 ym) and emission spectrum of selected ND-MB particles, indicating the
photoluminescence (PL) feature of NDs within the assemblies, with zero-phonon lines at 576 and 638 nm for the NV° and NV~ centers,

respectively.

Biotin) and streptavidin-functionalized MBs (BSA-MB-Strep-
tavidin) were prepared, with the BSA layers employed to
minimize nonspecific binding. Additionally, highly efficient
purification and enrichment capabilities enabled by magnetic
separation provide an ideal scenario for benchmarking
sensitivity.

We analyzed the fluorescence signals from all ND-MB
assemblies using both conventional intensity and spin-
enhanced analyses. A dilution series of NDs was reacted with
appropriate amounts of MBs to form ND-MB assemblies.
Figure 2B presents fluorescence images of the purified
assemblies as well as intensity-frame plots of signal modulation
at each ND concentration. These results demonstrate that the
periodicity of signal modulation remains evident even after the
fluorescent signal is no longer clearly visible through
conventional intensity analysis. The SNRs were plotted against
ND concentrations (Figure 2C), with each dilution series of
ND:s fitted to a second-order polynomial to determine the limit
of detection (LOD) based on an SNR of 3. The LODs of ND
for conventional intensity analysis and spin-enhanced analysis
were found to be 3.2 aM and 104 zM, respectively,
demonstrating that spin-enhanced analysis provides an ~30-
fold improved sensitivity over conventional intensity analysis.

This fundamental LOD of 104 zM achieved through spin-
enhanced analysis corresponds to approximately 0.06 particles
per uL or the detection of a single particle in a 16 uL sample.
Due to the low numbers of particles detected, the LODs of
biological assays are expected to be limited by nonspecific
binding and equilibrium considerations rather than by the
fundamental sensitivity of spin-based QNss.
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To ensure the reliability of spin-based modulation and
validate the stability of ND fluorescence, we conducted long-
term continuous fluorescence measurement of NDs with 100
measurements taken at 1 s intervals (Figure S2). The
fluorescence intensity remained stable throughout the entire
measurement period, exhibiting a coefficient of variation of
1.3%. This exceptional photostability of NV centers in NDs
can be attributed to the wide bandgap of diamond and the
intrinsic stability of the NV~ charge state. The results confirm
that signal attenuation due to photobleaching is negligible,
reinforcing the robustness of our spin-based detection strategy
for extended biosensing applications.

As illustrated in the previous section, a hairpin DNA-based
AND DLG was designed. We validated the functionality of the
AND DLG through polyacrylamide gel electrophoresis
(PAGE), confirming that the hybridization of the hairpin
DNAs occurs only in the presence of both miRNA-21 and
miRNA-155 (Figure S3). In the absence of either miRNA-21
or miRNA-155, H1 or H2 maintains its closed conformation,
precluding the complementary hybridization between them.
Furthermore, ND-H1 and MB-H2 were synthesized for the
AND DLG-QN platform. Scanning electron microscopy
(SEM) images and size distribution analyses of BSA-ND-H1,
BSA-MB-H2, and ND-MB assemblies demonstrated the
successful formation of ND-MB assemblies upon the addition
of both miRNAs (Figure 3A). More detailed SEM images and
size distribution analyses of various synthesized nanoparticles,
including ND, ND-HI, BSA-ND-HI, MB, MB-H2, BSA-MB-
H2, and ND-MB assemblies, are presented in Figures S4 and
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Figure 4. Selectivity and sensitivity of the AND DLG-QN system. (A) Setup and imaging of the AND DLG-QN system. Fluorescence images at
various combinations of miRNA-21 and miRNA-15S concentrations (scale bar: 10 ym). (B) Top, two-dimensional color map of SNRs calculated
from conventional intensity analysis, and intensity-frame plots derived from spin-enhanced analysis for equal concentrations of miRNA-21 and
miRNA-155 (indicated by red-bordered images). Bottom, SNRs for equal concentrations of miRNA-21 and miRNA-155 were measured by both
conventional intensity analysis and spin-enhanced analysis. The LODs of AND DLG are 774.5 fM and 19.8 fM, respectively. Spin-enhanced
analysis provided a ~40-fold improved sensitivity over conventional intensity analysis. Data are represented as mean + s.d., where error bars
represent the s.d. of n = 20 technical replicates and n = 3 measurement replicates for each sample.

