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BIOPHYSICS

Nanoscale magnetic imaging of ferritins in a single cell

Pengfei Wang'*3#, Sanyou Chen'>3*, Maosen Guo'*3#*, Shijie Peng’>3*, Mengqi Wang'*3,
Ming Chen'*3, Wenchao Ma'>3, Rui Zhang®*, Jihu Su"?*3, Xing Rong"?*3, Fazhan Shi'*?,

Tao Xu***, Jiangfeng Du3"

The in situ measurement of the distribution of biomolecules inside a cell is one of the important goals in life
science. Among various imaging techniques, magnetic imaging (MI) based on the nitrogen-vacancy (NV) center
in diamond provides a powerful tool for the biomolecular research, while the nanometer-scale Ml of intra-
cellular proteins remains a challenge. Here, we use ferritin as a demonstration to realize the Ml of endogenous
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proteins in a single cell using the NV center as the sensor. With the scanning, intracellular ferritins are imaged
with a spatial resolution of ca. 10 nm, and ferritin-containing organelles are colocalized by correlative Ml and
electron microscopy. The approach paves the way for nanoscale Ml of intracellular proteins.

INTRODUCTION
Improving the spatial resolution of the imaging technique in biology
and medicine has been essential in reaching continuing demand.
Among various kinds of techniques, the magnetic imaging (MI) tech-
nique is widely used in biology and medicine. One of the MI techniques
is magnetic resonance imaging (MRI) to measure the distribution of nu-
clear spins. Recent approaches based on conventional MRI reach ca.
1 um in nuclear spin imaging (1), while the resolution is limited by their
electrical detection sensitivity (2). To break the resolution barrier, a se-
ries of techniques, such as superconducting quantum inference device
(3) and magnetic resonance force microscopy (4), have been developed
to detect and image the electron and nuclear spins at nanoscale resolu-
tion. However, the reported schemes require a cryogenic environment
and high vacuum, which severely makes the experiment complicated.

A recently developed quantum sensing method, based on the nitrogen-
vacancy (NV) center in diamond, has radically pushed the boundary
of MI techniques. NV detections of magnetic resonance spectrum at
the nanoscale and single-molecule level have been reported for organic
samples (5-7) and proteins (8, 9) in vitro. By combining quantum
sensing with NV centers and scanning probe microscopy, nanoscale
MRI has been demonstrated for single electron spin (10) and small
nuclear spin ensemble (11, 12). The NV center has also been used as a
biocompatible magnetometer to image the ferromagnetic particles
inside cells in a noninvasive manner at the subcellular scale, i.e.,
0.4 um (I13). Another important progress is that, as a wideband mag-
netometer, the depolarization of the NV center is used for detecting
the magnetic fluctuating noise (14) from metal ions (15-17) and nu-
clear spins (18). However, nanoscale MI of proteins in single cells has
not yet been reported, and the primary remaining barrier is the ac-
cessibility of the samples to a scanning NV center.

We report here two technical advancements to enable nanoscale
MI of intracellular proteins in a cell. In the studies, the cell was fixed
to solid state and then sectioned to a cube shape and placed at a
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tuning fork scanning probe of an atomic force microscope (AFM),
with the flat cross section of the cell exposed to the air (Fig. 1A). This
sample placement setup allows positioning of the NV sensor within
10 nm to the target proteins and the use of the AFM to suppress the
thermal drift in sample positioning. In addition, by fabricating trape-
zoidal cylinder-shaped nanopillars at a bulk diamond surface and im-
planting NV centers at the top of the pillars (Fig. 1A), the acquisition
time for an image was shortened by nearly one order (19, 20). In situ
MI of the magnetic fluctuating noise of intracellular ferritin proteins
has been successfully carried out by using this experimental setup.

