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ABSTRACT: Biomolecular interactions compose a fundamental Magnetic nanoparticle
element of all life forms and are the biological basis of many
biomedical assays. However, current methods for detecting
biomolecular interactions have limitations in sensitivity and

specificity. Here, using nitrogen-vacancy centers in diamond as

Magnet

/Bo
/4 '*‘ ,* Biomolecule

quantum sensors, we demonstrate digital magnetic detection of NV center/ '* / '* .*
biomolecular interactions with single magnetic nanoparticles '* .* .
(MNPs). We first developed a single-particle magnetic imaging -* * '* * ‘.
(SiPMI) method on 100 nm-sized MNPs with negligible magnetic '* -* * &J

background, high signal stability, and accurate quantification. The
single-particle method was performed on biotin—streptavidin
interactions and DNA—DNA interactions in which a single-base
mismatch was specifically differentiated. Subsequently, SARS-CoV-
2-related antibodies and nucleic acids were examined by a digital immunomagnetic assay derived from SiPMI. In addition, a
magnetic separation process improved the detection sensitivity and dynamic range by more than 3 orders of magnitude and also the
specificity. This digital magnetic platform is applicable to extensive biomolecular interaction studies and ultrasensitive biomedical
assays.
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B iomacromolecules interact to coordinate physiological metry techniques for detecting MNPs,'>'® such as giant
processes in cells and organisms. There are numerous in magnetoresistance (GMR) sensors,'* superconducting quan-
vivo methods for studying cellular biomolecular interactions, tum interference devices, and Hall effect sensors. Among these
providing a wealth of knowledge about biomolecular functions. techniques, GMR sensors have been used to measure the
For in vitro detection of interactions, elaborately designed kinetics of protein interactions.'” However, all of the above
biosensors and platforms are essential.”* For instance, surface sensors have difficulty resolving a single MNP with a 100 nm
plasmon resonance® and biolayer interferometry® have been scale or smaller size. A magnetic biosensor that can resolve
rapidly developed for label-free detection of biomolecular single. MNPs with high throughput would realize highly
interactions. In addition, single-molecule methods such as efficient magnetic detection of biomolecular interactions with

single-molecule sensitivity, which is a challenge for conven-
tional techniques.

Magnetic detection using nitrogen-vacancy (NV) centers in
diamond provides a conceptual solution for this goal."® The
NV sensor has already presented powerful capabilities in the
high-sensitivity detection of magnetic fields."”~>' Moreover,
the biocompatibility of diamond and sensing capabilities under
ambient conditions render NV centers ideal sensors for

single-molecule fluorescence detection,”® single-molecule force
spectroscopy,” and nanopore detection'’ are widely used to
measure biomolecular interactions at the single-molecule level,
greatly expanding our understanding of biomolecules. How-
ever, many of them rely on optical detection, which usually
suffers from optical background, signal instability, light
scattering, and fluorescence blinking.

Magnetism-based approaches are promising candidates for
overcoming the challenges associated with optical detection.''

In most of these approaches, magnetic nanoparticles (MNPs) Received: December 20, 2022
used as labels or tools offer many unique advantages, including Revised: ~ March 24, 2023
a near-background-free property, high signal stability, magnetic Published: March 27, 2023

manipulation capacity, accessible functionalization, and mag-
netic penetrability, which make them attractive for a wide
range of biomedical applications.'" There are various magneto-
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applications in biomedical systems. These features and
advances have attracted much interest in single-molecule
structure research,”*™>* single-cell imaging,zs_27 tumor tissue
imaging,zg’29 biomagnetism sensing,19 and DNA assay,30
indicating the prospects of NV-based magnetic sensing in
extensive biomedical fields. In particular, a 15 pT/Hz!/?
sensitivity'~ and a 10 nm-scale spatial resolution”” have been
achieved. Although some experiments using NV centers
recently imaged single magnetic particles,””* the lack of
biofunctionalization and the poor detection efficiency hindered
their biomedical applications. To date, meaningful magnetic
sensing attempting to detect biomolecular interactions remains
elusive.

