RESEARCH | REPORTS

In order to test whether this superhydrophobicity
was kept after abrasion on the whole area but not
merely on some points (contact angle measuring
points), water droplet was guided by a needle to
travel on the PDT glass surface after the 11th, 20th,
30th, and 40th cycle’s abrasion, respectively (movie
S12). The water droplet traveling after the 40th
cycle is shown in Fig. 4D.

To enlarge the application scale and broaden the
types of substrates, the spray adhesive [EVO-STIK
(Bostik, UK)] was also used to bond glass, steel,
cotton wool, and filter paper substrates with the
superhydrophobic paint. We show in fig. S10 and
movie S13 the finger-wipe tests on untreated, paint-
treated, and “paint + spray adhesive”-treated
(PSAT) substrates, respectively. On hard substrates
(glass and steel), PSAT surfaces retained water
proofing, whereas the paint was just removed
when directly applied; the case is different on
soft substrates (cotton and paper), on which paint
was protected by their porous structures, resulting
in both paint-treated and PSAT cotton and paper
being superhydrophobic after the finger-wipe.
However, in a more powerful test (sandpaper
abrasion of cotton), this “protection” is limited
(fig. S11). As shown in fig. S12 and movie S14, the
sandpaper abrasion tests on PSAT substrates and
both hard and soft substrates became robust after
the PSAT treatment. As shown in fig. S13 and
movie S15, the PSAT substrates retained water
repellency after knife-scratch tests. After different
damages, the PSAT materials still remained su-
perhydrophobic, indicating that this method
could efficiently enhance the robustness of super-
hydrophobic surfaces on different substrates; it is
believed that the idea of “superhydrophobic paint +
adhesives” can be simply, flexibly, and robustly
used in large-scale industrial applications.

The superhydrophobic surfaces show that a
robust resistance to oil contamination and ease
of applicability can be achieved by implementing
straightforward coating methods such as spray-
ing, dip-coating, or even simply extrusion from a
syringe. The flexibility of the “paint + adhesives”
combination enables both hard and soft sub-
strates to become robustly superhydrophobic and
self-cleaning. The surfaces can be readily imple-
mented in harsh and oily environments where
robustness is required.
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PROTEIN IMAGING

Single-protein spin resonance

spectroscopy under
ambient conditions
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Magnetic resonance is essential in revealing the structure and dynamics of biomolecules.
However, measuring the magnetic resonance spectrum of single biomolecules has remained
an elusive goal. We demonstrate the detection of the electron spin resonance signal from a
single spin-labeled protein under ambient conditions. As a sensor, we use a single nitrogen
vacancy center in bulk diamond in close proximity to the protein. We measure the orientation
of the spin label at the protein and detect the impact of protein motion on the spin label
dynamics. In addition, we coherently drive the spin at the protein, which is a prerequisite for
studies involving polarization of nuclear spins of the protein or detailed structure analysis of

the protein itself.

bserving the structure and dynamics of
single molecules is a long-sought goal that
has inspired technical developments in a
wide range of disciplines (I-4). As one of
the most important techniques, electron
spin resonance (ESR) finds broad application for
studying basic molecular mechanisms in biology
and chemistry (5). Most proteins, however, are
nonparamagnetic and thus cannot be accessed
by the technique. Labeling biomolecules with a
small spin-bearing moiety, such as nitroxide
spin labels, enables ESR to acquire a broad
range of structural and dynamical information.
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However, current methods need 10 uniform
molecules to accumulate a large enough signal-
to-noise ratio. This substantially complicates
efforts to compile structural and dynamical
information. New methods that have tried to
push the sensitivity of magnetic resonance to
the single-spin level all require either a dedicated
environment (6, 7) or conducting surfaces and
tips (8).

A sensor that could accomplish single-protein
detection under ambient conditions is a re-
cently developed atomic-sized magnetic field
sensor based on the nitrogen vacancy (NV) defect
center in diamond (9-1I). Because of its long co-
herence times (12, 13), the NV sensor can detect a
single electron spin over a distance of 30 nm
under ambient conditions. As proof-of-principle
demonstrations, single electron spins inside
diamond or on diamond surfaces have been
sensed (14-16). Despite previous efforts, single-
biomolecule detection and spectroscopy have
not been attained. Here, we report an electron
spin resonance study on a single protein, which
allows us to extract the structural and dynamical
properties from spectral analysis.