RESULTS
Ferritin is a globular protein complex with an outer diameter of 12 nm
(Fig. 1B), and within its 8-nm-diameter cavity, the protein can house up
to 4500 iron atoms (21). The magnetic noise of the ferric ions can be
detected by their effects on the T} relaxation time of an NV center. Pre-
vious work has shown that the presence of ferritin decreases T; of the
NV centers (16, 22), and we confirmed this observation by fluorescence
measurements of the time-dependent decay of the population of the
mg = 0 state of NV centers on a diamond surface coated with ferritins
(Fig. 1C). Furthermore, it can be detected in a label-free manner
using the NV center (16, 22) and transmission electron microscopy
(TEM). This enabled the development of a correlated MI and TEM
scheme to obtain and verify the first nanoscale MI of a protein in situ.
This work used hepatic carcinoma HepG2, a widely used cell line for
the iron metabolism study. The cells were treated with ferric ammoni-
um citrate (FAC) (Fig. 2A). As a result, the amount of ferritin increased
significantly as verified by the results of confocal microscopy (CFM),
Western blot, and TEM (fig. S3). Figure 2B and fig. S3E show that fer-
ritins localized primarily in intracellular puncta around the nucleus
among the cytoplasm. Bulk electron paramagnetic resonance (EPR)
spectroscopy confirmed the paramagnetic properties of ferritins in
FAC-treated HepG2 cells (Fig. 2C), and mass spectrometry measure-
ments precluded interference due to other paramagnetic metal ions.
All intracellular components of the Fe-loaded cells were immobi-
lized by ultrafast high-pressure freezing. This treatment stabilized the
intracellular structures and molecules and minimized Brownian
motions that cause the proteins to randomly move on the scale up to
ahundred nanometers (23). The frozen cells were embedded and polym-
erized in the LR White medium, with the concerned intracellular
structures remaining in situ. The embedded cell sample was then glued
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Fig. 1. Schematic of the setup and experimental principle. (A) Schematic view of the experimental setup. The cell embedded in resin is attached to a tuning fork and
scans above the diamond nanopillar that contains a shallow NV center. A copper wire is used to deliver the microwave pulse to the NV center. A green laser (532 nm) from
the CFM is used to address, initialize, and read out the NV center. (B) Left: Crystal lattice and energy level of the NV center. The NV center is a point defect that consists of a
substitutional nitrogen atom and an adjacent vacancy in diamond. Right: Schematic view of a ferritin. The black arrows indicate the electron spins of Fe**. (C) Experimental
demonstration of the spin noise detection with and without ferritin in the form of polarization decay for the same NV center. The inset is the pulse sequence for detection and
imaging of the ferritin. A 5-us green laser is used to initialize the spin state to ms = 0, followed by a free evolution time 1 to accumulate the magnetic noise, and finally the spin
state is read out by detecting the fluorescence intensity. The pulse sequence is repeated about 10° times to acquire a good signal-to-noise ratio (SNR). The relaxation time is
fitted to be 0.1 and 3.3 ms by exponential decay for the case with and without ferritin, respectively, indicating a spin noise of 0.01 mT>
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Fig. 2. The preparation and characterization of ferritin-rich HepG2 cell samples. (A) Schematic view of the treatment to cultured cells. Following iron loading or no
treatment, the HepG2 cells were examined for fluorescence images and EPR spectra, respectively. For the Ml and TEM imaging, cell samples were treated through high-
pressure freezing, freeze substitution, and sectioning. (B) Representative CFM image of ferritin structures (green) in iron-loaded HepG2 cells. The ferritin proteins were
immunostained by anti-ferritin light chain antibody. The nuclei are indicated by 4',6-diamidino-2-phenylindole (DAPI) in the blue channel. Inset displays magnified
ferritin structures. The yellow dashed line outlines the contour of a cell. Scale bar, 20 um. (C) EPR spectra of control and iron-loaded HepG2 cells at T = 300 K. HepG2

cells, harvested by trypsinization, were fixed with paraformaldehyde and immersed in phosphate-buffered saline (PBS).

on the AFM tuning fork and shaped to the frustum of a prism with a few
cells on the tip. The tip surface was sectioned to nanometer flatness by a
diamond knife on the ultramicrotome and examined under AFM. Dur-
ing this sectioning step, a cell was dissected with a certain amount of
ferritins remaining just on or a few nanometers below the surface. The
tuning fork was then placed on a sample stage, which contained a two-
dimensional tilt that allows fine adjustments of the relative angle between
the cell and diamond surface. After the adjustment, the nanopillar can
parallel contact the surface of the cell cube.

