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Abstract

Magnetic resonance imaging (MRI) is very useful spectroscopy to visualize a three-dimensional (3D) real structure inside the
sample without physical destruction. The spatial resolution of the readily available MRI spectrometer is, however, limited by a few
ten to hundreds of microns due to a technological boundary of generating larger magnetic field gradient and to the insensitivity
inherent to the inductive signal detection. Magnetic resonance force microscopy (MRFM) is new alternative MRI spectroscopy
which is anticipated to significantly surpass the conventional MRI in both resolution and sensitivity. We report two imaging ex-
periments on our MRFM spectrometer operated at room temperature and in vacuum ~1073Pa. One is for ~20 um liposome
membrane labeled entirely by a nitroxide imaging agent and the other for ~15 um DPPH particles, both are nearly the same size as
that of human cell. The reconstructed images at spatial resolution ~1 pm were in satisfactory agreement with the scanning electron
microscope images. The potential capability of visualizing intrinsic radicals in the cell is suggested to investigate redox process from

a microscopic point of view.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Free radicals, such as reactive oxygen species (ROS)
and nitric oxide, are one of the influential elements in
physiological and pathological process [1]. For example,
condensation of radicals is observed at local regions
damaged by certain disease such as cancer. While the
cause is believed to be malfunction of redox reaction to
suppress excess ROS, the mechanism of balancing or
stabilizing the radical density is still unclear since vari-
ous enzymes in immune system are also involved in
complex manners. The electron spin resonance (ESR)
spectroscopy has been contributing for understanding
biophysical/biochemical nature of redox process [2]. A
dose of nitroxide compounds to animals for in vivo ESR
imaging measurement has been adopted to mimic the
presence of radicals and to examine damaged organs [3].
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The microscopic investigations are highly desired, but
the current spatial resolution of the conventional MRI is
unfortunately not quite high to meet such demand. In-
deed, the typical, commercially available MRI instru-
ments provide the resolution of a few tens to hundreds
of microns, and even the most advanced MRI instru-
ments using an optimized inductive signal detection
have just reached to a few microns as the highest reso-
lution ever reported [4-6]. Since the desired resolution
for imaging biological cells is in submicrometer, an in-
tense effort has been continuously devoted for better
resolution and sensitivity. (For further review, we refer
an excellent paper written by Ciobanu et al. [5] regard-
ing the latest progress of MRI spectrometer toward
imaging cells.)

Magnetic resonance force microscopy (MRFM)
[7-12], a promising MRI spectrometer combined
with atomic force microscopy (AFM) technology, can
provide the similar MRI experimental circumstance yet
at much better spatial resolution. A few microns can
be readily achieved [8,9,13,14] and the reported record
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was ~20nm [15] along a specific direction, the latter of
which is almost by three orders of magnitude superior to
the conventional MRI resolution. This technical ad-
vance counts on a use of an extremely small magnetic tip
to generate the significantly strong magnetic field gra-
dient (MFG) at the proximity of the tip [16-19]. Indeed,
the use of ~1 um® magnet could produce MFG larger
than 0.1 mT/nm [15,16,20], which implies that a novel
MRI spectrometer with ~1 nm resolution may be real-
ized for 3D MRI spectroscopy [7,21,22]. Another in-
terest to be focused in MRFM is its high sensitivity; it
has been reported to possess the ability of detecting
~100 polarized electronic spins [15], or even less [23]
under specific conditions. The latest report showed
the further incredible sensitivity of just 2 polarized
spins [20].

In this paper, we will show two MRFM imaging ex-
periments carried out on our MRFM spectrometer,
operated at room temperature, in vacuum of ~10~3 Pa
and with use of a relatively large ~100 um magnetic tip.
We, however, emphasize that even with such moderate
setup, the 3D images at spatial resolution of ~1 pm were
obtainable, though very long accumulation was needed.
The first example of our imaging experiments is a 3D
visualization of two diphenylpicrylhydrazil (DPPH)
particles with dimensions roughly 5 and 15 pm, fixed on
the commercial cantilever. The restored 3D image and
the 2D cross-section are shown to demonstrate the
promising capability of MRFM. As the second example,
we applied MRFM for the first time to a practical bio-
logical specimen. The sample we chose was a spin-
labeled liposome, a multi-lamellar vesicle (MLV),