As the experimental sample, we chose MAD2
(mitotic arrest deficient-2), an essential spindle
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checkpoint protein (77, 18). The spindle checkpoint
is a major cell cycle control mechanism that
prevents errors in chromosome segregation and
aneuploidy, thereby ensuring the fidelity of chro-
mosome inheritance. We chose this protein for
the present study because it can be easily mo-
dified site-specifically with a single nitroxide spin
label. In addition, it is reliably immobilized on the
diamond surface by embedding it in a polylysine
layer. We detected this spin label by its magnetic
dipole interaction with a single NV center (19).
In brief, the NV center consists of a nitrogen
impurity and a neighboring vacancy. Its triplet
(S = 1) ground state can be spin-polarized and
read out optically. The magnetic dipole interac-
tion between the NV spin and the spin label is
conveniently measured by simultaneously driv-
ing the probe (NV) and the sample spin (spin
label) (20). Single NV centers were created
roughly 5 nm below the surface of diamond by
ion implantation (21). We did not position MAD2
with respect to single NV centers in a controlled
way, so our experiments rely on statistical prox-
imity. For this purpose, the protein surface con-
centration was optimized by atomic force
microscopy (AFM) (Fig. 1B and fig. S1) and various
NV centers were tested for dipolar interaction
with single spin labels (fig. S2).

Detecting the single-electron spin label is chal-
lenging because the coherence time of shallow
NV centers is usually limited by surface noise,
which obscures the coupling between the spin
label and the NV center. The spin label electron
spin can be reliably detected by combining the
spin resonance of the NV and the spin label with
dynamical decoupling. The experimental pulse

sequences are shown in Fig. 1C. Periodic XY8-NV
pulses on the NV sensor were used to preserve
the NV sensor coherence and to increase its mag-
netic field sensitivity; radio-frequency (RF) pulses
on the nitroxide spin labels were used to flip the
electron spin synchronously.

Denoting the spins by Sy (NV sensor), S, (elec-
tron spin of nitroxide spin labels), and I (nitrogen
nuclear spin of spin labels), the combined system
can be modeled by a coupling Hamiltonian:

Hyvy Hyyst
—
H = AS v + YxvBoS,xv + 08, nvS,e +

Hy

——~—

YeBoSze + SeAl + v1Bol, + 1QI (1)

where SL denotes the spin label, B, is the
external static field (aligned along 2), A is the
zero-field splitting of the NV, Q is the nuclear
quadrupole coupling constant, and ynv, Ye, and vy
are the gyromagnetic ratios of the NV, target
electron, and nuclear spin, respectively. The cou-
pling between the NV and the spin label is ap-
proximated as a pure S,xv-S,. interaction with
coupling constant b because it is much smaller
than the Zeeman and zero-field splitting of the two
spins. Within this approximation, the target spin
generates an effective magnetic field B. = bS,./
ynv at the NV center site, which depends on the
quantum number S, .

‘We addressed the effective two-level system |0) =
[Synv = 0); 1) = |S,nv = 1) of the NV sensor with
resonant microwave pulses and performed a
dynamic decoupling experiment on this system.
In this measurement, an initial ©/2 pulse pre-
pared the sensor in a coherent superposition,
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with @(t = 0) = 0. The phase ¢ evolved over
time, was refocused by N n-pulses at ¢ = 19/2 +
nty, and was converted into a population by
the final ©t/2 pulse at ¢ = Nt1,. The key idea of
the experiment is to map the electron spin res-
onance signal of the spin label S, to a phase ¢
on the NV spin. This goal was accomplished by
manipulation of the electron spin on the pro-
tein (Fig. 1C, “spin label”) synchronized with the
dynamical decoupling period. The NV experi-
enced an alternating field from the protein spin
label and acquired a phase

)

@ ~ berNTo (3)
where b is the effective magnetic field gener-
ated by the spin label at the location of the NV spin.
In this way, the protein spin ESR signal is mapped
to the signal obtained from the NV sensor.
Figure 2A shows the ESR spectrum of a single
spin label. Upon cleaning the diamond surface,
the signal disappeared, hence it stemmed from
the spin label on the protein. The spectra in Fig.
2A were recorded at an external magnetic field
By =153.0 G. Three spectral peaks at 356.3, 430.9,
and 501.6 MHz mark the hyperfine splitting be-
tween the spin label electron spin (S = %) and
the nitrogen nuclear spin 7 = 1, similar to the
ensemble results in Fig. 2B. The observation of
hyperfine splitting proves that the detected spin
is indeed the nitroxide spin on the protein and
not, for instance, that of a substitutional nitrogen
impurity inside diamond. Spectra from single