Here, integrating the superiorities of NV sensors and MNPs,
we establish a digital magnetic method to detect biomolecular
interactions based on single-particle magnetic imaging (SiPMI)
using 100 nm-sized magnetic particles. In addition, many
biomedical assays, such as enzyme-linked immunosorbent
assay (ELISA)**** and paper microfluidic lateral flow assay
(LFA),* utilize specific biomolecular interactions to qual-
itatively or quantificationally examine target molecules and
diagnose a state. In this work, we also introduce a digital
immunomagnetic assay based on SiPMI for examining severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-
related antibodies and nucleic acids.

B PRINCIPLE AND CONCEPTUAL DESIGN

Figure 1A shows a conceptual design of single-particle
magnetometry for detecting biomolecular interactions. Single
MNPs are brought to the diamond surface by interacting
biomolecules and examined by SiPMI to qualitatively and
quantificationally analyze the interaction. In this work, SiPMI
detects single MNPs not necessarily single molecules. None-
theless, because one pair of interactional molecules is sufficient
to connect an MNP to the diamond, SiPMI can achieve single-
molecule detection. For specific biological recognition, the
diamond and MNP surfaces are prefunctionalized (see the
Supporting Information). Multiple biomolecules conjugated
on a single MNP enable highly efficient interactions. Moreover,
as will be explained later, SIPMI can detect as low as a single
MNP.

To sense the MNPs, the optically detected magnetic
resonance (ODMR) experiment of magnetic imaging was
carried out in a diamond-based magnetic microscope with a
spatial resolution of ~400 nm (Figure 1 and the Supporting
Information). As the principle, the continuous-wave (CW)
spectrum of NV centers is measured to calculate the magnetic
field. Specifically, static magnetic field B shifts the peak
position of the CW spectrum by a magnitude of y.B due to the
Zeeman effect (Figure 1B, C)."” In our experiments, B = B, +
Bynps where By is the externally applied magnetic field along an
NV axis, which also magnetizes MNPs. At each imaging pixel,
the local magnetic field projection of an MNP, By, affects
the peak position by a magnitude of y.Byyp (Figure 1C).
Therefore, the local magnetic field of a single MNP can be
obtained by measuring the frequency shift of NV centers and
subtracting the external magnetic field By In the magnetic
microscope, single MNPs on the diamond surface are imaged
in a field of view (FOV) of hundreds of micrometers by a two-
dimensional (2D) thin layer of NV sensors with a detection
sensitivity of ~2 uT-um/Hz'* (Figure 1A). The magnetic
fields are mapped pixel-wisely in a wide-field manner.
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Figure 1. Schematic illustration and principle of single-particle
magnetic detection for biomolecular interactions. (A) Hlustration of
SiPMI detection. Biomolecule (red)-coated MNPs specifically bind
on the diamond surface by interacting with preimmobilized
biomolecules (green). Single MNPs are magnetized by an external
magnetic bias field By and imaged by a 2D magnetic sensor, which
consists of many shallow NV centers in the bulk diamond. The NV
centers are excited by a green laser (532 nm) and modulated by a
microwave field, and the red fluorescence is collected to read the NV
spin state. The single-particle magnetic image is used to analyze the
interaction. The inset shows the atomic structure of an NV center.
(B) Energy-level diagram of the NV center. Zero-field splitting
degenerates the ground states 10) and I+1) with 2.87 GHz. Under
magnetic field B, the energy level of |+1) splits due to the Zeeman
effect, which is proportional to B (A = 2y.B, for NV gyromagnetic
ratio, 7., of 2.80 MHz/gauss). In the excited states, |+1) states
partially relax to the ground state of 10) through the singlet states,
which is a nonradiative transition. (C) CW spectra of NV centers.
The peak appears in the CW spectrum when the microwave frequency
is resonant with the allowed transition 10) — |I—1) or 10) — I+1). (D)
Simulated magnetic image of a single MNP on the diamond surface.
Scale bar, 500 nm.