recognized as a substitution to investigate a membrane
of biological cells [24]. The single MLV was also placed
on the commercial cantilever with the same specification
as used for DPPH experiment. Although our current
resolution was insufficient to visualize the multi-lamellar
structure, the overall MRFM image was well compared
with the scanning electron microscope (SEM) image. An
observed dehydration critical for the future applications
is solvable in low temperature experimental circum-
stance, which also provides a significant improvement in
the signal-to-noise ratio. Remarkable usefulness of
MRFM as a specialized MRI instrument to investigate
nanoscopic features is pointed out, which may unveil
redox reaction in the cell so far undetected by macro-
scopic imaging measurements.

2. Experiment
2.1. General description of MRFM experiment

Fig. 1 schematically illustrates our MRFM setup.
The core elements are quite similar to those described
in [18,25]. A mechanical resonator, the cantilever [26]
with a sample is configured just above the magnetic tip
mounted on a 3D translator, so that the paraboloidal
static magnetic field H emanated into the sample is
used as the resonance field H = Hy. The RF magnetic
field H; is provided by a micro-coil set near the can-
tilever, and a solenoid coil equipped on the translator
gives the modulated magnetic field Hy,oq along Z. In
MRFM, the electronic [8] or nuclear [9] magnetic res-
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Fig. 1. Schematic illustration of our MRFM setup. The inset shows a condition of MRFM signal observation dependent on a mutual configuration

of the sample and the paraboloidal H = H, surface.
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onance locally occurs within a thin slice in the vicinity
of the H = H, geometrical surface, because the strong
MFG prevents the occurrence of resonance in the ad-
jacent regions. The modulated sample magnetization
M.(¢) in the slice through the magnetic resonance
causes an oscillating magnetic force F.(¢) = —M.(¢)-
OH,/0z exerted on the cantilever, where 0H,/0z is the
very MFG at the sensitive slice. The excited oscillating
amplitude A4 of the cantilever is maximized when the
modulation happens at the cantilever mechanical res-
onant frequency f.. Then, 4 is given in terms of quality
factor Q of the mechanical resonance and the cantilever
spring constant k by A = F,/k- Q. This amplitude is
measured by a fiber-optic interferometer [27] and
evaluated to estimate the force intensity directly linked
to the number of spins in the slice. Note that the
vacuum is essential to increase Q for efficient amplifi-
cation of the cantilever oscillation by the feeble force F,
under the mechanical resonance.

Scan of the translator along Z results in an occurrence
of the magnetic resonance when the H = H, contour
crosses the sample. The example is shown in Fig. 2A,
where the force and the oscillating amplitude are plotted
as a function of translation along Z, in other words, the
distance between the sample and the tip. The positive
and negative intensities are caused by a m-phase shift of
the force signal, or of the modulated magnetization in
the ordinary phase sensitive detection. The scan along X
or Y is also applicable to observe the force signal. In
these cases, however, there are two possible positions
where the H = H, contour crosses the sample twice,
briefly sketched in the inset of Fig. 1. As readily imag-
ined, a whole XY lateral scan gives rise to a circular force
map, reflecting a circular orbit of cross-section of the
paraboloidal H = H,, as displayed in Fig. 2B. The two
concentric rings of blue and red correspond to the
negative and positive intensities due to the m-phase shift
in the phase sensitive detection, respectively. A restora-
tion of the real image from the concentric force rings
requires a computational deconvolution with precise
knowledge of the magnetic field distribution generated
by the tip for defining a correct point spread function
[18]. Similarly, the extension of the deconvolution to 3D
case is straightforward, where stacked 2D XY force
maps collected at each Z position are deconvoluted by
use of the corresponding 3D point spread function
[28,29].

2.2. Experimental details

The magnetic resonance frequency frr = 1.60 GHz,
corresponding to the electron paramagnetic resonance
field Hy = 57.1mT, was typically chosen to make an
appropriate distance between the sample and our mag-
netic tip described below. The RF magnetic field H,
(=0.05mT) was modulated in amplitude by 100%, and

a use of the anharmonic modulation [30] required a
simultaneous application of the audiofrequency modu-
lated magnetic field Hyoq(=0.5mT). Accidental coinci-
dence of their harmonics to f. was avoided by choosing
those modulation frequencies much higher than f., and
by use of an irrational number © we gave the frequencies
such as fum =~ 5f./m and fam = fum + f. for Hpeq and
H, modulations, respectively.