i\ V center

%2

Spin Label

i H

P EEE
— ‘4.4‘-_‘./

Fig. 1. Schematic of the setup and experimental method. (A) MAD2 proteins labeled with nitroxide spin labels, located on the surface of diamond, close to
which NV centers were implanted. Microwaves were applied by a coplanar waveguide. (B) Distribution of freeze-dried proteins on the diamond surface measured
by AFM. (C) Pulse sequence to measure the coupling of an NV sensor to the protein. The pulse sequence contains MW and RF channels, in which microwave and
radio-frequency pulses were used to control the NV probe and synchronously flip the spin label (i.e., the nitroxide electron spin).
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electron spins were markedly different from
those measured on ensembles (22) (Fig. 2B). The
ensemble ESR spectrum recorded on spin labels
in fluid solution shows a spectrum with three
equidistantly spaced peaks (Fig. 2B, upper panel).
Here, fast tumbling of molecules averages out
the anisotropic terms of the hyperfine interac-
tion. Overall, the spectrum of a single spin label
is closer to a solid-state spin ensemble (Fig. 2B,

ble spectrum, the random orientation of the
molecular spin principal axis causes broadening
of spectral peaks (23) (Fig. 2B, lower panel) and
marked side shoulders. The spectra of the single
molecule, however, show three clearly resolved
peaks. Figure 2 underpins one benefit of single
spin ESR: The anisotropic hyperfine coupling can
be determined reliably. This is important for
structural and dynamical information, as shown

lower panel). However, for the solid-state ensem- | below.
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Fig. 2. Electron spin resonance spectrum of nitroxide spin labels. (A) Single spin ESR spectra under
ambient conditions. The spectrum disappears after removing the protein by acid cleaning. (B) Upper
curve: Ensemble ESR spectrum of ~10'° protein molecules in buffer solution at room temperature. Lower
curve: Ensemble ESR spectrum of protein molecules in a frozen buffer solution with glycerine at T =127 K.
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Fig. 3. Dynamics of the spin label. (A) Protein with spin label attached. By direction and spin label
principal axis are shown. (B) Dependence of transition frequencies, corresponding to m; = -1, O, +1
transitions, on the angle ® (between axis of spin label and external magnetic fields) and Bo = 153 G. (C)
Simulation of the single-protein ESR spectrum. The spectrum is best described by a tilt angle of the spin
label Z,, axis of (®) = 46° To describe broadening of m, = =1, +1 components, a variation of A® = 25° was
adopted. (D) ESR spectra of single spin labels at various external magnetic fields. All three peaks shifted
with the magnetic field, and the middle peak evolved at the gyromagnetic ratio of a free electron spin. (E)
Resonance frequency of the central peak in (D) as a function of external magnetic field, corresponding to a
gyromagnetic ratio of 2.809 + 0.011 MHz/G and a g-factor of 2.008.
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The polylysine matrix used to immobilize MAD2
on the diamond surface restricts protein and
spin label motion. However, neither protein nor
spin label dynamics is fully frozen in these matri-
ces. Indeed, molecular dynamics is revealed by a
closer analysis of the spectra (Fig. 3). Depending
on the size of the molecular part undergoing dy-
namics, its impact on the spectra is different. In
the case that only the spin label is undergoing
dynamics, its motion is expected to occur on a
nanosecond time scale (24), which is not captured
by our method. However, overall slow protein mo-
tion or dynamics occurs on a millisecond time
scale (21, 25). In our spectra, this shows up as
broadening of spectral side peaks, which are in-
deed observed in our experiments (Fig. 3C). With-
out dynamics, one would expect three spectral
lines for the three hyperfine levels of N with
identical intensity (Fig. 3C, upper trace). Motion
specifically changing the direction of the nitrogen
p orbitals (ZM in Fig. 3A) with respect to B,
causes a broadening of the m; = £1 peaks, as it
modulates hyperfine splitting. Note that a ro-
tation of the spin label around B, would not
cause broadening and hence is not detected in
our scheme.

To quantify protein motion, we performed a
simulation of the ESR spectra using Eq. 1. The
spectra are best described by a spin label, which
shows a tilt angle of 46° with respect to B,. The
spectral features could only be reproduced accu-
rately by assuming that there is an additional
motion around this tilt angle of +25° We attri-
bute this motion to protein dynamics. The slight
asymmetry of m; = £1 peaks, with splitting values
74.6 MHz and 70.7 MHz, is caused by the contri-
bution of nonsecular hyperfine terms at low field.
Upon reduction of the external magnetic field, the
asymmetry became even more obvious (Fig. 3D,
lower panel; see also table S2). The red curves in
Fig. 3D are simulations using the Hamiltonian of
Eq. 1, yielding an electron Zeeman factor (g-factor)
of the spin label of 2.008, in good agreement
with reported values (Fig. 3E).

