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Force detection of magnetic resonance is now able to attain extremely high spin sensitivity. In
these setups, microcantilevers were usually used as a sensitive force sensor and, in most cases,
have been applied to solid-state samples such as paramagnetic impurities in solids. On the other
hand, there are now growing demands for their applications to liquid-state samples in the research
areas of life science because many proteins and enzymes are biofunctionally active only in solu-
tions, where they interact with the surrounding water molecules. In this letter, we present an elec-
tron paramagnetic resonance (EPR) technique for solution samples using a SiN, nanomembrane
and report high-frequency EPR spectroscopy of a microliter-volume frozen solution sample of
hemin and myoglobin at multiple frequencies up to 350 GHz. This technique would be particularly
useful to obtain more detailed insight into the electronic structure of metalloproteins/metalloen-
zymes under biologically active conditions. Published by AIP Publishing.

https://doi.org/10.1063/1.5055743

Force detection of magnetic resonance is known as the
most sensitive method to probe electron paramagnetic reso-
nance (EPR) and nuclear magnetic resonance (NMR). In
these measurements, microcantilevers have been used as an
ultrasensitive force sensor." Magnetic resonance force
microscopy (MRFM) is a typical example of such force-
detected magnetic resonance, and single-spin sensitivity was
achieved for impurities in silica, as demonstrated by Rugar
et al> MRFM is usually operated in the microwave region,
but its frequency extension to the terahertz (THz) range is
another promising application. Our group has developed
high-frequency EPR techniques in the sub-THz and THz
regions and demonstrated its usability for both crystalline
and powder-like samples weighing 0.1-10 ug.*™®

As mentioned above, microcantilevers have been widely
used for sensitive detection of magnetic resonance.'™
However, their application has been limited to solid-state sam-
ples because liquid-state samples have some inevitable difficul-
ties in the setup. Namely, it is difficult to mount a small droplet
precisely on a small cantilever platform. In addition, such a
small droplet quickly evaporates in a few seconds, and hence it
was practically impossible to keep the liquid phase on the can-
tilever while cooling the sample-holding cantilever. For these
reasons, the applications of force-detected magnetic resonance
to solution samples have not been reported. However, there is
now a growing demand for highly sensitive measurements of
small-volume solution samples in the research areas of biology
and life science. For example, the biological functions of many
proteins and enzymes are active only in solutions, where these
molecules interact with the surrounding water.””'! In this sense,
solution samples, rather than solid-state samples, must be
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measured in the case of proteins and enzymes to obtain more
essential insights into their biofunctional activities.

Therefore, in this study, we developed a technique of
ultrasensitive EPR spectroscopy applicable to solution sam-
ples in addition to solid-sate samples. For this purpose, a
SiN, nanomembrane and a liquid-sample cell were combined
together to probe magnetic resonance signals without sample
evaporation during setting. In this study, we demonstrated its
usability for a microliter frozen solution of heme-containing
samples, namely, hemin chloride and aquomet-myoglobin, at
frequencies up to 350 GHz.

Figure 1 shows our experimental setup of a force-detected
EPR system using a SiN, nanomembrane specially developed
for solution samples. In this study, a SiN, nanomembrane
(MEM-NO3001/7.5M),12 instead of microcantilevers, was
used. The nanomembrane had lateral dimensions of 3 mm
x 3mm and a thickness of 100nm and was fabricated on a
10mm x 10 mm silicon substrate. The nominal spring constant
and eigenfrequency were 100-150N/m and 130-160kHz,
respectively. In this study, EPR signals were detected as a field
gradient force acting between a sample and a gradient mag-
net."* A tiny drop of Stycast1266 (as a glue) was placed at the
center of the SiN, nanomembrane using a micro-injection
pipette, and then, a strontium hexaferrite (SrFe;,0;9) sphere
with a 40-um diameter was mounted as a gradient magnet.
After the gradient magnet was mounted, the eigenfrequency
of the membrane decreased down to 1-10kHz. Because
SrFe;,0,9 is categorized as a soft magnetic material and its
magnetization is almost (more than 90 percent) saturated at
0.3 T, the magnetic moment was fully oriented along the exter-
nal magnetic field above 0.3 T.

