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Abstract. The current state-of-the-art in the fields of Nuclear Magnetic Reso-
nance (NMR) and Electron Spin Resonance (ESR) micro-imaging is reviewed.
Special attention is given to the uniqueness and the advantages of the conventional
“induction” detection method with respect to other emerging sensitive magnetic
resonance detection and imaging techniques. Following this, a theoretical descrip-
tion of the factors affecting the sensitivity and resolution in induction detection ESR
is provided. Based on the theory, new approaches to substantially improve ESR
capabilities, both at room temperature and at low cryogenic temperatures, are dis-
cussed. Representative results of experiments conducted at room temperature and at
frequencies of 10-16 GHz show that with test samples, a sensitivity of ~107 electron
spins and a resolution of ~3 microns are currently available. The results confirm the
validity of the theoretical approach and confirm the value of striving for even higher
frequencies and lower temperatures, in order to further improve the performance
Finally, some of the current and potential applications of ESR microscopy and na-
noscopy (involving imaging with a resolution of ~100 nm or better) are presented.

INTRODUCTION

Most knowledge in the natural sciences has been ob-
tained or derived by careful observations and measure-
ments of natural phenomena. One of the most powerful
observation methods, which stands out among the
“leaders of the pack,” is magnetic resonance (MR). MR,
which mainly involves two techniques, Nuclear Mag-
netic Resonance (NMR) and Electron Spin Resonance
(ESR), has applications ranging from chemical structure
determination'? to medical imaging** and quantum
computing.>® From a scientific point of view, MR was
the main focus of at least seven Nobel prizes in phys-
ics,° chemistry,''? and medicine.'* From an industrial
point of view, MR is a multibillion dollar industry, with
a wide range of medical (Magnetic Resonance Imag-
ing, MRI) and chemical applications (NMR and ESR
spectrometers).

Despite the fact that magnetic resonance was discov-
ered more than 60 years ago, and MRI is more than 30
years old, there is still “plenty of room at the bottom”"*
for new methodologies, approaches, and applications.
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For example, currently MR is known to be a very ef-
fective but nevertheless very insensitive spectroscopic
tool, which requires relatively large amounts of material
(several billion molecules) for spectroscopic evalua-
tion. With conventional NMR, the most sensitive ex-
periments have been able to detect ~10" spins," while
in ESR one can detect ~107 spins.' Furthermore, the
spatial resolution in MRI and ESR Imaging (ESRI) is
limited to ~0.1-0.2 mm with in-vivo applications (small
animals),>!*!7 and ~5-10 um with small cells and in
materials science applications.'®'®!* The term “conven-
tional” is related here to “induction” detection methods
(i.e., by means of a pick up coil or a microwave resona-
tor) for acquiring the MR signal, as used in all modern
MR spectrometers and imaging devices.

In recent years there has been an “explosion” in the
field of new sensitive MR detection techniques. Meth-
ods based upon Hall probe measurements,” magnetic
resonance force detection,”* Scanning-Tunneling-
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Microscopy (STM)-ESR,*** and Superconducting
Quantum Interference Device (SQUID) detection
have all approached or surpassed the sensitivity and
resolution obtained by the conventional “induction”
detection method. Nevertheless, this sensitivity comes
with a price, and each one of the new detection methods
bears with it some significant limitations. For example,
the sensitivity of Hall probes and SQUIDs degrades
substantially as the frequency is elevated, and it also
depends strongly on the operating temperature. In ad-
dition, to make use of the high sensitivity in imaging
applications, these detection methods require sequential
“point to point” measurements, which are very inconve-
nient and limited, especially for 3D imaging. STM-ESR
works only under high vacuum and ultra-low tempera-
tures, and requires that the samples be deposited on a
conductive surface. It cannot provide 3D images, and
it also has to scan the surface point-by-point. The most
advanced results in terms of sensitivity and resolution
were obtained with magnetic resonance force detection,
which recently demonstrated a single electron spin sen-
sitivity and a 1D resolution of ~25 nm.?® However, im-
pressive as they are, these capabilities are still far from
being useful for MR spectroscopy and for most imaging
applications, due to the required ultra-low cryogenic
temperature (1.4 K), high vacuum, complicated sample
preparation procedure, limited 3D imaging capability
(resolution and sensitivity degrade fast with increasing
distance from the probe), and, most importantly, the loss
of spectroscopic information due to the high gradients
necessary for the detection process. Recently, there were
attempts to overcome the gradient-related spectroscopy
problem by employing a novel homogenous static field
magnetic resonance force detection scheme.” How-
ever, these efforts have not yet proved to be successful
in terms of the sensitivity and spatial resolution they
can provide, which are currently still far inferior to the
standard practice of common induction detection-based
systems.