SS. Further, the in situ single particle fluorescence spectros-
copy confirmed the presence of NV centers in the ND-MB
assemblies enriched by magnetic separation (Figure 3B). The
corresponding fluorescence spectrum displayed a broad
emission band between 550 and 750 nm, which is character-
istic of the spontaneous emission from NDs. The zero-phonon
lines at 576 and 638 nm, attributed to the neutral charged state
(NV?) and negatively charged (NV~) state of the NV center,’
respectively, were also well discernible. These results
collectively demonstrate the successful implementation of
AND DLG-QN through the DNA-guided self-assembly of
NDs and MBs.

We evaluate the selectivity and sensitivity of the AND DLG-
QN system by testing various concentration combinations of
miRNA-21 and miRNA-155, ranging from 10 fM to 100 pM.
The obtained fluorescence images for each parameter
combination are displayed in Figure 4A. Both conventional
intensity analysis and spin-enhanced analysis were employed
(Figure 4B, top). The two-dimensional color map of SNRs
calculated from conventional intensity analysis intuitively
illustrates the excellent selectivity of AND DLG-QN. As
illustrated in Figure S6, the statistical analysis of intergroup
differences—both among miRNA-155 concentration groups at
a constant miRNA-21 concentration of 10 pM and among

2127

miRNA-21 concentration groups at a constant miRNA-155
concentration of 10 pM—further validates the superior
selectivity of AND DLG-QN. Notably, the intensity-frame
plots derived from spin-enhanced analysis for equal concen-
trations of miRNA-21 and miRNA-155 (indicated by red-
bordered images) reveal that a periodic signal remains evident
after the fluorescent signal is no longer clearly visible,
confirming the functionality of the AND DLG-QN system.
Complete fluorescence images and the corresponding conven-
tional intensity analysis and spin-enhanced analysis are
presented in Figures S7 and S8, providing a more
comprehensive evaluation of the diagnostic performance of
the AND DLG-QN system.

The SNRs obtained from conventional intensity analysis and
spin-enhanced analysis were plotted against equal concen-
trations of miRNA-21 and miRNA-155 (Figure 4B, bottom).
Each dilution series of miRNA-21 and miRNA-155 was fitted
to a second-order polynomial to determine the LOD based on
a SNR of 3. The spin-enhanced analysis achieved a LOD of
19.8 fM for the simultaneous detection of miRNA-21 and
miRNA-155, which is approximately 40 times more sensitive
than the conventional intensity analysis with a LOD of 774.5
fM. The LOD of 19.8 fM achieved by our platform, without
the need for nucleic acid amplification, is comparable or
superior to other oligonucleotide detection methods (ie.,
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Figure S. Selectivity of the AND DLG-QN system for detecting specific targets (miRNA-21 and miRNA-155) was evaluated by performing the
AND DLG-QN assay under two experimental configurations: (A) 10 pM of miRNA-21 with various concentrations of miRNA-10b and (B) 10 pM
of miRNA-15$ with various concentrations of miRNA-10b. Top, fluorescence images at various miRNA-10b concentrations (scale bar: 10 ym) and
corresponding intensity-frame plots under signal modulation; bottom, the SNRs of various miRNA-10b concentrations were measured by both
conventional intensity analysis and spin-enhanced analysis. Data are represented as mean + s.d., where error bars represent the s.d. of n = 20

technical replicates and n = 3 measurement replicates for each sample.

LODs of 3.7 fM to 670 fM),"**7% as summarized in Table
SI.

Moreover, the selectivity of the AND DLG-QN system for
detecting specific targets (miRNA-21 and miRNA-155) was
evaluated by introducing miRNA-10b as an interference target.
The AND DLG-QN assay was performed under two
experimental configurations: 10 pM miRNA-21 with various
concentrations of miRNA-10b (Figure SA) and 10 pM
miRNA-155 with various concentrations of miRNA-10b
(Figure SB). SNRs obtained from conventional intensity and
spin-enhanced analyses for both experimental configurations
were substantially below the detection threshold (SNR = 3).
The absence of detectable cross-reactivity with similar miRNAs
underscores the exceptional specificity of the designed AND
DLG toward miRNA-21 and miRNA-155.