The solution sample was injected into a small brass con-
ical container. The top and bottom diameters were 7.5 and

Published by AIP Publishing.
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FIG. 1. Experimental setup of force-detected EPR spectroscopy for the solu-
tion sample using a SiN, nanomembrane.

0.5 mm, respectively, and the height was 3.75 mm. The maxi-
mum sample volume was estimated to be about 55 ul. To pre-
vent sample evaporation during preparation, the sample
container was capped with a polytetrafluoroethylene (PTFE)
plate with a thickness of 0.5 mm. It is noted that PTFE has a
high transparency to electromagnetic waves in the sub-THz
and THz ranges. The bottom side of the sample container was
covered by a beryllium—copper plate with a 50-um thickness.
The magnetic interaction between the sample and the gradient
magnet was possible through a thin beryllium—copper plate, but
electromagnetic waves were shielded due to the skin effect.
The role of shielding is twofold. One is to prevent ferromag-
netic resonance of the strontium hexaferrite sphere on the nano-
membrane. Without this shielding, additional absorptions
would be superposed on the signals and the data analysis would
be more complicated. The other role is to suppress spurious
thermal nanomembrane vibrations. As explained later, the elec-
tromagnetic waves were amplitude-modulated so that direct
irradiation of electromagnetic waves would induce spurious
nanomembrane vibrations caused by the photothermal effect.

A field gradient force F acting between a gradient mag-
net and a sample is given by

F =V (B - M), ey
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where Byp is the magnetic field produced by a gradient mag-
net and M is the sample magnetization. In the EPR absorption
process, electron spins are excited to the upper spin levels by
absorbing electromagnetic waves and the magnetization of
the spin system changes accordingly by AMgpg. This is the
basic principle of force-detected magnetic resonance. In our
setup, a static magnetic field was applied normal to a nano-
membrane, and sample magnetization was aligned to the
same direction. Therefore, a field gradient component normal
to the nanomembrane contributed to the field gradient force,
according to Eq. (1), and the resultant field gradient force
yielded a uniform deformation of the nanomembrane.

Figure 2 shows the contour plot of the field gradient com-
ponent normal to the nanomembrane together with the shape
of a brass container. It is found that the sign of the gradient
changed at around 54°, which was slightly greater than the
fabrication angle of 45° in this study. Therefore, it is noted
that the field gradient components in the container were nega-
tive in most regions, whereas those outside of the container
were positive. Thus, most of the sample volume in the con-
tainer contributed to the unidirectional (attractive) force.
Because the field gradient decays by the fourth-power law of
the distance from a gradient magnet, samples located near the
container bottom dominantly contribute to the force signals.

The field gradient at the bottom was typically 3.4 T/m,
which was found to be much smaller than those in MRFM
experiments.l’2 As a result, the field distribution within 1 mm
from the bottom was less than 0.24 mT, and the EPR spectra
were affected little by the presence of the gradient field. This
intentionally small gradient in our setup is important to
acquire distortion-free high-resolution EPR spectra, which
would become critical in detailed spectroscopic analyses.

Electromagnetic waves were introduced via an over-
sized stainless-steel pipe (diameter: 10 mm) and then were
irradiated onto the sample through a brass horn (horn-end
diameter: 4 mm). We used Gunn oscillators and backward
traveling wave oscillators (BWOs) in the frequency ranges
below and above 260 GHz, respectively. The nominal output
power was 36 mW at 120 GHz, but decreased to 1-10 mW
with increasing frequency.

To detect nanomembrane displacement, a home-built
fiber-optic detection system was used.*> A Fabry—Perot cav-
ity was formed between the nanomembrane backside surface
and the end of the optical fiber. The cavity length, typically
kept at about 100 um, was adjusted to the optimal position,

Bottom of
Container

StFe 0. . Nanomembrane

FIG. 2. Distribution of a gradient field produced by a 40-um hexaferrite par-
ticle at around a brass sample container. The numbers on each contour repre-
sent the vertical component of field gradient in units of T/m.
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where the photodetector output is proportional to the nano-
membrane displacement. The laser wavelength was 1.5 yum.
The typical detection sensitivity was on the order of
0.1 pm/\/ﬁi at 1 kHz.

