Lo L

P

1\

BN AN PNAS D

Nanoscale magnetic resonance imaging
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We have combined ultrasensitive magnetic resonance force mi-
croscopy (MRFM) with 3D image reconstruction to achieve mag-
netic resonance imaging (MRI) with resolution <10 nm. The image
reconstruction converts measured magnetic force data into a 3D
map of nuclear spin density, taking advantage of the unique
characteristics of the “resonant slice” that is projected outward
from a nanoscale magnetic tip. The basic principles are demon-
strated by imaging the 'H spin density within individual tobacco
mosaic virus particles sitting on a nanometer-thick layer of ad-
sorbed hydrocarbons. This result, which represents a 100 million-
fold improvement in volume resolution over conventional MRI,
demonstrates the potential of MRFM as a tool for 3D, elementally
selective imaging on the nanometer scale.

MRFM | MRI | nuclear magnetic resonance | molecular structure imaging

M agnetic resonance imaging (MRI) is well-known in med-
icine and in the neurosciences as a powerful tool for
acquiring 3D morphological and functional information with
resolution in the millimeter-to-submillimeter range (1, 2). Un-
fortunately, despite considerable effort, attempts to push the
spatial resolution of conventional MRI into the realm of high-
resolution microscopy have been stymied by fundamental limi-
tations, especially detection sensitivity (3, 4). Consequently, the
highest resolution MRI microscopes today remain limited to
voxel volumes >40 um? (5-8). The central issue is that MRI is
based on the manipulation and detection of nuclear magnetism,
and nuclear magnetism is a relatively weak physical effect. It
appears that conventional coil-based inductive detection tech-
niques simply cannot provide adequate signal-to-noise ratio for
detecting voxel volumes below the micrometer size. This sensi-
tivity constraint is unfortunate because MRI has much to offer
the world of microscopy with its unique contrast modalities, its
elemental selectivity, and its avoidance of radiation damage.

Despite the many challenges, there is strong motivation to
extend MRI to finer resolution, especially if the nanometer scale
can be reached. At the nanometer scale, one might hope to
directly and nondestructively image the 3D structure of individ-
ual macromolecules and molecular complexes (9). Such a pow-
erful molecular imaging capability could be of particular interest
to structural biologists trying to unravel the structure and
interactions of proteins, especially for those proteins that cannot
be crystallized for X-ray analysis, or are too large for conven-
tional NMR spectroscopy. Nanoscale MRI, with its capacity for
true 3D, subsurface imaging, its potential for generating contrast
by selective isotopic labeling and its nondestructive nature,
would be a welcome complement to the characteristics of
electron microscopy. The key to pushing MRI to the nanoscale
is detection sensitivity.

Recently, a significant breakthrough in magnetic resonance
detection sensitivity has been achieved by using magnetic reso-
nance force microscopy (MRFM) (9-13), resulting in single spin
detection for electrons (14) and substantial progress in nuclear
spin detection (15-24). Despite the great progress in nuclear spin
MRFM, only one previous nanoscale imaging experiment has
been demonstrated, and it was limited to 90-nm resolution in 2
dimensions for F nuclei in an inorganic test sample (25). Here,
we report that MRFM can perform 3D MRI of 'H nuclear spins
(protons) in a biological specimen [tobacco mosaic virus (TMV)
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particles] with a spatial resolution down to 4 nm. This capability
is enabled by several key technical advances, including the
generation of magnetic field gradients as high as 4 million Tesla
(T) per meter, detailed understanding of the MRFM point-
spread function, and application of an image-reconstruction
technique capable of converting magnetic force measurements
into a 3D map of proton density.

Principles

MRFM is based on mechanical measurement of ultrasmall
(attonewton) magnetic forces between nuclear spins in a sample
and a nearby magnetic tip. Basic elements of our MRFM
apparatus are shown in Fig. 1. The test sample consists of
individual TMV particles that are deposited onto the flat end of
an ultrasensitive silicon cantilever. The end of the cantilever is
positioned close to a 200-nm-diameter magnetic tip that pro-
duces a strong and very inhomogeneous magnetic field. The
magnetic tip sits on a copper “microwire” that serves to effi-
ciently generate a radiofrequency (rf) magnetic field that excites
NMR (26). Frequency modulation of the rf field induces periodic
inversions of the 'H spins in the sample, resulting in a periodic force
that drives the mechanical resonance of the cantilever. Monitoring
the cantilever oscillation amplitude while mechanically scanning the
magnetic tip with respect to the sample in 3 dimensions provides
data that allow the reconstruction of the 'H density. The imaging
is performed in vacuum and at low temperature (7' = 300 mK).