MI images of ferritins were acquired by scanning the cell cube across
the diamond nanopillar while simultaneously measuring the NV spin
depolarization rate under the “leapfrog” scanning mode. Given the hard-
ness of the diamond, the leapfrog mode maximally reduced the abrasion
of the cell samples and allowed the reproduction of the results (12).
Instead of measuring the whole depolarization curve, at each pixel,
fluorescence decay was measured at a fixed free evolution time of T =50 pis
to reveal the degree of NV sensor spin polarization, which is correlated
with the amount of ferritin within the sensing volume. The total time
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for one whole scan to acquire an image was about 2 hours, during which
the positioning thermal drift was only few tens of nanometers.

A correlated MI and TEM scheme was developed to speed up and
verify the nanoscale MI images. We first cut off a cell section with a
thickness of about 100 nm and prelocate the ferritin clusters by TEM
(Fig. 3A). Then, with the MI setup, we relocated these clusters and
scanned near their locations to search for the spin signal. Figure 3 shows
an example of the MI and TEM correlated result of intracellular ferritins
with a pixel size of 43 nm. The diameter of ferritin clusters was between
100 and 500 nm. Given the different axial detection ranges between
TEM (here, ~100 nm) and MI [around 10 nm under the experimental
signal-to-noise ratio (SNR); fig. S8], the respective images showed mi-
crodomains with different distributions of ferritins in a membrane-
bound organelle. Some of the clusters appeared in both TEM and MI
images, while others were not observed in MI (Fig. 3, B to D). Control
measurements from CFM, EPR, TEM, and mass spectrometry con-
firmed that the spin noise causing the depolarization of the NV center
was from intracellular ferritins.
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Fig. 3. Correlative Ml and TEM images. (A) Schematic view of sectioning for correlative Ml and TEM imaging. The last section and the remaining cube were transferred
for TEM imaging and MI scanning, respectively. The sectioning resulted in some split ferritin clusters that could be imaged under both microscopes. A transparent blue
strip of ~10 nm indicates the imaging depth of the MI, while in the TEM, the imaging depth is ~100 nm. (B) Distribution of ferritins from the last ultrathin section under
TEM. Inset: Magnified figure of the part in black dashed box. (C) Ml result of the remaining cell cube. The pixel size is 43 nm. (D) The merged Ml and TEM micrograph
shows ferritins in a membrane-bound organelle. The red arrows in (B) to (D) indicate the same ferritin cluster. Scale bars, 5 um (B) and 1 um [B (inset), C, and D].

To obtain the detail of ferritins in clusters, we acquired a high-
resolution MI image by minimizing the pixel size to 8.3 nm (Fig. 4). The
image shows ferritins in a cluster of ca. 100 nm with an SNR (peak to
peak) of >2. We observed several transitions from the background to the
ferritin cluster with a minimal rising edge width of 8.3 nm, which was
the same size as a single pixel (Fig. 4C). The spin noise from intracellular
ferritins was measured at around 0.02 mT?. Using a model of 4000 Fe**
uniformly distributed inside an 8-nm ferritin spherical core, the mea-
sured magnetic noise gives an estimation of approximately 9 nm for the
vertical distance between the NV sensor and the center of the shallowest
ferritin. We further calculated the point spread function of the mea-
sured signal and found that the spatial resolution determined by full
width at half maximum was ~10 nm. This was close to the size of a
single ferritin core and agrees well with the observed sharp transition
at the edge of the pixel (Fig. 4C). Consistent with these analyses, other
lines did not show this sudden transition (fig. S9). This is mostly because
the ferritins on the cluster boundary were less shallow beneath the cell
section surface, and the signal dwindled as the ferritin was farther from
the NV sensor.

DISCUSSION

The NV centers have been shown to be a sensitive and appropriate sen-
sor for applications in biology. Here, we developed the methodologies
based on such a sensor to obtain in situ the first 10-nm-resolution MI of
a protein. With additional improvements in stability and sensitivity, we
can speed up the scanning and image a larger region of interest to locate
ferritins in a cell, such as around the nucleus or in peripheral, and as-
sociate them with more organelles. It will contribute to further studies
on the iron storage and release in cells and the regulatory mechanism of
iron metabolism disorders related to iron at nanoscale, such as hemo-
chromatosis, anemia, liver cirrhosis, and Alzheimer’s disease (24, 25).
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Fig. 4. High-resolution Ml image of an intracellular ferritin cluster. (A) Ferritin
cluster imaged by the NV sensor with 80 x 24 pixels and a pixel size of 8.3 nm.
Scale bar, 100 nm. (B) Trace data of the scanning line in (A) directed by the red
arrow. The platform indicates the ferritin cluster. The red curve fitted by a plateau
function serves as a guide to the eye. (C) Magnified figure of the gold dashed box
in (B). The sharp transition indicated by the red arrow around x = 283 nm shows

the scanning from the blank area to the area with ferritins.