It can be concluded that despite the many new ideas
and the vast activity in the field, induction detection
remains the only general-purpose approach available
today for both spectroscopy and imaging applications.
In view of this, we concluded that future efforts should
concentrate on improving the capability of induction
detection to provide enhanced MR sensitivity and
resolution, as distinct from developing one of these
new and “exotic” techniques. With the above notion in
mind, it was decided that the first “line of action” will
be to greatly improve the sensitivity and resolution of
induction detection in ESR. This paper will present
our general approach for improving the sensitivity and
the resolution, our recent experimental results, and the
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prospective for the future. In addition, we will describe
in detail several types of applications that motivate this
activity.

ESR MICROSCOPY

Nuclear Magnetic Resonance (NMR) microscopy is
a well-established field in materials, biological, and
medical science, which employs “scaled-down” tech-
niques of Magnetic Resonance Imaging (MRI) with
large gradients in high magnetic fields to enable high
image resolution.?® Commercial NMR microscopes/im-
aging probes are available from several vendors (e.g.,
Bruker, Varian, Doty Scientific) and are used for the
characterization of polymers and tissues, non-inva-
sive tracing of unicellular organisms, investigation of
transport phenomena, histological-like applications and
much more, with practical resolution limits of ~[10-20
um]®. 234 Two primary factors limiting the resolution
in NMR microscopy are the diminishing signal from a
small imaged voxel, and the diffusion of the spin-bear-
ing molecules over the long timescale of NMR (e.g.,
T,’s ~ ms).!83335

Whereas the field of NMR microscopy is well de-
veloped, ESR microscopy, which also aims at imaging
with micron-scale resolution, is not a common practice.
ESR has inherently many potential virtues over NMR,
which could make this a technique of choice for micro-
scopic applications. For example, the signal per spin is
much stronger than in NMR,* diffusion does not limit
the resolution in the short timescales (7,’s ~ us) of the
ESR measurements,”* ESR micro-resonators detect
with a quality factor (Q) of ~1000 compared to the Q of
~10 of the NMR micro-coils,?®** and the ESR line shape
is more sensitive to dynamic effects, leading to richer
information.*'*? An additional factor is the low cost of
the electromagnets used in ESR as compared to the ex-
pensive superconducting magnets of NMR. Since most
samples do not contain stable free radicals, these para-
magnetic species must be added in a manner similar to
that of adding contrast agents in NMR or dyes in optics.
This is a standard procedure, especially for microscopy,
which eliminates any concerns with a large undesirable
background signal, (such as protons in NMR). These
fundamental advantages led us to consider the use of
ESR microscopy as an alternative to NMR.

The spatial imaging of spins in a sample (electrons
or nuclei) can be achieved by employing either Con-
tinuous Wave (CW) or pulsed spectroscopic excita-
tion and detection methods along with magnetic field
gradients that spatially encode the magnetic resonance
signals.'”?® Until recently, most efforts in ESRI have
been directed towards the observation of large biologi-
cal subjects**5 with the main purpose of determining



the radical and oxygen concentrations (by its effect on
the radical line width). Such experiments, conducted in
vivo, employ low fields of ~10 mT at low electromag-
netic (EM) frequencies (which results in relatively low
spin sensitivity), so that the EM energy will penetrate
deeply into the biological object. Consequently, a typi-
cal voxel resolution in low-frequency ESR experiments
is ca. 2 mm?®. Most low-field ESRI techniques are based
on CW detection where the image is obtained by apply-
ing static gradients in various directions with respect
to the object (the so-called back projection technique).
However, a single pulse Free Induction Decay (FID)
sequence in conjunction with static magnetic field gra-
dients is sometimes used.*

Whereas in-vivo ESRI of small animals requires
working at low frequencies, ESRI directed towards mi-
croscopy can and should be employed at higher frequen-
cies for reasons of improved sensitivity and resolution.
Prior to our recent work,'®!4647 experiments in ESR
microscopy (ESRM) were scarce, mainly due to major
technological difficulties, and the lack of appropriate
paramagnetic probes to image. Thus, for example, CW
detection in conjunction with the modulated field gra-
dients (MFG) method was used to spatially encode the
signals, obtained at a resolution of ~10 wm in 1D,*4
whereas 2D images exhibit resolution of ~100 um?2.%
The CW technique with static magnetic field gradients
(where the image is obtained by the Projection Re-
construction, PR, method'”) achieved a resolution of
~10 um for 1D experiments,’ and 2D/3D resolution of
the order of ~100-200 wm?."” These earlier results are
not as good as our recent work,'** which achieved a
resolution of ~10 x 10 x 30 um in 45 min of acquisition,
by CW imaging.