The TMV particles are deposited onto the cantilever in
solution and then air dried. (See supporting information (SI)
Appendix for preparation details.) As shown in Fig. 1B, the
sample consists of both whole virus and smaller fragments. The
TMYV particles, which have a rod-like geometry with diameter of
18 nm and lengths up to 300 nm (27, 28), were chosen as test
objects because they are physically robust and have a size suitable
for evaluating our imaging resolution. They also serve to dem-
onstrate that MRFM is capable of imaging native biological
specimens. Approximately 95% of the virus mass consists of
protein, resulting in a 'H density estimated to be p = 4 X 10?8
spins per m3. In the future, rapid freezing techniques, such as
used in cryoelectron microscopy, could be used to better pre-
serve the structural integrity of fully hydrated biological samples
(29, 30).

NMR will only occur if the 'H spins in the sample are at the
correct field for satisfying the Larmor resonance condition:
By(r) = wo/y = Bres, Where wy is the rf field frequency, and y =
2 X 42.57 MHz/T is the proton gyromagnetic ratio. The field
By(r) = BexZ + Byip(r)Ois supplied by the combination of the
field from an external superconducting magnet, Bex, and the
field from the magnetic tip, Byip(r), where r is the position with
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Fig.1. Configuration of MRFM apparatus. (A) Tobacco mosaicvirus particles,
attached to the end of an ultrasensitive silicon cantilever, are positioned close
to a magnetic tip. A rf current irf passing through a copper microwire gener-
ates an alternating magnetic field Bt that induces magnetic resonance in the
H spins of the virus particles. The resonant slice represents those points in
space where the field from the magnetic tip (plus an external field) matches
the condition for magnetic resonance. Three-dimensional scanning of the tip
with respect to the cantilever, followed by image reconstruction is used to
generate a 3D image of the spin density in the virus sample. (B) Scanning
electron micrograph of the end of the cantilever. Individual tobacco mosaic
virus particles are visible as long, dark rods on the 0.8-um X 1.3-um-sized
sample platform. (C) Detail of the magnetic tip.

respect to the tip apex. For an rf center frequency of wy = 27 X
114.8 MHz, the resonance condition is met for By(r) = 2.697 T.
Because the field from the magnetic tip is a strong function of
position, the resonance is confined to a thin, approximately
hemispherical “resonant slice” that extends outward from the tip
(Figs. 14 and 2). The field gradient at the resonant slice can
exceed 4 X 10° T/m at a distance of 25 nm from the tip, resulting
in a slice thickness that is as thin as a few nanometers. The rf field
is frequency modulated with a peak deviation of Awfpeak = 27 X
600 kHz in order to drive adiabatic inversions of the protons. The
periodicity of the spin inversion is chosen to match the mechan-
ical resonance of the cantilever (=~2.9 kHz). In the presence of
the field gradient from the magnetic tip, the spin inversions
generate a small oscillating force, typically on the order of 10
aN-rms, that excites a slight (subangstrom) vibration of the
cantilever. The vibration is detected by a fiber-optic interferom-
eter and lock-in amplifier.

The spin signal originates from the naturally occurring VN
statistical polarization of the spin ensemble (“spin noise”),
where N is the number of 'H spins in the measurement volume
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(19, 23, 31-33). Using the statistical polarization is advantageous
because its root-mean-square amplitude exceeds the mean
Boltzmann polarization for nanoscale volumes of spins (23).
Statistical polarization is also convenient because there is no
need to wait a spin-lattice relaxation time 7 for the spins to
polarize. Because the statistical polarization can be either pos-
itive or negative, we detect the signal power (i.e., the spin signal
variance), which is proportional to the density of 'H in the
sample. We use the term “spin signal” to mean the estimated
variance of the force that has spin origin, with units of aN2. See
ref. 23 and SI Appendix for additional details of the signal
acquisition.