For other cellular components with paramagnetic signal, such as
magnetic molecules, metalloproteins, and special spin-labeled proteins,
one may take a similar approach to image them and study their
functions in situ. Further studies will explore additional suitable targets
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for correlated MI and TEM or optical microscopy detection, extend to
protein nuclear spin MRI (5-7, 18), and perform three-dimensional cell
tomography (26). The work reported here represents a significant step
forward in pushing the boundary of MI on endogenous intracellular
nanostructure and macromolecules.

MATERIALS AND METHODS

Experimental setup

The experiment was carried out on a homebuilt setup (fig. S1), which
combined optically detected magnetic resonance microscopy (ODMR)
with AFM. The ODMR was used for addressing, controlling, and
measuring single NV centers in diamond, while the AFM controlled
the distance between the cell sample and the diamond nanopillars. In
the ODMR part, the CEM enabled the state initialization and readout
of the electron spin state via a laser with 532-nm wavelength. The laser
light passed twice through an acousto-optic modulator (ISOMET
1250C) and then was focused on an NV center by an objective
[Olympus, LUCPLFLN 60x; numerical aperture (NA), 0.7]. The pho-
non sideband fluorescence with wavelengths of 650 to 775 nm was de-
tected to determine the state of the electron spin. The fluorescence
passed through the same objective and was collected by an Avalanche
Photodiodes (Perkin Elmer SPCM-AQRH-14). A light-emitting diode
(LED) illuminator with a 470-nm wavelength (Thorlabs M470L3-C1)
and a charge-coupled device (CCD) camera were used for wide-field
and interference fringe views.

The AFM based on a tuning fork was controlled by a commercial
controller (Asylum Research MFP3D) and mounted with a homebuilt
AFM probe head. A translation stage based on a piezo motor (Physik
Instrumente Q-522) was used for the coarse approach. Each AFM probe
head and the diamond base plate contained a three-axis tilt platform
driven by a stepper motor actuator (Thorlabs ZFS25B), allowing accu-
rate tilting adjustment.

The whole probe head was placed in a temperature-stabilized
chamber to minimize the positioning thermal drift. A three-level tem-
perature control system was set to control the temperature: (i) The
ambient temperature of the laboratory was controlled by air-
conditioning. (ii) A soundproof box was used to isolate noise and sta-
bilize the temperature. (iii) The third level included a temperature
controller (PTC10 from Stanford Research System) and a copper
chamber with a heating resistor. As the core region of the MI system,
the scanning part of the AFM could be stabilized at a temperature fluc-
tuation of +5 mK and a thermal drift of +20 nm per day by using these
multilevel temperature controls.

Fabrication of NV sensors

The NV centers were created by 10-keV b\ implantation in [100]
face bulk diamond and annealing for 2 hours at 800°C in high vacaum
(27). The typical depth of the 1N,* ions was estimated to be 5 to 11 nm
below the diamond surface (28). We fabricated trapezoidal cylinder-
shaped nanopillars on the diamond using electron beam lithography
and reactive ion etching (RIE).

For fabrication, the negative electron beam-resisting hydrogen silses-
quioxane (HSQ) was spun on the diamond with a thickness of 350 nm
(fig. S2). Then, the HSQ layer was patterned by electron beam writing
and followed by 5- min tetramethyl ammonium hydroxide (4%) devel-
oping. The nanopillars were formed from RIE with mixed CHF; and
O,, with an etching depth of about 400 nm. Last, the HF was used to
remove the resist, and the diamond was thermally oxidized for 15 min
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at 580°C in atmosphere to improve the NV stability and depolarization
time. After the etching and before changing the cell sample, the dia-
mond was cleaned in boiling 1:1:1 mixture of H,SO4HNO3:HCIO,
for 6 hours. To remove the Fe’* that remained on the diamond after
scanning the cell sample, the diamond was additionally cleaned in the
boiling deionized water for 8 hours.