Pulsed ESRM is more challenging than CW since it
requires fast gradient switching and spin probes with
sufficiently long T,’s.%%>% Thus, previous work in
high-resolution pulsed ESRM was mainly conducted
with a unique organic conductor crystal termed (FA),X,
which has a very long T, of ~6 us at room temperature.
With this material, 1D imaging with ~10 wm resolu-
tion was reported in a pulsed X-band (9 GHz) study.*
Low-frequency pulsed RF ESR, employing a standard
NMR microscopy gradient system, achieved 3D images
with a resolution of ~[20-30 wm]?® %7 after ~10 hours
of data acquisition. The unique crystals used in these
experiments and the long acquisition times are not at-
tractive for biological, biophysical, and most materials
science applications. Again, note for comparison our
recent pulsed ESRM results (described below), which
demonstrated with a high spin concentration sample a
measured resolution of ~3 x 3 x 8 um after 25 min of
acquisition. 647
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IMPROVEMENT OF SENSITIVITY AND
RESOLUTION

Following this short background and a “snapshot” of
our recent capabilities vs. the previous efforts in the
field of ESRM, we will now describe in more detail how
this improvement was achieved and further can be done
in the future. The intuitive approach to improve the sen-
sitivity and image resolution is to reduce the size of the
detection/imaging probe. In NMR this implies the use
of microcoils, which indeed enabled the most sensitive
and high-resolution induction detection experiments
to date.’>'® In ESR microcoils do exist but, due to the
higher RF frequencies involved, it is far more beneficial
to employ resonant structures with higher Q (~1000 vs.
~10 of the microcoils). In addition, at high frequencies
it is much easier to couple the energy in and out of a
resonant structure than a microcoil.®® The downside of
work with resonant structures is that unlike microcoils,
their size is dictated by the microwave wavelength. One
way around this problem is to use loop-gap resonators,
which in principle can be manufactured with arbitrary
dimensions; however in practice, at high frequencies,
their Q-factor and size are limited.” Another possibility
of reducing the resonant structure dimensions is to em-
ploy high permittivity materials (where the wavelength
is much smaller than in free space) in its construction.
This is the approach we chose, which resulted in a dra-
matic decrease of the resonator size vs. similar metallic
structures, while maintaining relatively high Q. The
downside of this approach is that one must rely upon
a limited set of available materials (in terms of their
electromagnetic properties). However, such high per-
mittivity/high O materials are also very useful for the
telecommunication industry, so this field is in constant
development and new high permittivity materials may
be produced in the future.50-62

ESR Signal: We now provide a more quantitative
analysis of the sensitivity and image resolution in ESR
experiments, starting with the CW mode: The Signal-to-
Noise-Ratio (SNR) in a CW experiment is given by:!’

_ XV ONP 1
8V, Jk,TAf 1+(Q,H,/ 2V,0,)PYT]T,

SNR.,, (1)

where X," is the resonant magnetic susceptibility of the
sample (per unit of volume), Q, is the unloaded quality
factor of the resonator, W, is the free space permeability,
and P is the incident MW power. The sample volume
is given by V,, and the resonator effective volume'? is
V.. The rest of the parameters in eq 1 are Boltzmann’s
constant (k,), the electron gyromagnetic ratio (y), the
temperature (7), the detection bandwidth (Af), the MW
frequency (w,), and the relaxation times of the spins
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(T, T,). The maximum SNR is achieved (for medium
power) when:*

QMo / 2V .@)PY'T\T,=1/2 2

and then eq 1 can be written as:

2V 20, \@, 2
V2 P TT, V., TAS 3
~ tHo 1 (@, 1 A0V, 20, [, 2
AN N A
_V2\2uMap, [0,
24V, Jk,TAf \ o,

Here M is the magnetization of the sample, as given by
the Curie law,*® and H, is the static magnetic field. The
derivation here used the optimal P from eq 2. Further-
more, both the numerator and the denominator were
multiplied by u,H while considering the fact that the
resonant susceptibility, X,", is related to the static sus-
ceptibility, X", through X" = X" (0,/Aw) (where Aw is
the line width, which is ~2/T3). In addition, it was also
assumed, for simplicity, that 7', = T5,.

The SNR of a sample with a volume V, in a pulsed
ESR experiment is given by an expression similar to that
derived for the CW case, with equivalent approxima-
tions (up to a constant):"®

k< Y2uMYa, [0 "
pulse 16\/’2 {kaAf 0)0

All the parameters in this equation were described in
relation to eq 1. From eqs 3 and 4 it is apparent that the
voxel SNR, both in the CW and the pulse cases, is pro-
portional to @/ \/Z (since M is linear with frequency,
for the Curie law). Therefore, in order to improve the
voxel SNR, one has to decrease the resonator size as
much as possible and/or employ higher frequency.