Three-dimensional imaging of the sample requires 2 steps:
data collection and image reconstruction. First, the spin signal
is measured as the magnetic tip is mechanically scanned with
respect to the sample in a 3D raster pattern, yielding a map of
the spin signal as a function of tip position. Because of the
extended geometry of the resonant slice, however, a spatial scan
does not directly produce a map of the proton distribution in the
sample. Instead, each data point in the scan contains spin signal
contributions from a variety of depths and lateral positions.
Specifically, the map &(r,) of the signal as a function of tip scan
position ry is related to the proton distribution p(r) by the
convolution integral

&r,) = f d*r K(r; — 1)p(r), [1]

sample

volume
where K(r) is the 3D point spread function (PSF) associated with
the resonant slice. K(r) is defined as the mean spin signal
generated by a randomly polarized spin in the sample at a
position r with respect to the magnetic tip.

The amplitude of the MRFM point-spread function is set by

2 main factors: one that determines the effectiveness of the spin
inversions and confines the response to the near vicinity of the
resonant slice and one that reflects the strength of the lateral
field gradient at the position of the spin. As discussed in the S/
Appendix, we find that the PSF can be approximated by

K(r) =

AB(r)

2
. for|AB =A
Awrtpead ¥ ) ] or|AB(x)] Ot peak/ Y

AMZ[G(F)]z[l - <
0 fOr|AB()(r)| > Awrf,peak/y

[2]
Here, G(r) = 0B ./dx is the lateral field gradient from the tip,
ABy(r) = By(r) — wo/y is the off-resonance condition, and
Awrfpea/y = 14 mT is the peak FM modulation converted to
magnetic field units. The proportionality constant 4 depends on
details of the experiment, such as the correlation time of the spin
inversions and the bandwidth of the detection. G(r) and By(r)
are key components of K(r), and both require detailed knowl-
edge of the field produced by the magnetic tip. As discussed in
SI Appendix, we calculate Byp(r) using a magnetostatic model of
the tip and then tune the parameters of the model (for example,
tip magnetization and geometry) to be consistent with the
measured scan data. Based on Eq. 2 and our best estimates of the
magnetic tip parameters, we obtain the PSF shown in Fig. 2. At
a distance of 24 nm, where the peak gradient is G = 4.2 mT/nm,
we find the shell thickness (full width at half maximum) to be as
thin as \/EAwrf,peak/'yG = 4.8 nm.
To recover the real-space proton distribution p(r) from the 3D
scan data &(r;), the effect of the PSF must be deconvolved. We
use an iterative Landweber algorithm that starts with an initial
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Fig. 2. Details of the resonant slice and associated point spread function

(PSF). (A) Three-dimensional representation corresponding to the conditions
Bres = woly = 2.697 T and Bext = 2.482 T. The center of the tip apex is assumed
to be at the origin of the coordinate system. The resonant slice is the hemi-
spherical “shell"” outlined in red, representing the region of space for which
Bo(r) lies within Bres = Awrf peak/y (here 2.697 = 0.014 T). Regions to the left and
right of the tip (shaded red) contribute most to the signal because this is where
the lateral gradient G(r) is largest. (B) Cross-sections of the point spread
function at the 4 tip-sample spacings used in the imaging experiment. The PSF
was calculated by using Eq. 2, assuming A = 1. The color scale reflects the force
variance per spin (zN = zeptonewton = 10-2" N). The size of the tip apex
(ra = 100 nm) is indicated by a dotted circle. At z = 24 nm, the PSF lobe
thickness reaches a minimum of ~4.8 nm (FWHM). The small left-right asym-
metry is due to a slight (1.7°) tilt of the sample plane with respect to the
magnetic tip.

estimate for the spin density of the object, po(r) and then
improves the estimate successively by using the following steps
(34, 35):

8&,(r,) = &(ry) — f d’r K(r; = 1)p,(r), [3]

sample
volume

pn+1(r) = pn(r) + a(r) J dSrv K(rr - r)sgn(rx)a [4]

scan
volume

where p,(r) is the reconstructed spin density after n iterations,
8&,(r,) is the difference between the measured and predicted
spin signal maps (the error to be minimized), and «a(r) controls
the rate of convergence. Because spin density should always be
= 0, we enforce this condition by setting any negative values of
pn(r) to zero after each iteration step. The iterations typically
proceed for a few thousand steps until the residual error becomes
comparable with the measurement noise. In the future, the
implementation of more sophisticated image reconstruction
algorithms may be advantageous (36).