As for the magnetic tip, crushed SmCos powders,
typically ~5 pum in radius, were magnetically aligned on
a cone magnet base and solidified with a diluted varnish
to form a 100-pm-long trapezoid with the respective
upper and lower side lengths of 30 and 80 um. The
magnetic polarization of the tip was along the rod (Z
axis). This original magnetic tip was then fixed on our
3D closed-loop piezoelectric translator with 100 um
maximum translation along all axes. Thus, our whole
experiments described later were performed with sam-
ples fixed on the cantilever. The magnetic field distri-
bution of the tip was examined in advance through the
force map measurements by use of a single 10 um DPPH
particle scanned in the ZX and ZY planes (see Fig. 3),
and confirmed to have an adequately sharp convexity.
The H = H, contours were well characterized by the
quadratic  formula  Z(57.1mT) = o + (X — Xo)* +
B(Y — Yy)* with o = 14um, f = —0.013 /um, and (Xp, Y,)
= (46, 54) um.

A 1D Z-scan measurement of the MRFM signal po-
sition as a function of frr let us know the magnetic field
distribution generated by the tip. Obviously, this ex-
periment is equivalent to trying to see how far the cor-
responding resonance field locates from the tip. Fig. 4
summarizes the result. The magnetic field strength falls
off monotonously as the distance between the sample
and the tip becomes larger. By approximating the ob-
served field variation to be linear, we determined
MFG; ~-1.21 mT/um around the top of the parabo-
loidal H = H,.

2.3. Drift control of f.

We introduced a unique system to monitor the can-
tilever frequency drift throughout the experiment to
assure a continuous optimization of the spectrometer for
the best sensitivity. The idea is based on a simultaneous
measurement of the spectral density of a random motion
of the cantilever, S(f) at two frequencies. We predeter-
mine for the observed noise spectrum those frequencies
Siow and fpign symmetrically located with respect to f..
After some interval, S™(fioy) and S™(fhign) are
measured and used to calculate the ratio

RMmeas — gmeas (flow ) /Smeas (fhigh ) . ( 1 )

The drift of f, may occur during this interval so that
R™ is not always equal to 1. We also derive the theo-
retical ratio
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Fig. 2. (A) Example of 1D spectrum scanned along Z. (B) Example of 2D force map, where 100 pm x 100 pm XY scan range was meshed into 32 x 32
segments. Blue and red colors correspond to the negative and positive intensities due to the n-phase shift in the phase sensitive detection, respectively.
The contrast scale is in unit of Newton. In (A) and (B), the sample was a single 10 um DPPH particle glued on a commercial cantilever [26].

VAT

Fig. 3. 2D force maps in (A) ZX and (B) ZY planes. X and Y were ranged from 0 to 100 pm segmented by 32 elements, while Z was from 0 to 30 um by
30 elements. Blue and red colors correspond to the negative and positive intensities due to the n-phase shift, respectively. The contrast scale is in unit
of Newton. The sample was a single 10 um DPPH particle glued on a commercial cantilever [26].
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Fig. 4. 1D scan measurement of the MRFM signal position as a
function of resonance field H = frr/7 to determine the magnetic field
gradient (MFG) along Z at the top of the paraboloidal resonance field
surface. Here, y is the electronic gyromagnetic ratio equal to
28.0247 GHz/T. The solid line is a linear fit using the functional form
H(Z)=a+b-Z, where a=280.1mT and b= —121mT/um. The
sample was a single 10 pum DPPH particle glued on a commercial
cantilever [26].

Rtheory = Stheory (ﬁow)/Stheory (,fhigh)a (2)
by assuming a conventional response function of
damped oscillator,

4
Stheory (f) _ Sm‘dec

(2 =10 + 121
The cantilever frequency drift is introduced in Eq. (3) by
replacing f. — f.(1 + ). Zeroth and first terms in
Taylor expansion of R"M™°Y with respect to « are then
equaled to R™*. A simple algebra gives rise to an esti-
mation of the cantilever frequency drift Af = f.a with «
given by

(3)

2M)2 meas
o= mO(1 = R™) . (4)
(202 = 1)\/1 +4(h* - 1)0?