Electromagnetic waves were amplitude-modulated using
an internal modulator or a mechanical chopper for the Gunn
oscillator and BWO, respectively. A modulation frequency
of 13 Hz, which was far below the eigenfrequency of a mag-
net-on-membrane, was chosen to obtain flat baselines in a
broad field range of interest. Reference signals from a syn-
thesizer were fed to a lock-in amplifier and its synchronous
photodetector signals were detected.

In this study, we measured frozen solution samples of
hemin chloride and aquomet-myoglobin. Hemin is one of the
model complexes of hemoproteins.'*'> The sample pur-
chased from Sigma Aldrich was dissolved in dimethyl sulf-
oxide (DMSO) and was prepared to a 50-mM concentration.
Recombinant sperm whale myoglobin was expressed in
Escherichia coli and purified as described plreViously.16 A
sample solution of 8.8-mM aquomet-myoglobin in 50-mM
phosphate buffer (pH = 6.9) was prepared. In both cases, iron
was trivalent (ferric) in the high-spin state (Fe*, §=5/2).

Figure 3 shows the EPR spectra of frozen solution sam-
ples of hemin chloride (upper trace) and aquomet-myoglobin
(lower trace) observed at 4.2 K. The field sweep rate was 0.5
and 0.2 T/min for hemin chloride and aquomet-myoglobin,
respectively. The data acquisition was done for 0.3 s each for
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FIG. 3. EPR spectra (black) of frozen solution samples of hemin (upper
trace) and aquomet-myoglobin (lower trace), together with simulated curves
(red) with the reported parameters. In the EPR spectra of 120 GHz, the red
triangles indicate the resonance field of g expected from numerical simula-
tions. The molecular structure of hemin chloride is also shown. The inset
shows the frequency-field diagram for hemin chloride. g, signals, shown by
black circles, were experimentally determined, whilst g signals, shown by
red triangles, were obtained by numerical simulations.
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all data, and no signal averaging was performed. For hemin,
the sample volume was 5 ul (2.5 x 107" mol). An asymmet-
ric powder pattern was clearly observed at 120 and 210 GHz.
The most intense signal observed in the low-field side was
attributed to the g, signal, in which the magnetic field was
applied perpendicular to the normal of the porphyrin plane,
whereas the g signal, in which a magnetic field was applied
parallel to the normal of the porphyrin plane, was obscured
due to the low signal-to-noise ratio.

Hemin consists of a planar porphyrin ring with mostly
C,, symmetry, as shown in Fig. 3. Fe>" ion is located at the
center of the porphyrin plane and a chlorine atom is coordi-
nated to Fe’"."” For the high-spin ferric case, the spin
Hamiltonian is given by

H =S g -B+DS>+ES?—S72), )

where g is the g-tensor, ug is the Bohr magneton, and D and E
are zero-field splitting (ZFS) parameters, respectively. A dom-
inant source of the ZFS is spin—orbit interaction in transition
metal complexes,'™!” and the ZFS parameters have been
experimentally determined by high-frequency EPR.>** For
the high-spin ferric case, the zero-field energy levels are
described by three Kramers’ doublets, separated by 2D and
4D. The ZFS parameter for hemin chloride has been reported:
D ~690cm™' and E ~0.055cm™".*® The observed EPR
spectra were reproduced well by the simulation curves (red
line) using the reported parameters: g, = g, = 1.93, g. = 2.05,
D=690cm ', and E=0.055cm ™).