Collectively, these results demonstrate that the developed
AND DLG-QN platform exhibits outstanding selectivity and
sensitivity in detecting the target biomarkers miRNA-21 and
miRNA-155. This superior performance can be attributed to
the meticulously engineered design of AND DLG, the efficient
purification and enrichment capabilities of ND-MB assemblies,
and the implementation of a spin-based quantum sensing
strategy.

The AND DLG-QN has exhibited exceptional selectivity and
sensitivity in detecting miRNA-21 and miRNA-155, and we
strive to expand the AND DLG-QN in complex biological
matrices. Unlike the well-known buffers with well-defined
components, biological samples introduce challenges due to
the presence of substantial biomolecules that may interfere
with the accurate quantification of multiple biomarkers. To

demonstrate the performance of AND DLG-QN under more
clinically relevant conditions, we performed recovery assays in
serum samples spiked with known concentrations of miRNA-
21 and miRNA-155 (100 fM to 100 pM) and followed by spin-
enhanced analysis of AND DLG-QN (Figure 6A).

As shown in Figure 6B, the measured concentrations of
miRNA-21 and miRNA-155 correlated well with the added
amounts, with a correlation coefficient (R*) of 0.9895. The
recovery rates, determined by the ratio of the measured
concentration to the added concentration, ranged from 92.3%
to 103.3% (Figure 6B and Table 1). These results demonstrate
that our platform maintains its selectivity and sensitivity and
exhibits satisfactory clinical applicability for analyzing miRNA-
21 and miRNA-1SS in complex biological matrices, high-
lighting its potential for clinical diagnostics.

We have advanced precision diagnostics by integrating DLGs
with QNs, leveraging the exceptional sensitivity of NV centers
in NDs alongside the high selectivity afforded by DNA-based
AND logic operations. Additionally, the DNA-guided self-
assembly of NDs and MBs amplifies signal strength and allows
for magnetic separation, enhancing detection sensitivity in
complex biological samples such as serum. This approach
addresses common challenges in biosensing, such as non-
specific interactions and background interference, highlighting
the clinical potential of this platform for early cancer
diagnostics.

Despite these promising results, several aspects warrant
further investigation. Although the AND logic gate significantly
improves diagnostic specificity by ensuring that only samples
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Figure 6. Clinical applicability of the AND DLG-QN. (A) Schematic workflow of the recovery assay. Determination of miRNA-21 and miRNA-155
spiked into clinical serum using spin-enhanced analysis of AND DLG-QN. (B) Left, correlation between the measured and added concentrations of
miRNA-21 and miRNA-155 in 10% serum, with a R* of 0.9895. Right, recovery assay results of miRNA-21 and miRNA-155 spiked into 10% serum.
Recovery rates were determined by the ratio of the measured concentration to the added concentration. Data are represented as mean = s.d., where
error bars represent the s.d. of n = 20 technical replicates and n = 3 measurement replicates for each sample.

Table 1. Determination of miRNA-21 and miRNA-155
Spiked into Clinical Serum Using Spin-Enhanced Analysis
of AND DLG-QN

added measured recovery (%) RSD (%)
100 M 103.33 M 103.3 4.5
1 pM 0.92 pM 923 3.5
10 pM 9.58 pM 95.8 3.1
100 pM 101.24 pM 101.2 3.7

with both miRNA-21 and miRNA-15S above the clinical
threshold produce a detectable signal, it does not provide
separate quantitative information for each biomarker. In future
iterations, by incorporation of additional techniques such as
multiplexed fluorescent readout strategies or orthogonal
quantification assays, the DLG-QN can independently quantify
each biomarker while still benefiting from the enhanced
selectivity oftered by the AND logic gate. This combined
approach would allow for both high specificity and accurate
quantification of each target, thereby providing a more
comprehensive diagnostic tool. Additionally, while the current
platform was tested using specific miRNAs associated with
cancer, expanding the range of detectable biomarkers could
significantly enhance its utility across various diseases. The
versatility of DNA logic gates enables opportunities to expand
the platform’s capabilities beyond the detection of miRNA-21
and miRNA-155. This approach is inherently adaptable to
other miRNA combinations. The modular and programmable
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nature of DNA logic gates allows for straightforward
modification of hairpin DNA sequences to recognize different
miRNA targets, extending the platform’s applicability to a
broader spectrum of biomarkers relevant to various diseases.
By designing different logic gate configurations (e.g, OR,
NAND, and NOR) and incorporating diverse DNA sequences,
we can tailor the system to detect a broader array of
biomarkers linked to various diseases. Furthermore, the
potential for multiplexed detection enables simultaneous
analysis of multiple miRNA targets, further enhancing the
platform’s capability in complex biological environments. This
flexibility is particularly valuable in the context of precision
medicine, where personalized diagnostic tools are essential for
effective patient management.