In this study, superparamagnetic nanoparticles with an
average diameter of 100 nm were selected to reconcile
appropriate magnetic field strength and high throughput in the
single-particle imaging and magnetic manipulation capacity.
On the diamond surface, the estimated distance between the
MNP surface and the NV layer is approximately 40 nm, which
is determined by the NV depth of ~20 nm and molecules
coated on the diamond and MNP surfaces. Simulated images
show that a single MNP displays a distinctive pattern of a
petaloid magnetic dipole field with a typical magnetic
magnitude of 25 uT and micrometer-scale spatial extension
(Figures 1D and S1). These enable us to image MNPs with
high contrast and single-particle resolution while permitting
many MNPs in an FOV. In principle, we can spatially resolve
up to 10,000 single MNPs in an FOV of 100 X 100 ym> In
addition, the ability of magnetic separation in ~1 min allows
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Figure 2. Proof-of-concept experiments of SiPMI detection. (A) Workflow of modification and functionalization of the diamond surface (see the
Supporting Information for details). The SA modification allows subsequent binding of biotin-terminated biomolecules. (B) Schematic of biotin—
SA interaction detection. Biotin-PEG molecules are preimmobilized on the diamond surface, and then, SA-coated MNPs bind on the surface via the
biotin—SA interaction. The green star indicates the fluorophore Alexa Fluor 488 (AF488) labeled on the SA. Groups using methyl-terminated PEG
(mPEG)-modified diamond or carboxyl-terminated MNPs served as controls. (C) AFM image of single MNPs binding on the diamond surface via
the biotin—SA interaction. The MNP concentration was 400 fM. The inset shows a single MNP. (D) Correlated single-particle magnetic and
fluorescence images. The fluorescence image shows AF488 labeled on the corresponding MNPs. The distribution of MNPs was reconstructed from
the magnetic image by a deep learning model. Insets show magnified images of the single MNP in red boxes. Yellow arrows indicate
autofluorescence structures. Arrowheads indicate MNPs that appear in the magnetic image but cannot be found in the fluorescence image. Red
ellipses represent an MNP cluster. (E) Linear profile analysis of single-particle signals. The analyzed MNP is the particle in the magnified images in
(D). a.u,, arbitrary units. (F) Quantification of MNP numbers per 10,000 ym?. Values on the abscissa represent concentrations of MNPs. Data are

represented as mean + SEM, n > 4 areas for each group. Scale bars: (C) 2 ym; (D) 10 um.

rapid pre-magnetic purification and enrichment for biomedical
samples. To accurately identify and reconstruct single-particle
magnetic field signals, we trained a deep learning model based
on the p1x2p1x method, an image-to-image translation
framework.>® As a result, the single MNPs can be intelligently
recognized by the trained model and subsequently accurately
counted (Figure S2).

B MAGNETIC DETECTION OF
BIOTIN—STREPTAVIDIN INTERACTION

We first performed the single-particle method in a model
system of the biotin—streptavidin (SA) interaction (Figure 2).

As the first key i issue, nonspecific binding (NSB) disturbs many
biomedical assays.”” Although the chemically inert diamond
surface largely avoids NSB, we still observed moderate NSB of
SA and obvious NSB of MNPs at high concentrations (Figures
S3A and S4). To minimize the NSB of biomedical samples and
MNPs, optimizing the diamond surface is critical. In our
experiments, the modification and PEGylation of the diamond
surface successfully eliminated the NSB and enabled
subsequent specific biofunctionalization and single-molecule/
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particle detections (Figures 2, S3, and S4), which were also
achieved with Al,O;-coated diamonds in a recent work.”

On the biotinylated PEG-functionalized diamond, SA-coated
MNPs specifically bound on the surface via the biotin—SA
interaction (Figure 2B). In addition to dispersing the MNPs in
the solution (Supporting Information), we also optimized their
concentration to obtain a spatially resolvable distribution. At a
subpicomolar concentration, the MNPs were distributed on
the diamond surface with a distance of several micrometers
between each other (Figure 2C, D). The atomic force
microscopy (AFM) image confirmed the single-particle
distribution (Figure 2C). In the correlated magnetic and
fluorescence microscope, we obtained the single-particle
magnetic image as well as the single-particle fluorescence
image of fluorophores labeled on corresponding MNPs, which
confirmed the magnetic signals of single MNPs (Figure 2D).
Note that the heterogeneity of single-particle magnetic signals
primarily arises from the fluctuation of particle size
(Supporting Information).