Magnetic Field Gradients: In many applications,
where the sample is inhomogeneous, a high spin sensi-
tivity is not enough, and one is also interested in obtain-
ing spatially resolved magnetic resonance information.
The most effective method to acquire this information
is to apply magnetic field gradients over the sample by
means of gradient coils. The stronger the gradients are,
the better the spatial resolution will be. Therefore, again,
the intuitive approach is to try and minimize the size of
the gradient coils and thereby to increase the magnitude
of the gradients. These arguments can be presented in
a more quantitative manner: With CW detection, one
can employ either the MFG or the PR imaging method
(see above). In the MFG method the image resolution
is given by:*

optimal P _,
SNRZ!mal P »

Az =2AB,,/G. (5)
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Fig. 1. Typical pulse imaging sequence employed in ESRM.
Phase gradients shaped as “half sinus” wave are used for spa-
tially encoding the x and y-axes of the sample, while a constant
gradient is used along the z-axis. Typical peak values of the
pulsed (G,, G,) and the constant (G,) field gradients are shown.
(See also refs 16,19 for more details.)

Thus, for a radical with line width of AB;, = 0.01 mT
(which is a typical value for trityl radical®), a gradient
of G, ~20 T/m, corresponds to 1 wm resolution. Similar
gradient values are required for the PR method (within
a factor of 2)."” For the small-scale imaging probes
we employ, achieving such gradients is not consid-
ered a major technological challenge, since we already
achieved a CW gradients of more than 5 T/m with a
relatively large 9 GHz imaging probe. 64647

With pulse detection and pulsed field gradients the
effectiveness of the gradients is closely related to the
imaging sequence employed. When choosing an imag-
ing sequence suitable for pulsed ESR, one is faced with
many constraints that do not exist for NMR imaging.
For example, shaped excitation pulses, used for slice
selection, are difficult to realize with microwaves on a
sub-microsecond timescale. In addition, short rectangu-
lar gradient pulses with sharp edges are also difficult to
achieve.”>* The simple sequence shown in Fig. 1 avoids
most of these difficulties'®?*> and was used in our re-
cent pulse experiments. Considering this sequence, we
can write that for a radical with a Lorentzian line shape
of width 1/(nT),), the constant gradient (G, in Fig. 1)
should satisfy the condition:>

G.=2/yAZT, (6)

In order to obtain spatial resolution of at least Az~5 um
along the z-axis of the sample, the gradient G, should be
~2 T/m (for 1/(nT,) = 0.28 MHz), which is readily avail-
able.!'*7 It should be noted that applying this gradient
throughout the signal acquisition period does not sig-
nificantly affect the echo amplitude (contrast to NMR,
where the maximum applied gradient is limited by this



phenomena). This advantage of ESRM is apparent after
reviewing the equation:® 1
Echo Amplitude = e(_EYZGZZDT}) [7]

Employing eq 7 even with diffusion coefficient of D =
10° m%/s, a very high G, of 40 T/m and t = 1 us (Fig. 1),
results in an echo decay of only ~2%. Thus, clearly even
with gradients that correspond to sub-micron image
resolution, there is no significant prohibiting decay from
diffusion. Nevertheless, as described in the next section,
in some applications we will be interested in exploiting
the effect of echo decay under large gradients in order to
obtain the self-diffusion coefficient of the imaged radi-
cals in various parts of the sample, which NMR imag-
ing achieves so well (but with lower resolution).?® Such
measurements could be performed in ESRM by means
of a stimulated echo sequence, taking advantage of the
relatively long T, with respect to T, (in most radicals).5
For such a sequence, the argument of the exponent of eq
7 features not t° but ~7, t2.% This substitution leads to
an attenuation of ~15% (for 7, = 10 us and the param-
eters T, D, G,, as considered above), and thus for the
stimulated echo sequence any slight increase in T and/or
G, will definitely lead to pronounced echo decay effects,
which will enable the acquisition of diffusion-weighted
images when necessary.?®%

From the constant z-gradient, we now turn to the x-
and y-phase gradients (Fig. 1). These gradients should
satisfy the condition:?®

1
Gdt=———
Jot= G ome ®

It is clear from this expression that the shape of the
phase gradient is not of importance, thereby relaxing the
technical constraints for its generation. We have already
demonstrated the operation of such phase gradients with
duration of ~0.7 us, and with peak value of G, ~26 T/m,
which corresponds to ~3 um resolution.*’

EXPERIMENTAL RESULTS

Having formulated the governing equations in terms of sensi-
tivity and resolution, both for CW and pulsed detection meth-
ods, we now describe briefly some of our recent experimental
results conducted at 9 and 16 GHz.'%!%4647 These experiments
not only validated our calculations, but can also be used to
estimate what is achievable at higher magnetic fields. Our
CW and pulsed ESRM system architectures were described
in detail,'*** and we shall not repeat this description here. The
imaging probe, which is the key component of the system, was
recently modified to operate at 16 GHz in pulse mode, and its
schematic drawing and description is given in Fig. 2. The mi-
crowave resonant structure is based on SrTiO; or TiO, single
crystals machined to a cylindrical shape with a diameter of 1.4
or 2.05 mm, respectively. The gradient coils are arranged on a
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X,Y,Z and DC bias
coils

' i Qf‘ Resonator (inside
g':%@‘ the coil structure,

not shown)
Sample and
resonator holder

Fig. 2. A schematic drawing of the 16 GHz pulse imaging
probe.