In conclusion, the AND DLG-QN platform presents a
versatile and powerful tool for the simultaneous detection of
multiple biomarkers with exceptional sensitivity and selectivity.
Future work should focus on broadening the spectrum of
detectable analytes and improving the system’s practicality,
paving the way for its integration into clinical diagnostics to
advance precision medicine.

Biotinylated fluorescent NDs (1 nM, 100 nm in diameter) were
purchased from Adamas Nanotechnologies (USA). Streptavidin MBs
(10 mg mL™’, 300 nm in diameter) and carboxylated MBs (10 mg
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mL™, 300 nm in diameter) were purchased from Beaver Biomedical
Engineering (China). MES buffer (100 mM, pH 6.0) and Tween-20
were purchased from Yuanye Biotechnology (China). Streptavidin,
BSA, and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDC) were purchased from Aladdin Biochemical
Technology (China). Tris—HCI buffer (1 M, PH 8.0) was purchased
from Solarbio Technology (China). Ethylene diamine tetraacetic acid
(EDTA), TBE buffer, and ammonium persulfate (APS) were
purchased from Macklin Biochemical Technology (China). TAE
bufter, SSC buffer, N,N,N’,N’-tetramethylethylenediamine
(TEMED), and BeyoRed DNA loading buffer (6x) were purchased
from Beyotime Biotechnology (China). Acrylamide was purchased
from Meryer Biochemical Technology (China). ExRed nucleic acid
electrophoresis dye (10,000X) was purchased from Zoman
Biotechnology (China). Sodium chloride (NaCl) was purchased
from Energy Chemical (China). Positive photoresist (AZ $214) and
its developer (AZ 300MIF) were purchased from MicroChem Co.
(USA). Acetone, anhydrous ethanol, iodine, potassium iodide, 36%
concentrated hydrochloric acid, N-methylpyrrolidone, and isopropyl
alcohol were purchased from Sinopharm Chemical Reagent (China).
All oligonucleotides were synthesized by Sangon Biotech (China),
and the specific sequences are listed in Table S2. Ultrapure water
(18.2 MQ cm at 25 °C) produced by a Millipore purification system
(Milli-Q IQ Element, Merck, USA) was used throughout our
experiments.

The polyacrylamide gel was prepared by mixing 6 mL of 30%
acrylamide solution, 3.5 mL of ultrapure water, 2.4 mL of 5X TBE
buffer, 100 uL of 10% APS, and 8 uL of TEMED. The mixture was
allowed to polymerize in a casting frame. The nucleic acid staining
solution was prepared by mixing 15 uL of ExRed nucleic acid
electrophoresis dye (10,000x), S mL of 1 M NaCl solution, and 45
mL of ultrapure water. The hairpin DNAs were annealed at 95 °C for
10 min and cooled to room temperature (RT).

Each nucleic acid reaction mixture was incubated in 1X SSC buffer
at RT for 40 min and then mixed with BeyoRed DNA loading buffer.
The samples were then loaded onto a prepared polyacrylamide gel
(10 uL per lane) and subjected to electrophoresis in 1X TBE buffer at
90 V for 80 min. After electrophoresis, the gel was stained with the
prepared nucleic acid staining solution, followed by photography
under UV light using a Gel Imaging analysis system (ZF-288,
JIAPENG, China).