In general, magnetic detection is free from the impact of
background signals, as there is barely a magnetic background in
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Figure 3. SiPMI detection of DNA oligo hybridization. (A) Schematic of DNA—DNA interaction detection. Biotin—DNA molecules are
immobilized on the diamond surface via SA. An assumptive mismatch base is marked in red. (B) Single-particle magnetic images of DNA oligo
hybridization. In the three groups, the complementary DNA strand was constant, but the biotin—DNA strand had a variable sequence with no
mismatch, one-base mismatch, or poly(A). (C) Quantification of MNP densities. The particle density has a significant downward trend as the
number of mismatched nucleotides is increased, indicating the decrease of interaction strength. Data are represented as mean + SEM, n > 5 areas
for each group. ***P < 0.001, t test. (D) Schematic of magnetic purification and enrichment followed by SiPMI detection. The DNA mixture
consisted of target biotin—DNA (10 pM) and biotin-poly(A) (100 nM). Complementary DNA-coated MNPs (1 pM) were added into the mixture
and fully reacted. The reaction solution was concentrated from 1 mL to S yL by magnetic separation. Then, the sample was examined by SiPMI.
(E) Single-particle magnetic images of samples before or after magnetic separation. Images were from undiluted samples (upper) or samples with a
50-fold dilution after magnetic separation (lower). In particular, the treatment procedure of the control group was the same as that described in
(D), except that the target biotin—DNA was excluded from the DNA mixture. (F) Quantification of MNP densities in (E). We cannot count the
exact particle number of the after (1:1) group because of the excess MNPs in the FOV. Data are represented as mean & SEM; n > § areas for each
group. Scale bars, 20 ym.

biomedical samples and detection systems. In contrast, Furthermore, we investigated the relationship between
fluorescence detection usually suffers from background magnetic signal density and MNP concentration and found
fluorescence, as the larger spots indicated by the yellow arrows that the particle density was proportional to the concentration
in Figure 2D. Obviously, magnetic imaging has a much better (Figure 2F). The lack of signal in the negative control groups
signal-to-background ratio than fluorescence imaging in the without biotin or SA confirmed that the single-particle signals
same imaging system (Figure 2D, E) and excellent magnetic were from biotin—SA interactions rather than NSB and other
signal stability relative to fluorescence signals (Figure SS). To factors.

quantitatively analyze the interaction, we employed the trained
deep learning model to identify the single-particle magnetic Bl DNA OLIGO HYBRIDIZATION
fields and reconstructed them as single-particle magnetic
moments with a nearly 100% reconstruction rate (Figure 2D).
The deep learning scheme facilitates the recognition of single

Biomolecular interactions involving nucleic acids widely exist
in DNA replication, DNA repair, transcription, translation,
gene editing, and various biomedical assays.””*" Here, we used
MNPs, including the segmentation of magnetic signals that SiPMI to detect DNA oligo hybridization. Due to the apparent
overlap or are from a cluster (as the cluster indicated by the electronegativity, DNA molecules easily bound nonspecifically
red ellipses in Figure 2D), which greatly improves the on bare diamonds primarily through electrostatic adsorption