Coaxia
connector

Microstip line
coaxial antenna

4.6 mm o.d. cylinder covered with a thin (0.2 um) gold layer
that shields the microwave resonators but enables penetration
of the pulsed magnetic field gradients. A DC bias coil is used
to compensate for the static magnetic field drifts (by means
of a field frequency lock mechanism'®). Using this probe we
were able to obtain 3D pulsed ESR images with a resolution
of ~3 x 3 x 8 um after 25 min of acquisition employing a high
spin concentration sample (Fig. 3), and a resolution of ~7 x
7 x 12 um with a sample containing a low concentration of
trityl radical in solution (Fig. 4). The spin sensitivity in these
experiments was ~107 spins for one hour of signal averaging,
which is in agreement with our theoretical predictions.'*+
The 16 GHz probe was also employed recently to obtain 7,-
resolved 3D images of biodegradable microspheres embedded
in trityl solution.?’

Another type of spatially resolved information is the ESR
spectrum for each voxel. Such information can be obtained
both by pulse and by CW techniques. Figure 5 shows an ex-
ample of spectral-spatial imaging with CW detection, which
provides high-resolution spatially-resolved ESR spectra.

FUTURE TRENDS AND ESR NANOSCOPY
Based on our theoretical analysis and the experimental
results,'194647 we can predict that this technology could
achieve, at room temperature, a resolution of ~1.5 x
1.5 x 10 wm after a few minutes of acquisition, with
CW detection at a frequency of 60 GHz. By employ-
ing pulse detection at 60 GHz, we expect to achieve a
resolution better than ~1 x 1 x 5 wm in ~10 min of ac-
quisition, for ImM trityl solution. Extrapolation beyond
60 GHz is questionable, since at higher frequencies the
current resonator design (see Fig. 2) becomes too small
to handle, the microwave technology is more limited in
terms of the availability of low loss components, and
simple electromagnets can no longer be used.

The experiments described above were directed at
measurements of biologically related samples. There-
fore they are appropriately carried out only around
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Fig. 3. Optical and pulsed ESR images of a test sample made of 3 small crystals of LiPc. (a) An optical image of the crystals
shown through the hole in the cylindrical dielectric resonator we employ'® (the third crystal is partially hidden). (b) A 2D cut of
the 3D ESR image obtained at 16 GHz. (c) 3D object reconstruction based on the 3D ESR image data. (The third, smallest crystal
is positioned at a different z-plane and thus not apparent in the 2D cut, but can be seen in the full 3D data.)

room temperature and with modest acquisition times of above at cryogenic temperatures and in conjunction
up to about an hour. However, many applications, es- with long measurement times. Of course, imposing a
pecially in the field of materials science, can “tolerate” low temperature as a measurement restriction limits
much lower temperatures and longer acquisition times.  the “generality” of our approach. Nevertheless, it can
It is therefore worthwhile to look into the possibility of provide a significant payoff. Needless to say, at low
employing the high permittivity resonators described temperatures the additional advantages of induction
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Fig. 4. Optical and pulsed ESR images of a test sample made of 1mM trityl radical water solution

Microns

134 embedded in a woven nylon

mesh with mesh aperture of 50 x 50 um and wire diameter of 39 um (Goodfellow, USA).*’ (a) An optical image of the solution
and the mesh prior to measuring the ESR image. (b) A 2D cut of the 3D ESR image obtained at 16 GHz. (c) 3D object recon-
struction based on the 3D ESR image data. The discrepancies between the ESR image and the optical image are due to sample

dehydration during the ESR measurements.

detection, as mentioned above (spectroscopic capabil-
ity, simple sample preparation, and parallel 3D image
collection), are still valid.

A potential problem related to the use of high per-
mittivity dielectric resonators of the type employed
here, instead of microcoils or other metallic structures,

is that their dielectric properties strongly depend upon
the frequency of operation and the temperature. Luckily,
there is a wealth of information in the literature about
the two single crystals we are currently using (SrTiO;
and Ti0,).%*1:67.%8 This enables one to estimate the real
part of the permittivity and the quality factor at differ-
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Fig. 5. Example for spectral-spatial image obtained with the 9 GHz CW ESR microscope. a. Optical image of the sample made
of trityl solution and solid LiNc-BuO (dark traces left after evaporation). b. Closer look at the area that was imaged inside the
resonator effective volume (superimposed circle). c. ESR image of the trityl obtained by taking only the part in the spectrum
where the trityl is dominant. d. The same as ¢ but for the LiNc-BuO. e. ESR spectrum obtained with the spectral-spatial algorithm
at two points as marked by the arrows, corresponding to the spectrum of the trityl solution (left peak) and the solid LiNc-BuO.