200 uL portion of biotinylated NDs (1 nM) was mixed with 25 uL of
streptavidin (20 #M). The total volume was adjusted to 1000 uL with
ultrapure water, and the mixture was shaken for 2 h at RT. The
complete binding of biotin on the ND surface and streptavidin was
followed by centrifugation (2700 rpm for 15 min) to remove free
streptavidin. The resultant purified product was mixed with 10 uL of
biotinylated hairpinl (100 uM). The total volume was also adjusted
to 1000 uL with ultrapure water, and the mixture was shaken for 2 h
at RT. ND-H1 were isolated through three rounds of centrifugation
(2700 rpm for 1S min each) with ultrapure water, resulting in a final
volume of 200 pL. ND-H1 were then blocked overnight with 2 mL of
1X TAE buffer containing 1% w/v BSA. After overnight blocking,
BSA-ND-H1 were purified by three rounds of centrifugation (2100
rpm for 15 min each) with 1X TAE buffer and resuspended in 200 uL
of 1X TAE buffer. The concentration of BSA-ND-H1 was 1 nM, and
the compounds were stable for ~2 months at 4 °C.

200 uL of carboxylated MBs (10 mg mL™") were washed twice with
MES buffer (100 mM, pH 6.0) and then resuspended in 20 L of the
MES buffer. 10 uL of EDC (1.6 M) and 10 uL of aminated hairpin2
(100 uM) were then added to the carboxylated MB solution, and the
mixture was shaken for 5 h at RT. MB-H2 were isolated through two
rounds of magnetic separation with TT buffer (0.01% v/v Tween-20
in 250 mM of Tris—HCI buffer, pH 8.0), followed by two rounds of
magnetic separation with 1X TAE buffer, resulting in a final volume of
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200 uL. MB-H2 were then blocked overnight with 2 mL of 1X TAE
buffer containing 1% w/v BSA. After overnight blocking, BSA-MB-H2
were purified by three rounds of magnetic separation with 1X TAE
buffer and resuspended in 200 uL of TE buffer (10 mM of Tris—HCl
buffer containing 1 mM of EDTA, pH 8.0). Before the AND DLG
assay, BSA-MB-H2 needed to be washed twice with 1X TAE buffer to
remove the residual EDTA. The concentration of BSA-MB-H2 was
0.23 nM, and they were stable for ~2 months at 4 °C.

The morphologies of ND series (ND, ND-HI, BSA-ND-H1), MB
series (MB, MB-H2, BSA-MB-H2), and ND-MB assemblies were
visualized using SEM (Zeiss GeminiSEM 500, Zeiss, Germany)
operated at S kV.

The size distributions of ND series, MB series, and ND-MB
assemblies were determined by using a dynamic light scattering
(DLS) instrument (Zetasizer Nano ZSP, Malvern, UK). Measure-
ments were conducted at a detection angle of 173° with a 10 mW
He—Ne laser operating at a wavelength of 633 nm for analysis.

Optical measurements were performed at RT under ambient
conditions by using a custom-built wide-field imaging and in situ
single particle spectroscopy system.

Wide-field imaging: a 532 nm laser (OBIS Laser Box, Coherent
Inc., USA) was transmitted through a 532 & 2 nm band-pass filter and
a 532 nm long-pass dichroic mirror to focus on the sample using a
40X objective lens (NA = 0.60). The PL of the sample was separated
from the 532 nm laser by the aforementioned dichroic mirror. Then,
the PL passed through a 610 nm long-pass filter to reach a back
illuminated scientific CMOS (KURO 1200B, Princeton Instruments,
USA) for wide-field fluorescence imaging.

In situ single particle spectroscopy: a 532 nm laser (OBIS Laser
Box, Coherent Inc., USA) was transmitted through a 532 + 2 nm
band-pass filter and a 532 nm long-pass dichroic mirror to focus on
the sample using a 40X objective lens (NA = 0.60). The PL of the
sample was separated from the 532 nm laser by the aforementioned
dichroic mirror and then passed through a 537 nm long-pass filter. A
region of interest (ROI) was manually defined, and the PL from this
ROI was directed to a grating spectrometer (SpectraPro HRS-500,
Princeton Instruments, USA) equipped with a 600 g¢/mm grating and
a back illuminated scientific CMOS (KURO 1200B, Princeton
Instruments, USA) for in situ single particle spectrum measurements.

The omega-shaped microwave antenna chip was fabricated via a
three-step process:' the deposition of a titanium—gold (Ti—Au)
bilayer on the borosilicate glass wafer via electron beam evaporation;”
the fabrication of an omega-shaped photoresist pattern on the wafer
via standard maskless lithography; and® the fabrication of the wafer
deposited with an omega-shaped Ti—Au bilayer (i.e., microwave
antenna chip) via wet etching. The detailed fabrication flowchart is
shown in Figure S9, and the structural parameters of the omega-
shaped microwave antenna are depicted in Figure S10.