For the aquomet-myoglobin solution sample, the sample
volume was 10 ul, corresponding to a total spin number of
8.8 x 10 ®mol. We clearly observed a broad EPR spectra at
120 GHz. The apparent g factors, simply determined by the
resonance field, were g, = 6 and g = 2,29 which were simi-
lar to those of hemin chloride. This finding was reasonable
because the EPR-active site of aquomet-myoglobin has a
similar local structure with hemin, except that both sides of
the porphyrin ring were coordinated by a water molecule and
a histidine residue for aquomet-myoglobin.**>' It was found
that the EPR line width of aquomet-myoglobin was sharper
than that of hemin chloride. For aquomet-myoglobin, the
porphyrin ring, which was surrounded by outer amino-acid
chains, was isolated from each other, yielding negligible
inter-molecule exchange interactions. For hemin chloride, on
the other hand, the porphyrin rings were closely located, and
the resultant non-negligible exchange interaction yielded a
broadening of the EPR spectra.’”

We plotted the frequency-resonance field diagram in the
inset of Fig. 3 for hemin chloride. The resonance fields of
the g signal were proportional to the frequency, whereas
those of the g, signal exhibited an upward curvature in a dif-
ferent manner from conventional EPR signals. This behavior
has been explained by the existence of D, the value of which
could be precisely determined by numerical simulation
curves as shown in the inset. In this sense, high-frequency
EPR spectroscopy is very important to elucidate the intrinsic
nature of the local electronic structure. Iron-containing pro-
teins often possess large ZES (D ~1-10cm™"),*"*373° which
is far above the energy scales of X-band microwaves. It was
qualitatively expected that the apparent g, value would
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approach the intrinsic g-value (g., gy, and g.) in the high-
field limit (ugS - g-B > DS,?), where the Zeeman term sur-
passes the ZFS term.

Concentration sensitivity is an important factor to evalu-
ate the applicability to solution samples.’” In general, the con-
centration sensitivity of the high-frequency EPR spectrometer
is worse than that of X- and Q-band EPR spectrometers
because of the limited sample volume (<0.1 ul). To overcome
this problem, a cavity-less W-band EPR system in which
more sample volume (~10ul) can be mounted has been
reported to demonstrate the concentration sensitivity of 2 uM
for TEMPO radical.®® On the other hand, the concentration
sensitivity achieved in this study was ~1.4 mM for aquomet-
myoglobin, worse than the above-mentioned value and those
needed for other spectroscopic methods such as solution
NMR and UV-Vis absorption. However, the EPR spectra of
aquomet-myoglobin was so broad (>2.5T) that we would
expect better concentration sensitivity of less than 1 uM for
EPR species exhibiting narrower line width such as radicals.

Broad-band operation is another important factor from a
viewpoint of ZFS parameters, because these parameters are
strongly sample-dependent and have to be determined by multi-
frequency EPR measurements. EPR detection of only 25-nl
solution sample containing 1-10mM high-spin ferric ions was
reported at 275 GHz,* but the system equipped with a resonator
can be operated at this fixed frequency. On the other hand, our
technique can be operated in a broad frequency range up to
1 THz simply by replacing the millimeter-wave sources. In this
sense, our force detection approach combined with a cavity-less
setup will be a promising tool for spectroscopic studies of active
centers of metalloproteins/enzymes in solutions.

For more practical applications, further sensitivity
improvement would be necessary in the future. The use of
high-power millimeter-wave sources such as gyrotron will
be useful. Indeed, the output power of gyrotron (about
0.1-10 W) is 10'-10° times stronger than that of Gunn oscil-
lators. Another improvement will be the use of focusing ele-
ments of electromagnetic waves on the membrane. These
technical improvements would give a better concentration
sensitivity for metalloproteins/enzymes in practical levels
(10-100 uM), and make it possible to study more detailed
EPR analyses of scarce species in a small-volume solution.

In conclusion, we have developed a force-detected EPR
technique for microliter solution samples using a SiN, nano-
membrane. We observed the EPR spectra of hemin chloride
(50mM, 5 ul) and aquomet-myoglobin (8.8 mM, 10 ul) in a
broad frequency range up to 350 GHz with a high spectral
resolution. This observation is an example of force-detected
EPR spectroscopy of a frozen solution containing metallo-
proteins. The spin sensitivity, i.e., the detectable spin number
divided by the line width, was on the order of 10'! spins/G.
Thus, applications to other metalloprotein/enzyme solution
samples are of particular interest in view of their biofunc-
tional activities under hydrated conditions.
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