ent temperatures and frequencies, as shown in Fig. 6. resonator volume, V,, along with its quality factor (as
The information in Fig. 6 can be used to calculate the obtained directly from Fig. 6), can be inserted into eq
linear dimensions of the resonator, which are inversely 4 to obtain the SNR for a given radical 7, (Af = 1/=T,).
proportional to the frequency and Ve. The calculated Figure 7 shows the SNR results as obtained with these
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Fig. 6. The calculated permittivity (€) and Q of SrTiO; and TiO, single crystals vs. temperature and frequency.

calculations, assuming radical having 7, of 2.5 us and
T, of 13 us. The T, is relevant (although it is not explic-
itly included in eq 4) since we assume averaging with a
1/T, repetition rate; (thus in 60 min one can reach up to
~276 M acquisitions that improve the single shot SNR
by a factor of ~16,600). It can be seen that at a frequency
of 60 GHz and 50 K, one approaches a sensitivity of
1000 electron spins for 1 hour of acquisition. Above
60 GHz and below 50 K the available information is not
reliable enough to safely extrapolate the SNR calcula-
tions with a reasonable degree of certainty.

The improved sensitivity at higher frequency and
at lower temperatures can be accompanied by a cor-
responding improvement in image resolution. For ex-
ample, at 60 GHz the diameter of the TiO, probe would
be only ~0.6 mm. The small resonator size would en-

able one to reduce the distance between the gradient
coils and the sample to ~1.2 mm. This would increase
the available peak gradients by more than a factor of 4
with respect to the present 16 GHz probe. Such an im-
provement, combined with the use of 1000-V sources
for the gradient current drivers (vs. 400 V in the present
configuration), and employing radicals having long 7,’s
at low temperatures, would lead to an image resolution
better than 100 nm (see eq 8 and Fig. 1).

POSSIBLE APPLICATIONS
We have seen that ESR microscopy at room temperature
is already available with micron-scale resolution and
can be expected to reach the submicron level in the near
future. In addition, it was shown that ESR nanoscopy at
low temperatures is feasible and our efforts in this direc-
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Fig. 7. The calculated minimum number of detectable electron spins by pulsed ESRM after 60 min of of acquisition (Ns), em-
ploying resonators based on SrTiO; and TiO, single crystals vs. temperature and frequency.

tion have already begun. The question that still remains
to be answered is what are the applications for which
such new capabilities can be useful? Below we will try
to provide at least a partial answer for this fundamen-
tally important aspect of the research.

ESR microscopy

When fully developed, ESRM can have substantial
benefits mainly for biological and medical research.
Here we provide some representative examples that
reflect on the broad influence that this method may have
in the near future.

a. Applications by analogy to NMR microscopy.Some of
the potential applications of ESRM can be appreciated
by relating it to a conceptually similar NMR microscopy
histological device that examines biological specimens,
in vitro or ex vivo.®% This technique, despite its
resolution limitation (i.e., ~10-20 mm?®, as described
above) has found many applications in bio-sciences,
such as the imaging of biophysical processes in plants,
tissues, and live unicellular organisms.’'34%7°Recently a
combined NMR-optical microscope was demonstrated,
that tries to benefit from the relative advantages
of each methodology and provides more complete
sample information.’ Nevertheless, all these efforts
resulted in limited success, mainly due to the resolution
limitations and the relatively long acquisition times of
NMR microscopy. A comparable ESRM technology,
examining samples “dyed” with free radicals, would
have the advantages and capabilities of the NMR
microscope, and could be applied to similar cases but
with an order of magnitude of resolution improvement
with respect to all 3 axes and the ability to observe much
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lower spin concentration. In addition, the high sensitivity
of the ESR line shape to dynamic effects can enhance the
possible range of image contrast parameters.

b. Controlled drug release. Recently, there has been
extensive use of polymeric microspheres as a matrix
for the slow release of drugs in the body.”" To control
this process, one requires tools for observing the drug
distribution within the sphere, after preparation, and
during the release process. Currently the major tool
used for such monitoring is laser scanning confocal
fluorescence microscopy, with fluorescent-labeled
drugs. The problems with this method are that it cannot
penetrate deep into the sphere, it provides non-linear
image intensity (due to unknown absorption and
scattering coefficients in the sphere), and it cannot
be employed during the in-vitro/in-vivo release
process.”? Furthermore, fluorescence does not have a
good capability to quantify the porosity of the spheres
and the self-diffusion coefficients of the molecules
in the sphere. By attaching a spin label to the drug,
this process can be monitored in a 3D manner with
ESRM techniques to provide the time-resolved drug
distribution in the microsphere, the sphere’s porosity,
and information about the drug molecular self-diffusion
and rotational correlation time. More details about
ESRM and the monitoring of slow release, along with
initial experimental results, are given in our recent
publication.*’

c. Measurements of oxygen partial pressure (p0O,) in
model systems and living cells.** The concentration
of oxygen is one of the most important variables in
many physiological, pathological, and therapeutic