quantification accuracy. Moreover, the characteristic magnetic (Figure S6). We found that PEGylation almost completely
dipole pattern of single MNPs further minimizes the false eliminated the nonspecific adsorption of DNA on diamonds
identification of background signals, such as the spurious signal (Figure S6). As shown in Figure 3A, the complementary strand
in Figure S2B, which does not present a typical pattern and can conjugated on the MNP interacted with the single strand
be explained by the presence of internal strain or surface preimmobilized on the diamond surface. SiPMI results clearly
damage in the diamond. These features collectively guarantee reveal the sequence specificity of DNA hybridization, and the
the robustness and accuracy of the single-particle method. particle density is markedly reduced in the mismatch groups
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Figure 4. (A—C) Single-particle immunomagnetic assay of SARS-CoV-2-related antibodies. (A) Schematic of the SPIMA. In the sandwich
structure, biotinylated RBD proteins, which are used as capture molecules, are immobilized on the SA-functionalized diamond surface. The target
molecule anti-RBD antibody is captured via the antigen—antibody interaction. The secondary antibody-conjugated MNP is used to recognize the
primary antibody and detect the protein interaction. (B) Single-particle magnetic images with or without anti-RBD antibodies in the sample. (C)
Concentration-dependent curve of the immunomagnetic assay for the anti-RBD antibody. Data are represented as mean + SEM; n > S areas for
each group. (D—F) The SPIMA of SARS-CoV-2-related nucleic acids. (D) Schematic of the assay. The SARS-CoV-2 N gene in a plasmid was
amplified by LAMP (Supporting Information). 175-bp DNA duplexes in the amplicon were the target of the assay. S'-Fluorescein (FAM)-modified
and S’-biotin-modified primers were used in the amplification to produce labeled double-stranded amplicons, which bound to the anti-FAM
antibody-coated MNP and the SA-modified diamond, forming a sandwich structure in the presence of amplicons. (E) Single-particle magnetic
images. The two samples were from the LAMP reactions with 10,000 copies of the SARS-CoV-2 N gene as the template or without template
(negative control). (F) Quantification of MNP densities in (E). Data are represented as mean + SEM; n > S areas for each group. Scale bars, 20

pum.

and the control group of poly(A), which have reduced
interaction strengths (Figure 3B,C). Significantly, SiPMI
detection is single-base sensitive for the DNA—DNA
interaction. This sensitivity to mismatches makes SiPMI
detection an ideal way to detect sequence variants of interest
relevant to various diseases and biomedical elements, such as
the cancer genome, genome of a novel viral strain, a single
nucleotide polymorphism genotype, and noncoding RNA.
Magnetic separation is an important characteristic of
magnetic particles.”’ Here, we investigate the potential of
magnetic purification and enrichment based on magnetic
separation in improving the sensitivity and specificity of SiPMI
detection. For this purpose, single MNPs were used as both
tools for magnetic separation and signal resources for magnetic
imaging. After the incubation of MNPs and the DNA mixture
(biotin-poly(A):target biotin—DNA = 10,000:1), the target
DNA oligo was coprecipitated and examined by SiPMI (Figure
3D). Not only does poly(A) interact weakly with comple-
mentary strands on MNPs, but also excess biotin-poly(A)
severely disturbs the tethering of target DNA on the diamond
by occupying the biotin-binding sites of SA. As a result, in
addition to enhancing the specificity, the magnetic separation
process improved the sensitivity and dynamic range of SiPMI
detection by more than 3 orders of magnitude, which was
calculated based on the S50-fold dilution factor and the
approximately 100-fold higher particle density of the diluted
“After” group compared to the “Before” group and the
“Control” group (Figure 3E,F). The results of the control
group without target DNA excluded nonspecific signals caused
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by increased MNPs after the concentration (Figure 3E,F).
These expanded abilities of the single-particle method will
provide new opportunities for biomedical applications,
especially for low-abundance molecules and complex con-
tent-containing samples such as blood, urine, saliva, and cell or
tissue extract.