Results

Fig. 3A shows 3D scan data organized as x—y scans taken at 4
different tip-sample spacings: d = 24, 37, 50, and 62 nm. Each
of the approximately 50-nm X 50-nm scan areas contains 60 X
32 data points acquired with an acquisition time of 1 min per
point. Peak signal strength ranged from ~600 aN? for the closest
scan plane to ~90 aN? at the most distant plane. The uncertainty
of the spin signal estimate (the standard error of the measure-

Degen et al.

ment) ranges from ~40 aN? for the d = 24 nm scan plane to ~15
aN? for d = 62 nm. Thus, at the positions of maximum signal, the
signal-to-noise ratio (SNR) varied from ~15 for the closest scan
plane to ~6 at the most distant plane.

The correlation time 7, of the spin signal was estimated from
the signal bandwidth and found to be quite short, on the order
of 20 ms. This is significantly shorter than has been seen in some
inorganic test samples (26), possibly because of a naturally short
rotating frame relaxation time 77,.

An indication of the spatial resolution inherent in the raw data
can be seen in the line scan shown in Fig. 3B. The line scan, taken
with d = 24 nm tip-sample spacing, shows a background spin
signal of ~300 aN?, with signal peaks up to ~600 aN2. The
leading edges of the peaks are sharp and indicate that the
resolution in the x direction (before deconvolution) is on
the order of 4 nm, which is approximately the thickness of the
resonant slice (Fig. 2B).

Perhaps the most striking aspects of Fig. 34 are the apparent
“double” images in each of the x—y scans. This feature doubling
effect is due to the 2-lobed character of the PSF (Fig. 2B). As
expected, the feature pairs are seen to move apart as the
tip-sample spacing decreases.

The signal information from the 4 scan planes (together with
a fifth “zero” plane at d = 75 nm, where no signal was found to
be present) constitutes a 3D dataset that can be deconvolved to
find the real-space image of the spin density. The result of the
deconvolution is displayed in Fig. 3C, which shows the calculated
spin density of the sample as a series of x—y planes at various z
positions. A representative x—y plane is highlighted in Fig. 3D and
clearly shows an assembly of a few individual virus particles
(mostly fragments). Given that the raw MRFM data are spatially
undersampled and have only modest SNR, the quality of the
reconstruction is remarkable. The observation of significant
improvement in image SNR after reconstruction is expected
because most spins contribute force signal to more than one
position in the scan, and the cumulative effect benefits the SNR
of the reconstruction. The resolution appears to be in the 4- to
10-nm range, depending on the direction, with the x direction
having the highest resolution. This resolution anisotropy is
expected because of the directional dependence of the PSF,
which reflects the fact that the cantilever responds only to the x
component of magnetic force.

The fidelity of the MRFM reconstruction is confirmed by
comparing the results in Fig. 3D to the scanning electron
microscope (SEM) image of the same sample region (Fig. 3E).
Excellent agreement is found even down to small details. Note
that the origin of contrast in the 2 images is qualitatively very
different. The MRFM reconstruction is elementally specific and
shows the 3D distribution of hydrogen in the sample. Contrast in
the SEM image is mainly due to the virus blocking the secondary
electrons emitted from the underlying gold-coated cantilever
surface.