processes. As the terminal acceptor in the electron
transport chain, O, plays a critical role in cellular
metabolism and in reperfusion poisoning.” There is an
increasing recognition that accurate measurement of O,
concentration would enable one to enhance the basic
understanding of many types of physiological phenomena
at both a general and specific level.” Although many
efforts have been made in this direction with NMR and
fluorescence techniques, they all have their limitations.
For example, NMR has limited O, sensitivity and low
resolution, while fluorescence probes have the problem
of photo-toxicity, have good O, sensitivity only at very
low O, concentrations, and require careful calibration
of temperature and local viscosity to obtain accurate
results.”>’ ESR, which measures O, concentration
via its effect on the line width of the radical probe,
has capabilities that are complementary, or, with the
new microscope, superior to these methods.”>””’8 The
introduction of an ESRM technique will enable in vitro/
ex vivo high-resolution examination of living cells, in
the cellular and subcellular level (see below), which
could provide more insight in research on cellular and
overall tissue biophysiology. Such ESRM results could
also be correlated with “large scale” in vivo animal and
human measurements.

d. Imaging model membranes and membranes in live
cells. Extensive research indicates the existence of
different phase domains within the cell membrane
(often called membrane “rafts”), in which key
membrane proteins tend to reside. Such domains, rich
in cholesterol and sphingolipids, have implications for a
number of important membrane functions. They can be
small (nm scale) with a short lifetime (us scale) or can
be larger (wm scale) and stabilized to reach a “lifetime”
of several minutes (by liganded and oligomerized
receptor molecules).”®! Direct imaging of the domain
separation phenomenon was obtained so far only by
means of 3D fluorescence imaging with unique model
membranes (Giant Unilamellar Vesicles, GUVs)
“designed” to exhibit such phase partition behavior.?283
The fluorescent probes, which do not exhibit different
“spectra” for the different phase domains, had to be
“engineered” to partition only into one of the artificial
membrane phases. This problem, as well as the possible
limited sizes of these domains, has currently prohibited
the direct observation of such phenomena in live
cells. ESR is very useful in identifying the existence
of different phase domains using spin-labeled lipids
(partitioning to both membrane phases), which exhibit
different spectra for the different membrane phases in
membrane vesicles®*# and recently also in live cells.®
ESRM can thus bridge the gap between the conventional
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macroscopic ESR measurements to the microscopic
nature of domain phenomena and thus may enable direct
observation of phase separation in GUVs, patterned
lipid bilayers,* and possibly even in live cells.

e. Imaging of radiation effects. ESRI has been used
for a long time in dosimetry and for the assessment of
radiation damage in bones® and tooth enamel.® It is
probably the only analytical tool that can be used for this
purpose. In order to accurately estimate the radiation
dosage, one should measure the spin concentration
(which can be fairly inhomogeneous), rather than the
more common signal amplitude measurements (which
are hard to calibrate). Improved spatial resolution
and sensitivity would reveal the effects of ionizing
radiation on a fine scale, which is of special interest
in this research area.’* For example, with ESRM one
may differentiate between situations where a single
intense radiation particle created the same amount of
paramagnetic centers as created by several much weaker
particles (and then of course, the first case may prove
to be more dangerous in terms of its radiation effects).
These two cases are indistinguishable with bulk ESR
measurements or with low-resolution imaging.

f. Imaging of reactive oxygen species (ROS). The
observation of ROS by means of low resolution in-vivo
ESR measurements is a well-established method.”'-3
One manner of doing so is to introduce stable spin
probes into the sample and to observe the reduction of
the ESR signal in various parts of the sample due to
chemical reaction with the reactive species. This was
done in the past with nitroxide-type spin probes,’**’ and
recently also with trityl radical, and its derivatives.”
Another approach is to employ spin traps that “capture”
the short-lived ROS and generate stable free radicals,
whose signal can be observed in the areas where the
reactive species are born.””> Previous efforts did not
provide high enough resolution, and therefore the exact
location of the radical generation centers and their
relation to antioxidant effects are still unclear. Such
information (which can be measured in vitro by ESRM)
would help to understand the mechanism of radical
generation, which is of prime importance to issues such
as diabetes, ulcers, and antioxidant therapy.*

g. ESRM of cancerous tissues. Recently, stable micro-
particulates of lithium naphthalocyanine-type (LiNc-
BuO) radicals® were implanted in animals and were
used over long periods of time (weeks) to measure
pO, in cancerous tissues in vivo. Here in vitro ESR
microscopy is essential to complete the picture by
providing information about the radical distribution at
the extra- and intracellular level. This will enable one
to verify the internalization of the radicals inside the

Blank and Freed /| ESR Microscopy and Nanoscopy with “Induction” Detection



434

cells and also to correlate the low-resolution in vivo pO,
measurements with the actual pO, levels inside the cell
(for example, in the nucleus).