We measured all the NV centers in the nanopillars and chose very
shallow NV centers with short relaxation time as the sensors for ML
The fluorescence counts increased from ~20 to ~200 k/s under half-
saturated laser power, which reduced the experiment time by nearly
an order of magnitude under the same SNR.

Cell sample preparation

Cell culture

Hepatic carcinoma HepG2 cells were grown at 37°C in a 5% CO, hu-
midified environment in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% fetal bovine serum (Biological Industries), pen-
icillin (100 U/ml), and streptomycin (100 pug/ml; HyClone). Cells were
treated with FAC (200 pg/ml; F5879-100G, Sigma) for 3 days to induce
iron-replete conditions. Before being collected, cells were washed with
phosphate-buffered saline (PBS) five times.

Immunoblotting assay

HepG2 cells grown in six-well plates were treated with or without FAC.
After washing with PBS, whole-cell lysates were prepared in lysis buffer
[20 mM tris-HCI (pH 8.0), 137 mM NaCl, 2 mM EDTA, 1% NP-40,
and 1x protease inhibitor cocktail], centrifuged to remove the precipi-
tation, and mixed with SDS-polyacrylamide gel electrophoresis sample
loading buffer. Immunoblots were stained sequentially with mouse
anti-ferritin light chain (Santa Cruz Biotechnology, sc-74513, 1:800
dilution) and mouse anti-f-actin (Sigma, clone AC-74, 1:2000 dilution)
monoclonal antibodies, and with horseradish peroxidase-labeled goat
anti-mouse secondary antibody (Jackson ImmunoResearch Labora-
tories, West Grove, PA).

Immunofluorescence microscopy

For immunostaining, cells were fixed in —20°C precooled 100% meth-
anol for 5 min and washed with PBS five times at room temperature,
each for 5 min. Subsequently, cell samples were blocked in blocking so-
lution [2% bovine serum albumin (BSA), 1x PBS, 0.1% Triton X-100,
and 0.05% Na azide] for 30 min at room temperature. Mouse anti-
ferritin light chain monoclonal antibody (Santa Cruz Biotechnology,
sc-74513) was used at a 1:200 dilution in incubation buffer (1% BSA,
1x PBS, 0.1% Triton X-100, and 0.05% Na azide) overnight at 4°C.
Alexa Fluor 488 AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson
ImmunoResearch, 115-545-003) was used at a dilution of 1:600 and in-
cubated for 2 hours at room temperature. After extensive washing and
4',6-diamidino-2-phenylindole (DAPI) staining, the cells were used for
confocal imaging. Multiwavelength fluorescence images were acquired
using a FLUOVIEW FV1000 microscope (Olympus, Tokyo, Japan)
equipped with a 100x NA 1.45 oil-immersion objective and captured
using FV10-ASW version 3.1 software. Images were analyzed, and flu-
orescence intensities were quantified in Image] 1.45m (W. Rasband,
National Institutes of Health).

Embedded cell sample preparation and TEM imaging

The resin-embedded cell samples were prepared by high-pressure
freezing and freeze substitution. The treated cells were instantaneously
frozen in a BAL-TEC HPM 010 high-pressure freezer (BAL-TEC). The
freeze substitution was performed in an automatic freeze-substitution
unit (Leica, AFS 2), and 1% osmium tetroxide (OsO,) was used to
fix the cells and quench the autofluorescence in cells. As a result,

4 of 6



SCIENCE ADVANCES | RESEARCH ARTICLE

the fluorescence photon count decreased from several million to sev-
eral thousand per second.

In the following infiltration and polymerization, the LR White em-
bedding medium (EMS) was chosen for its low fluorescence and EPR
signals (fig. S4). The resin-embedded cells were polymerized for
48 hours at 60°C. For using other polymerization processes or some
other resins, such as HM20, KM40, and GMA, either the polymer-
ized resins showed strong autofluorescence at 532-nm laser illumi-
nation or the polymerization using 365-nm ultraviolet irradiation
generated many unknown radicals in the sample, which appeared strong
in the EPR spectroscopy. The ultrathin sections (70 to 100 nm) were
examined in an HT-7700 TEM system equipped with an AMT (Ad-
vanced Microscopy Techniques) CCD camera operated at 80 kV.