Here, & is a parameter to define fiow and fhign through
Smeas — S, ax/h. For instance, 7 =2 if one defines the
two frequencies at half height of Sp.x. The estimated
drift Af is then wused to obtain the latest
fgatest :fc + Af

In order to realize the drift tracing system and in-
corporate it into MRFM experiment, we prepared
three frequency sources, one was used for the refer-
ence to a lock-in amplifier to evaluate the signal am-
plitude at f., and the other two were references to
amplifiers responsible for performing the anharmonic
modulation at fum ~ 5/ /n and  fam = fum +
fcla‘“t. All three frequency sources were synchronized
into a common, very stable 10 MHz clock. After their
frequencies were updated in accord with £ through
a communication command protocol, a single com-
mon trigger to initialize their outputs was provided,

which also guarantees their phase coherency (this is
usually called Burst mode/operation). For the contin-
uous optimization of the spectrometer, this procedure
was iteratively applied every 2min, and performed
almost independently from the scanning MRFM force
measurement except that we suspended scanning for
an appropriate period just after every update to
eliminate a memory effect of the lock-in amplifier for
the new acquisition. In order to consistently calibrate
the force from the observed amplitude during the long
accumulation, we further conducted to measure au-
tomatically the complete spectral density spectrum
S(f) every 2h to obtain the latest Q and k, although
the drift of those quantities was turned out to be
very small compared with the cantilever frequency
drift.

Fig. 5 shows the example of tracing the frequency
drift for 5 days. We observed a long-term periodic fre-
quency drift over ~400 Hz at room temperature. While
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Fig. 5. (A) Cantilever frequency drift as a function of day. Closed and
open circles show the total drift equal to f. — £=° (left-hand scale),
and the estimated drift Af = f.o (right-hand scale), respectively. The
thin solid line shows the temperature of the cantilever holder deduced
by monitoring the resistivity of a 10kQ thermistor. Displayed in the
inset is a histogram of Af, and the obtained standard deviation was
concluded to be 0.71 Hz for f, =10.7 kHz. The monitored frequencies
were at half height of Sp.x,# = 2, and the sampling was made every
2min. (B) Af is plotted against temperature measured at the same
time.
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Fig. 6. (A) SEM image of two DPPH particles glued on a cantilever. (B, C) 3D MRFM images viewed from different angles. The threshold for display
is set at 40% of the maximum intensity 2.1 x 10°/um3. For MRFM image restorations, the 3D force map was collected in 100 um x 100 pm x 22 pm
XYZ volume meshed into 32 x 32 x 11 elements. (D) 2D cross-sections corresponding to figure (C) plotted in 256 color grades. The contrast scale
ranges from 0 to 2.1 x 10°/um’.

Fig. 7. Some of 2D force maps obtained at different Z positions for two DPPH particles. The top (bottom) force map corresponds to the one obtained
with the magnetic tip farthest (closest) from the cantilever. The corresponding positions of the piezoelectric translator are indicated in the left side of
the figure. The contrast scale is in unit of Newton.

the accuracy of the drift estimation defined as the linearly with temperature of the cantilever holder as
standard deviation of Af divided by f. was approxi- shown in Fig. 5B, but the exact cause is not clear to
mately 70 ppm. The drift of f. was found to correlate explain such large drift.
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3. Image restoration and discussion
3.1. DPPH

Fig. 6A displays SEM (JEOL JSM-6360LA) image of
two DPPH particles fixed on a commercial cantilever
[26] with an epoxy glue. As seen in the figure, two par-
ticles with dimensions approximately 5 and 15 pum were
separated by ~5um. The spatial resolution of our
MRFM spectrometer including the deconvolution pro-
cedure was examined in advance and concluded to be
~1 pm on the restored image. Figs. 6B and C show the
3D images of radical density obtained through our ex-
tended matrix inversion algorithm [31,32] for 3D force
data array (see Fig. 7). The threshold for display is set at
40% of the maximum intensity corresponding to
~2.1 x 10° radicals per 1 um?. In particular, the result of
Fig. 6B can be used to inspect our MRFM spectrometer
and the deconvolution procedure. The comparison with
the SEM image showed the satisfactory agreement.