First, a S0 nm-thick Ti layer and a 500 nm-thick Au layer were
sequentially deposited on the surface of a 500 ym-thick borosilicate
glass wafer (BF33, Schott AG, Germany) by electron beam
evaporation via an E-beam evaporation system (vapor station 4,
Oxford Vacuum Science, UK). Ti layer served as an adhesive layer to
ensure the strong adhesion between the Au layer and the wafer.
Postdeposition, the wafer was allowed to cool under vacuum to avoid
oxidation of the freshly deposited layers. Subsequently, the entire
wafer was segmented into smaller wafers of a desirable size via a wafer
scribing and cleaving system (LatticeAx 420, Ted Pella, USA). These
wafers were then immersed in acetone for 10 min, followed by
anhydrous ethanol for 5 min, and finally rinsed with ultrapure water.

To fabricate the omega-shaped pattern, the positive photoresist AZ
5214 was spin-coated onto the wafer deposited with a Ti—Au bilayer
at 600 rpm for S s and another 4000 rpm for 30 s to deposit a 1.3 ym-
thick photoresist coating. The wafer was then baked at 100 °C for 3
min. Subsequently, UV exposure (300 mJ cm™) was applied to
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selectively irradiate the photoresist coating on the wafer, excluding the
regions corresponding to the desired pattern, via a maskless aligner
(MLA150, Heidelberg Instruments, Germany). Afterward, the wafer
was developed in AZ 300MIF for 37 s under continuous shaking to
dissolve the exposed photoresist. The residual photoresist was washed
away in ultrapure water and dried with nitrogen gas. After that, the
wafer was heated to 100 °C for 90 s to enhance the stability of the
photoresist pattern.

The wafer, deposited with a Ti—Au bilayer and photoresist pattern,
was immersed in a solution containing iodine (60 mg mL™") and
potassium iodide (200 mg mL™") for 20 s to selectively etch the Au
layer beyond the photoresist pattern. This was followed by rinsing
with ultrapure water and drying with nitrogen gas. Subsequently, the
wafer was immersed in 36% concentrated hydrochloric acid for 40
min to selectively etch the Ti layer beyond the photoresist pattern,
followed by rinsing with ultrapure water and drying with nitrogen gas.
Afterward, the wafer was immersed in N-methylpyrrolidone at 60 °C
for 30 min and then in acetone for an additional 30 min to remove the
photoresist pattern. Finally, the wafer was rinsed with isopropanol and
ultrapure water and dried with nitrogen gas, resulting in the
fabrication of a wafer deposited with an omega-shaped Ti—Au bilayer
(i.e., microwave antenna chip).

The microwave generating device is constructed from an RF signal
source, two RF isolators, a power amplifier, a DC power supply, and a
microwave antenna chip. RF signal source (SSG3032X-IQE, Siglent
Technologies, China) is employed to produce RF signal sequences at
preset frequencies. Power amplifier (ZHL-16W-43-S+, Mini-Circuits,
USA) serves to enhance the power of RF signals with a gain of 45 dB,
energized by a DC power supply (GPS305D, Wanptek, China). RF
isolators (UIYBCI4040A, UIY Inc., China) are integrated to prevent
the reflection of electrical signals to protect critical components. The
microwave antenna chip is responsible for emitting microwaves at
preset frequencies and facilitating their focused and uniform
propagation. Schematic of the microwave generating device is
shown in Figure S11.

An NV~ center accommodates an extra electron, forming a quantum
spin triplet ground state with three spin sublevels (m, = 0, +1).” The
ground state mg = 0 can be transitioned to the ground states m, = +1
via electron spin resonance induced by microwave irradiation at a
resonant frequency of 2.87 GHz.'”"? Upon optical excitation, the
triplet ground state is elevated to an excited triplet state, which
subsequently undergoes radiative decay back to the ground state to
emit fluorescence. During the process, the m, = +1 excited-state levels
exhibit a higher propensity for decaying into a metastable “dark” state,
leading to a reduction in fluorescence.”'” Consequently, resonant
microwave irradiation can decrease the fluorescence emission of NV
centers by transferring the electron spin population from the ground
state m, = 0 to the ground states m; = +1.