Surprisingly, the dephasing and relaxation
time of the spin label at the protein, even under
ambient conditions, were long enough to gener-
ate and measure spin coherence, as shown by the
Rabi oscillation of the spin label in Fig. 4A. We
recorded the traces by fixing the RF frequency on
the central peak of the spin label spectrum and
varying the pulse duration time t (Fig. 1C). The
nutation frequency in Fig. 4A scaled with power,
as expected from the Rabi oscillations (fig. S4).
The method further allows us to determine the
distance between the spin label and the NV probe.
In Eq. 3, the phase acquired by the NV spin through
the dipolar interaction with the spin label ¢ is
proportional to beg;Nt,. Because beg scales as d >,
where d is the distance between the spin label
and the NV spin, measuring the evolution of the
phase thus allowed us to determine d. From a
simulation of the curve in Fig. 4B, we derived a
coupling strength of 90 kHz. This corresponds to
d ~ 9 nm, with precise value depending on the
orientation of the vector from the NV center to
the spin label (fig. S6).
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Fig. 4. Coherence and relaxation of protein spin. (A) Rabi oscillation of single spin label measured by
using the sequence in Fig. 1B (fixing 1o and RF frequency at middle peak, varying ). The solid curve is a fit
using a sine function with exponential damping. (B) The red circles are measured by the double electron-
electron resonance sequences on NV sensor and protein spin (fixing t equal to spin label = pulse and RF
frequency to the central peak, varying 1o). The black dot is the NV center decoherence curve without protein
spin flipping. The solid curves show the best simulation of both of the experimental results in (B), corres-
ponding to a relaxation time of 4 us for the spin label and 90 kHz coupling between spin label and NV center.
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Relaxation of the protein electron spin is an im-
portant parameter to characterize the environment,
including information on molecular dynamics.
Here, we deduced the longitudinal relaxation time
of the spin label from Fig. 4B. The red circles de-
note the interaction signal between the NV center
and the spin label; the black dots show the NV
center decoherence curve without operation on the
spin label. Simulation (solid curves) shows a relax-
ation time of 4 us. These values are compatible
with those for spin labels in ensemble measurements,
as the relaxation time of this kind of spin label
is ~110 us at liquid nitrogen temperature (21, 24).

The ability to address single-electron spin la-
bels on proteins adds another element to the
emerging diamond sensor-based toolbox for ultra-
precise structure determination. Together with
the recently established nuclear magnetic reso-
nance (NMR) detection, the present method ex-
tends the sensing range to dozens of nanometers,
whereas diamond sensor-based NMR only senses
nuclear spins in very close proximity (a few na-
nometers) to the NV center (26-29). The interac-
tion between the spin label and the neighboring
nuclei could be used to sense more distant nuclei
and provide structural and dynamical informa-
tion otherwise inaccessible by the sensor. In this
respect, it is particularly encouraging that we
find long spin relaxation times enabling coher-
ent spin driving at the protein. This capability
will allow the use of the ancillary electron spin
for sophisticated coherent control (30, 31), there-
by facilitating future polarization transfer experi-
ments that could gain access to nuclear spins in
proteins, including proton or '*C spins. When
combined with either scanning magnetometry
or nanoscale magnetic resonance imaging based
on magnetic field gradients, protein structure
analysis under ambient conditions at the level of
a single molecule is within reach (32, 33).
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Cell types in the mouse cortex and
hippocampus revealed by
single-cell RNA-seq
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The mammalian cerebral cortex supports cognitive functions such as sensorimotor integration,
memory, and social behaviors. Normal brain function relies on a diverse set of differentiated

cell types, including neurons, glia, and vasculature. Here, we have used large-scale single-cell RNA
sequencing (RNA-seq) to classify cells in the mouse somatosensory cortex and hippocampal CAl
region. We found 47 molecularly distinct subclasses, comprising all known major cell types in the
cortex. We identified numerous marker genes, which allowed alignment with known cell types,
morphology, and location. We found a layer | interneuron expressing Pax6 and a distinct
postmitotic oligodendrocyte subclass marked by Itpr2. Across the diversity of cortical cell types,
transcription factors formed a complex, layered regulatory code, suggesting a mechanism for the
maintenance of adult cell type identity.

he brain is built from a large number of
specialized cell types, enabling highly re-
fined electrophysiological behavior, as well
as fulfilling brain nutrient needs and defense
against pathogens. Functional specialization

allows fine-tuning of circuit dynamics and decou-
pling of support functions such as energy supply,
waste removal, and immune defense. Cells in the
nervous system have historically been classified
using location, morphology, target specificity, and
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