Fig. 6D visualizes the 2D cross-sections of Fig. 6C at
different angles, where the intensity is displayed into 256
color grades, so that the red region in the figure indicates
the highest radical density ~2.1 x 10°/um?. Since the
DPPH particles are supposed to be chemically homo-
geneous, one may think that the radical density should
have been uniform inside the particles. However, the
fact that the signal from DPPH kept in atmosphere is
always found to diminish within 1-2 months after the
preparation means that the radicals decay out, probably
due to an erosion of oxidation. This is expected to
happen gradually from the exterior shell of the particle.
Therefore, the observed gradation and weak one-sided
feature of the radical density inside the particles suggest
the chemical deterioration of the particles from a view of
radical distribution.

3.2. Multi-lamellar vesicle: liposome

The next example is a spin-labeled MLV. The syn-
thesis of MLV labeled by a 5-doxylstearic acid (5-DSA)
was carried out by the standard chemical procedure [24].
The ESR spectrum taken by a conventional X-band
ESR spectrometer (JEOL JES-FA200), as shown in
Fig. 8, exhibited a profile characteristic of MLV [33].

For MRFM experiment, a single MLV was then picked
up at random, and adhered on a commercial cantilever
[26] with its own stickiness. A short inspection through an
optical microscope let us confirm the elliptical sphere with
apparent elasticity, and the dimensions of 25um X
20 um x 5 um were roughly obtained. With MLV fixed,
we obtained in vacuum ~1073 Pa, f. ~ 10kHz with Q ~
1000, and k£ =~ 0.015N/m was deduced by considering a
spectral density of random vibrational noise of the can-
tilever S at room temperature, Spax ~ 0.6 A%2/Hz. Conse-
quently, the weight of MLV was estimated to be 0.4 ng.
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Fig. 8. X-band ESR spectrum for 10 ul MLV solvent sampled into an
ESR glass capillary just after the chemical synthesis was completed.
The two open circles represent Mn marker signals of the cavity.

Fig. 9 shows the 2D force map obtained by the iter-
atively averaged force amplitude for 5 days to improve
the signal-to-noise ratio (S/N). However, our attempt to
average out the noise was not quite successful, since the
observed force was extremely small with the maximum
force ~02fN (1fN=10""N), equivalently ~0.1 A
cantilever oscillation even under the mechanical reso-
nance. The background random noise ~5 Ay, solely
due to the thermal motion of the cantilever at room
temperature, further prevented from obtaining better S/
N. In addition to a problem described later, the resultant
S/N ~ 3 was our best achievable accomplishment in the
given experimental condition.

The real space image of the MLV was reconstructed
by computationally processing the obtained force map
[18,29] through the same algorithm as used for the image
restoration of DPPH particles. The original ESR spec-
trum measured for the same MLV solution was explic-
itly taken into account to define the point spread
function, and the result is shown in Fig. 10A, where the
centric 50 pm x 50 um domain is selectively displayed.
The apparent density rise of the imprinted spin-probe
inside the tiny MLV is visibly recognized with sufficient
resolution. A crude estimation lets us modestly com-
ment about the spin density ~2.4 x 10!! spins/um? at
the maximum density [34]. The density projection onto
the XY layer is also shown separately in Fig. 10B, which
should be compared with the SEM image of Fig. 10C.
The elliptic shape of the MLV stretched from the bot-
tom left to the top right, and the correct scale of the
MRFM image are in satisfactory agreement.

Here, it should be noted that we have encountered a
problem on the MLV during the experiment, which we
believe considerably worsened the S/N as well. In the
series of this MRFM experiment, we have noticed that
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Fig. 9. 2D force map for the single MLV after 5-day-long acquisition (64 iterations) was performed. 100 um x 100 pm XY scan range was meshed into
32 x 32 segments. The contrast scale is in unit of Newton.

the averaged force intensity happened to be gradually less recognizable force rings, indicating that the active
reduced after 5 days of the acquisition. Further contin- nitroxide radicals decayed out completely. The SEM
uation of the experiment for another 2 days resulted in image shown in Fig. 10C, observed after the MLV was
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radical density (spins/u m?2)

Fig. 10. (A) Restored 2D radical density distribution inside the MLV. (B) 2D radical density projected onto the XY plane. (C) SEM image.
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released from the vacuum chamber, revealed a kind of
collapsed profile, contrary to the initial inspection at the
preparation. The solidified MLV on the cantilever was
further confirmed by a brief manipulation on it. Those
findings suggest a serious dehydration of the MLV ex-
posed in vacuum for such a long period.