The depth resolution that is enabled by the 3D image recon-
struction is illustrated in Fig. 3F, which shows a vertical cross-
section that extends through 2 virus fragments. Interestingly, the
cross-sectional cut reveals that the virus particles sit on top of a
thin layer of proton-containing material that is not visible by
SEM. The presence of this background layer is not surprising
because it is well known that surfaces that have been exposed to
ordinary laboratory air become coated with a thin layer of
adsorbed hydrocarbons and water. It is this proton-rich layer that
is responsible for the 300 aN? baseline signal in Fig. 3B. Taking
this baseline signal level, combined with knowledge of the
point-spread function and the typical spin density of hydrocar-
bons, one can estimate the layer thickness. Assuming a hydro-
carbon spin density of p = 7 X 10%® spins per m?, the layer
thickness is on the order of a nanometer.
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CROSS-SECTION - INITIALIZED WITH UNIFORM BACKGROUND LAYER

Fig.3. Spinsignal scan data and resulting 3D reconstruction of the hydrogen (proton) density distribution. (A) Raw scan data presented as x-y scans of the spin
signal at 4 different tip-sample spacings. Pixel spacing is 8.3 nm X 16.6 nm in x X y, respectively. Each data point represents the spin signal variance obtained
during a 1-min integration. Bex: = 2.482 T. (B) A more finely sampled line scan showing 4-nm lateral resolution. The scanned region is indicated by the dashed
line in A. Bext = 2.432 T. (C) Reconstructed 3D "H spin density. Black represents very low or zero density of hydrogen, whereas white is high hydrogen density.
The image is the result of the Landweber reconstruction, followed by a 5-nm smoothing filter. (D) Horizontal slice of C, showing several TMV fragments.
(E) Scanning electron micrograph of the same region. (F) Cross-section showing 2 TMV particles on top of a hydrogen-rich background layer adsorbed on the
Au surface. (G) Reconstruction is improved if this background layer is included as a priori information by assuming a thin, uniform plane of 'H density as the
starting point of the reconstruction.

The reconstructions shown in Fig. 3 C, D, and F use no a priori Even with a resolution >1 nm, MRFM may allow the basic

knowledge of the imaged object, such as the presence of the
adsorbate layer on the sample. We find that the inclusion of this
information into our initial guess of the spin density py substantially
improves the result of the reconstruction. For Fig. 3G, we initialize
po with a uniform layer of material positioned at the level of the
cantilever surface, just below the virus particle. As seen in the
figure, this modification allows for a much better separation of the
background layer and more clearly resolves the TMV particles.
Such constraints on py (or p) offer a general way to systematically
include known structural information about the object.

A second MRFM image reconstruction from a neighboring
sample area is shown in Fig. 4. Again, a clear 3D view of the
hydrogen distribution is seen, including good spatial discrimination
between the virus particles and the underlying adsorbed layer.

Discussion

We believe the present work represents substantial progress in
developing the capability to probe the 3D chemical/elemental
composition of nanostructures. With further progress in resolu-
tion and sample preparation, force-detected MRI techniques
could have significant impact on the imaging of nanoscale
biological structures, even down to the scale of individual
molecules. Achieving resolution <1 nm seems realistic because the
current apparatus operates almost a factor of 10 away from the best
demonstrated force sensitivities (37) and field gradients (38).

1316 | www.pnas.org/cgi/doi/10.1073/pnas.0812068106

structure of large molecular assemblies to be elucidated. One can
imagine enhancing MRFM image contrast beyond the basic
spin-density information by using techniques similar to those

Fig. 4. Imaging results for a second sample region. (A) Three-dimensional
reconstruction of "H spin density for virus particles sitting on adsorbed layer of
hydrocarbons. (B) Representative horizontal slice from the 3D reconstruction
showing the distribution of hydrogen in the plane located 13 nm above the
hydrocarbon layer. Several virus particles are evident. (C) Corresponding
scanning electron micrograph.
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developed for clinical MRI and NMR spectroscopy. Such con-
trast may include selective isotopic labeling (for example, sub-
stituting '"H with 2H), selective imaging of different chemical
species (like 1*C, N, or 3P), relaxation-weighted imaging, and
spectroscopic imaging that reflects the local chemical environ-
ment (20, 39). Some techniques, such as cross-polarization and
depolarization between different nuclear spin species, have
already been demonstrated for MRFM on the micrometer scale
(21, 22). At the nanometer scale, the ability to target and locate
specific proteins although selective labeling, for example, could
allow direct 3D imaging of the organization and structure of
multicomponent macromolecular complexes. Such a capability
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would be complementary to current techniques, such as cryo-
electron microscopy, and could develop into a powerful tool for
structural biology.
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