B PROTEIN INTERACTION AND IMMUNOMAGNETIC
ASSAY

Protein—protein interactions occur almost all the time in all
biological systems and also are the biological basis of many
immunoassays.*> We further applied single-particle magnetic
detection to the antibody—antigen interaction, a representative
protein interaction, and established a single-particle immuno-
magnetic assay (SPIMA), which is one of the digital detection
strategies widely used in ultrasensitive analytical assays.”***~*
There is an urgent requirement for highly sensitive diagnostic
tests, espec1ally durmg the coronavirus disease 2019 (COVID-
19) pandemlc Here, as a proof-of-concept assay, the SPIMA
was first employed to detect an antibody against the receptor-
binding domain (RBD) of the SARS-CoV-2 spike protein. As
the sandwich structure shows in Figure 4A, biotin—RBD
proteins used as capture molecules were preimmobilized on
the diamond surface, and secondary antibody-coated MNPs
were used to recognize and probe the target molecules anti-
RBD antibodies. Single-particle magnetic field signals were
observed when there were anti-RBD antibodies in the sample,
and the particle density was concentration dependent; but,
only a few isolated signals were observed in the control group
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without target molecules (Figure 4B,C). In the groups with
low sample concentrations, the SPIMA had single-molecule
detection. Except for the limitation of the dissociation constant
of the interactional biomolecules, the unremarkable limit of
detection (LOD) here could be improved by increasing the
capture rate of the target molecules on the diamond surface
and further reducing the NSB level of the entire detection
system. In addition to the SARS-CoV-2 antibody, we have also
shown the SPIMA for the loop-mediated isothermal
amplification (LAMP)-based amplified product of the SARS-
CoV-2 N gene (Figure 4D—F), demonstrating the broad
applicability of the approach. Benefiting from the high
specificity and single-MNP sensitivity of the SPIMA, the target
nucleic acids were specifically identified despite skipping the
purification of amplicons. The effectiveness of the SPIMA for
real clinical samples has also been proved by testing the SARS-
CoV-2-induced antibody in the serum of a convalescent
patient with COVID-19 (Figure S7).

The SPIMA shows the practical value of the single-particle
method, and the approach can be readily modified to study
general protein—protein interactions at the single-molecule
level or further developed into an ultrasensitive clinical assay
approach. Owing to the near-background-free property and the
single-particle sensitivity of SiPMI, the theoretical LOD of the
digital immunomagnetic assay for clinical samples is expected
to be limited mainly by equilibrium considerations and NSB.””

In this work, by combining the high sensitivity and high
spatial resolution of NV sensor-based magnetic imaging under
ambient conditions, we proposed and experimentally realized a
digital magnetic method for general biomolecular interactions.
The method has the advantages of low signal background, high
signal stability, the ability of magnetic purification and
enrichment, and accurate quantification. It opens the door to
single-molecule or ultrasensitive magnetometry for biomolec-
ular interaction research, highly sensitive clinical diagnostics,
and drug screening.

To study cellular biomolecular interactions, particularly
protein—protein interactions, inspired by conventional coim-
munoprecipitation (Co-IP) and pull-down examinations, the
SPIMA in the present work can be evolved into a single-
particle Co-IP or pull-down approach, enabling us to study
physiological protein interactions with single-molecule sensi-
tivity and requiring much fewer samples, even a single cell.
Then, NV centers are highly sensitive to the spatiotemporal
changes of a magnetic field."” Thus, in a physiological solution,
single-molecule interactions could be magnetically monitored
in real time by SiPMI for a long time to analyze the dynamics
and even manipulated by an external magnetic field. This
single-molecule magnetometry would provide new opportu-
nities for biomolecular structure and function research. In
addition, for clinical diagnostics, by combining with micro-
fluidics and LFA toolkits, the SPIMA can be further developed
into a general ultrasensitive immunoassay approach for assays
of a broad range of analytes, including proteins, nucleic acids,
viruses, extracellular vesicles, and circulating tumor cells.

In future studies, several technical improvements will
contribute to more efficient SiPMI detection and meet the
extended applications described above. The first is to improve
the sensitivity and efficiency of magnetic imaging by using an
isotope-C,, enriched diamond sensor and lock-in detection
technique, increasing the NV center density, and optimizing
the thickness of the NV layer."” Optimizing the functionaliza-
tion and depositing suitable atomic layers such as the Al,O;
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layer®® or SiO, layer on the diamond surface could increase the
effective binding sites of the surface, which would contribute to
SiPMI detection sensitivity. In addition, fabricating a nano-
pillar array on diamond will facilitate the single-molecule
magnetic detection. Lastly, the use of a diamond chip with
multiple functional areas, a multichannel microfluidic chip, a
functionalized membrane, or a test strip will enable parallel
SiPMI examination of a large number of biomedical samples
and multiple factors in a single sample.
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