Among possible solutions to avoid the dehydration
and to keep intact the physical structure of a biological
sample in vacuum, rapid freezing is the best suitable
for MRFM, the method typically used in electron mi-
croscope measurements for biomaterial. In low tem-
peratures, the biochemical activities are expected to be
slowed or likely terminated, so that the radicals im-
printed in the sample can stably reside against chemical
dissolution. Furthermore, an advantage of extreme
cryogenic environment is firstly to suppress consider-
ably a dominant noise of the cantilever thermal vi-
bration, which is proportional to /T where T is
temperature [7]. Second, an increase of the magneti-
zation followed by the Curie law significantly contrib-
utes to enhance the magnetic force o< 1 /7. The collected
effective gain, for instance at 10K relative to 300K, is
then anticipated to benefit as much as by factor ~164.
An improvement of the spatial resolution requires an
ultimately strong MFG, but the resultant thinner sen-
sitive slice mostly causes a decrease of the magnetic
resonance force due to a geometrical volume reduction
of the sensitive slice. The cryogenic environment at
higher Hj is an ordinary yet indispensable condition to
increase the force intensity.

4. Conclusions

In order to demonstrate the potential capability of
the novel technique of MRFM, we have made 3D and
2D MRFM experiments. Unfortunately, the specifica-
tion of our current MRFM spectrometer is certainly
behind those reported by a couple of advanced MRFM
groups [15-17,19,20,23,25,35]. Yet, we showed that even
such moderate setup surely provides experimental cir-
cumstance with spatial resolution better than or equiv-
alent to the most advanced MRI instruments using an
inductive detection method. In this paper, we rather
concentrated on the application of MRFM for imaging
a small sample with our available potentials, at room
temperature with a commercially obtainable cantilever
and a relatively larger magnetic tip. Imaging techniques
and algorithms, such as well polished in MRI, are lar-
gely missing in MRFM [12,21,22], thus theoretical, ex-
perimental, and technological effort to improve the
resolution and sensitivity is highly desired.

The 3D images of two DPPH particles with dimen-
sions of 5 and 15 um were restored at spatial resolution
of ~1 pum. The inspection of cross-sections for the re-
stored images suggested a possible chemical deteriora-

tion likely due to oxidation. Such potential ability of
visualizing the internal structure of organic samples
without physical destruction is one of the unique func-
tionalities of MRI technology. And, the emphasis has to
be made on MRFM that is anticipated to possess po-
tentials of providing exactly the same means for much
smaller samples at considerably better spatial resolution
over the existing MRI.

We have also carried out 2D MRFM experiment for
the spin-labeled MLV with dimensions similar to those
of human cell, in order to show the ability of imaging
micro-domains highlighted by imaging agents. Although
our current resolution and experimental environment do
not meet for visualizing the fundamental multi-lamellar
structure (the lamellar thickness is typically ~20nm),
MRFM would be concluded to possess the potential
possibility for imaging radicals trapped in the cell. The
consequent outcomes should also provide valuable in-
formation about radical-related biochemical reactions,
which is much microscopic compared with those de-
duced by the current in vivo ESR imaging measurement.

MRFM imaging experiments would need a long ac-
quisition even at cryogenic environment, so that the
visualization by MRFM is likely a snap-shot of the
progressive reactions. But the emerged applications by
use of radicals as a probing target are rather open; an
examination of damaged cells caused by redox mal-
function, an observation of lipid exchange and diffusion
process of biomaterial to explore the membrane activity,
and an influence of chemicals to individual organelle in
the single cell to examine drag efficiency, all of which are
intimately related to our fundamental process in the cell
to maintain the life and of great interest in biological
research. The promising MRFM spectroscopy in cryo-
genic environment makes it confident to investigate the
nanoscopic features of the cell in views similar to mac-
roscopic MRI spectroscopy, and surely allow people to
approach toward the proposed molecular imaging [7].
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