When a tailored microwave sequence, involving periodic activation
and deactivation of resonant microwave irradiation, is applied to NV
centers under continuous optical excitation, the resultant fluorescence
emission from NV centers exhibits an orderly modulation between
low and high intensities. In this study, the microwave power was set to
100 mW, with a cycle period of 2 s, during which the activation and
deactivation states each lasted for 1 s. This feature is leveraged to
selectively modulate the fluorescence emission of NV centers,
enabling the specific separation of ND fluorescence from background
fluorescence to highly improve the SNR, which is termed spin-
enhanced analysis. Specifically, signal acquisition for spin-enhanced
analysis involved 20 technical replicates, during which the amplitude
of changes in fluorescence emission from NV centers was measured
over 20 cycles, alternating between low and high intensities (including
both upward and downward transitions).

The fundamental LOD of binding between NDs and MBs was
investigated by using a model biotin—streptavidin interaction. A serial
dilution of BSA-ND-Biotin was reacted with BSA-MB-Streptavidin for
30 min. The BSA blocking layers were employed to minimize
nonspecific binding. NDs were directly bound to MBs via the high-
affinity interaction between biotin and streptavidin. The reaction
products were then subjected to three rounds of magnetic separation
to obtain the purified ND-MB assemblies.

The resulting fluorescence signals from the purified ND-MB
assemblies were analyzed using conventional intensity analysis and
spin-enhanced analysis (described in “4.9”). The SNR of conventional
intensity analysis was calculated using formula 1, with the fluorescence
intensity of the experimental group as Agg,, and the fluorescence
intensity of blank control as A, ;.. The SNR of spin-enhanced
fluorescence analysis was also calculated using formula 1, with the
average intensity fluctuation amplitude of the experimental group as
Agignal and the average intensity fluctuation amplitude of blank control
as A - The SNRs of a dilution series of NDs were fitted with a
second-order polynomial to derive the concentration-dependent SNR
response curve, and the LOD was determined based on a SNR of 3.
Detailed methods for LOD calculation are described in “4.12”.

The hairpin DNA structure was engineered to implement AND DLG.
HI unfolds its stem-loop structure upon hybridization with miRNA-
21, while H2 unfolds upon hybridization with miRNA-1SS.
Subsequent complementary pairing between the two hairpin DNAs
occurs only when both miRNA-21 and miRNA-155 are present. In
the absence of either miRNA-21 or miRNA-155, at least one of the
H1 and H2 remains in its closed conformation, precluding any
complementary interaction. Furthermore, ND-H1 and MB-H2 were
synthesized to develop AND DLG-QN based on ND fluorescence
emission and spin-based modulation. Likewise, the conjugation
between ND-H1 and MB-H2 occurs exclusively in the presence of
both miRNA-21 and miRNA-155, with a reaction time of 30 min, and
purified assemblies are highly enriched by a conical magnet with a
sharp tip.

The resulting fluorescence signals from the purified ND-MB
assemblies were analyzed using conventional intensity analysis and
spin-enhanced analysis (described in “4.9”). The SNR of conventional
intensity analysis was calculated using formula 1, with the fluorescence
intensity of the experimental group as Ay, and the fluorescence
intensity of blank control as A, ;.. The SNR of spin-enhanced
fluorescence analysis was also calculated using formula 1, with the
average intensity fluctuation amplitude of the experimental group as
Aggnal and the average intensity fluctuation amplitude of blank control
as Apgise- The SNRs of a dilution series of miRNAs were fitted with a
second-order polynomial to derive the concentration-dependent SNR
response curve, and the LOD was determined based on a SNR of 3.
Detailed methods for LOD calculation are described in “4.12”.

The SNR was calculated according to the formula listed below®

signal
Anoise ( 1 )

where Agg,, is the signal amplitude from detected samples, and A,
is the noise amplitude from blank controls. The LOD was determined
based on a SNR of 3.

Thus, the LOD (Ay,,) was determined according to the formula
listed below

SNR = 20 X loglo

LOD(Asignal)
— =3
Anoise (2)

Formula 2 can be converted to the formula listed below

20 X log,

0.15
LOD(Asignal) =10 X Anoise (3)
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The LOD (concentration) was calculated by converting the LOD
(Agigna) using the formula obtained from the concentration-dependent
SNR response curve.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00058.
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