For MI imaging, the polymerized cell sample was trimmed with
blade and fixed at the end of the AFM-used tuning fork for sectioning.
To minimally disturb the property of the tuning fork, the size of the
quadrate sample was limited to less than 1 mm x 1 mm x 1 mm.
On an ultramicrotome (Leica EM UC?7), the sample tip was exquis-
itely trimmed to a trapezoidal frame by a glass knife, with a size of
50 um x 50 um at the bottom and 10 um x 10 um at the top and with a
height of 50 um for high-resolution MI in Fig. 4. Then, the surface of
the 10 um x 10 um cross section was sectioned by a diamond knife
(DIiATOME) to form a smooth surface with a flatness of a few nano-
meters, examined by the AFM (fig. S5). Last, we verified that there were
one or more cells in the exposed surfaces on the light microscope. For
correlated imaging, the tips of the cell samples were trimmed to cubes
with a size of 50 um x 50 pm x 50 um, whose size was big enough to
ensure that we could be able to collect the sections. The last piece of
ultrathin sections (100 nm) was collected for the TEM examination.
EPR and mass spectrometric assays
The ensemble EPR was carried out at room temperature on a JES-FA200
spectrometer. The EPR results of liquid samples and embedded samples
are shown in Fig. 2 and fig. S4, respectively. Unlike the in vitro mea-
surement with purified ferritin, there was a chance that some other
paramagnetic species contributed the spin noise signal, such as man-
ganese (Mn). We carried out mass spectrometric detection to preclude
the influence of other possible paramagnetic metal ions. First, cells were
washed for five times with PBS and collected. Then, 200 ul of concen-
trated HNO; was added into the cells and heated for 2 hours at 90°C.
The final cell lysates were diluted with ddH,O to 10 ml. The mass
spectra were measured via inductively coupled plasma mass spectrom-
etry. The mass spectra showed a significant increase of the iron con-
centration in iron-loaded cells compared with that in control cells
(0.484 ug/ml versus 0.042 pg/ml). However, there was nearly no de-
tectable Mn in both groups (0.005 and 0.003 pg/ml).

Experimental methods

Tilt between cell cube and diamond nanopillars

As shown in fig. S6, the adjustment of the angle 6 between the lower
surface of the cell cube and the upper surface of the diamond nanopillar
was based on the interference fringes of the blue LED light guided
through the objective lens. When the cell cube was several tens of
microns above the diamond surface, the interference fringes of the blue
LED light between the cell cube and the diamond were clear under the
CCD integrated in the confocal microscope. The small angle can be
written as 8 = A/(23]), where A = 470 nm is the center wavelength of
the blue LED light and 8/ is the distance between two fringes. The fringe
direction shows the perpendicular direction to the tilt. For the SNR
shown in fig. S6, it was able to adjust the tilt when less than 1/4 fringe
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is viewed in the CCD, corresponding to 8/ ~ 200 um and 6 < 2 mrad in
the angle. In the situation that the diameter of the nanopillars was 400 nm
and under the assumption that the cell cube surface is perfectly flat, the
maximal gap between the top surface of the nanopillars and the cell cube
was controlled within 1 nm.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/4/eaau8038/DC1

Section S1. Principle of spin noise measurement based on the NV center

Section S2. Calculation of the spin noise intensity (B?) from the single-t measurement
Section S3. Point spread function of a single ferritin

Fig. S1. Experimental setup.

Fig. S2. Images of the nanopillars on diamonds.

Fig. S3. The treatment of FAC significantly increased the ferritins in HepG2 cells.

Fig. S4. Electron spin resonance spectra of resin-embedded HepG2 cells.

Fig. S5. The AFM characterization of the surface of cell sample.

Fig. S6. Adjusting the distance between the NV center and the cell section.

Fig. S7. Calculated spin noise intensity as a function of the distance between NV center and ferritin.
Fig. S8. Simulation of noise intensity at different vertical distances between a single ferritin and
NV center.

Fig. S9. Trace data of Fig. 4A.
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