h. Other types of possible ESRM applications. These
include the less explored aspects of ESR, such as the
measurements of microviscosity,'® pH,!*! redox state,'*?
charge and potential, polarity (hydrophilicity), and the
identification of thiol groups.!%10¢

i. ESRM vs. fluorescence techniques. Fluorescence
methods are now routinely employed to observe
biochemical reactions and processes within living
cell cultures at high resolution.'®'% ESRM at room
temperature would not have quite as good resolution as
fluorescence achieves (~1-2 wm against ~0.3 um optical
resolution) and its acquisition times are longer (typically
several minutes against several seconds). Nevertheless
it still could address many important aspects not
accessible by fluorescence probes. These include,
for example: measurements of flow and transport in
three dimensions;?® measurement of self-diffusion for
various isotropic and anisotropic media in the cell;*%
accurate pO, imaging;™ high specificity in superoxide
imaging;®® 3D measurements in non-transparent samples
with accurate intensity information per voxel (3D
fluorescence is difficult to calibrate due to uncertainties
in extinction coefficient and scattering phenomena);
measurements of a variety of image contrasts such as
ESR relaxation times (7, and T,); chemical specificity
for many important reactions involving radicals;’'-**
possibility to correlate in-vitro with large-scale in-vivo
measurements; and measurements at specific voxels of
the ESR line shape, which provide information about
various environmental/dynamic conditions.''% This
extensive information could be used in conjunction with
a combined optical/ESR microscope (similar to the case
of NMR microcopy with optical imaging*) to reveal
many new aspects of the cellular riddle.

Other applications could be drawn from the wide
literature on microscopy, but the bottom line is that
ESRM is currently insufficiently developed: it certainly
is not available commercially, and current technology
provides the potential user with only limited resolution
and sensitivity. We believe that the development of
an adequate ESRM capability would likely stimulate
additional applications, just as is often the case with the
introduction of new technologies.

ESR Nanoscopy

As described above, by lowering the temperature to
~77 K and raising the frequency to 60 GHz, a sensitivity
of about 1000 electron spins, with spatial resolution of
less than 100 nm should be achievable. These figures are

Israel Journal of Chemistry 46 2006

currently based on theoretical estimates, yet to be sup-
ported by experimental evidence. Nevertheless, relevant
studies are in progress, and it is legitimate to look ahead
and inquire about the applications that can be pursued if/
when this technology would achieve its goals. Currently
we have identified two main fields that would benefit
from such progress.

a. Morphological and functional cell biology. As
described above, fluorescence microscopy provides
unparalleled morphological and functional information
in live cells, with a typical resolution ranging
from 200 to 300 nm (for conventional “one-sided”
microscopes), down to 100 nm (obtained with the new
“4; microscopes).”'” With frozen bio-samples one
can employ, for example, cryoelectron tomography
to obtain 3D images with a resolution of ~5 nm, but
only for samples that are thinner than ~1 um."? Low-
temperature ESR nanoscopy can bridge the gap between
these two methods by providing 3D images, with a
resolution better than 100 nm, of frozen bio-samples
that are more than 100 um in thickness. This can be
done, for example, on live cells doped with soluble
radicals or radical particulates, which are subsequently
frozen rapidly and measured at low temperatures.
Morphological information could be obtained by the
imaging of such a radical “dye” that is well dispersed
in the sample. Functional information can be obtained,
for example, with a process involving ROS in a similar
manner to what is done for live cells (see above), but
at much higher resolution. Here the process will be
stopped at a given time by freezing the cell, and an ultra-
high-resolution “snapshot” of the ROS distribution at
the time of freezing could be obtained.

b. Semiconductor defects. The operation principals
of semiconductor devices are based upon the unique
physical properties of the semiconductor material.
These properties, such as the energy band structure
and charge carriers’ mobility, are very sensitive to
crystal imperfections. Some imperfections in the
form of “foreign” substitutional atoms are introduced
deliberately, as in the case of the shallow donor- and
acceptor-doped semiconductors. However, many crystal
imperfections are unintentional and are due to non-
optimal crystal growth techniques, device processing,
and radiation-induced damage. In most cases such
imperfections in relatively low concentrations do not
significantly affect the mechanical properties of the
semiconductor material, but dramatically change its
electrical and optical properties.

In principle, detection of defects can be done either
indirectly, through their effect on the physical/electrical



properties of the semiconductor, or directly by 3D struc-
tural imaging. The physical/electrical activity of the
defects can be detected and characterized by techniques
such as ESR,"""115> NMR,"¢"18 deep level transient spec-
troscopy,'*'?' and thermally stimulated current.'?>!?
For large enough samples, these types of measurements
can be used to detect even low densities of electrically
active defects (introducing levels in the forbidden ener-
gy gap). However, this information, without the knowl-
edge of the 3D defect distribution, is often insufficient.
The structural nature of the defects can be characterized
by methods such as transmission electron microscopy
(TEM)'**12¢ and various X-ray diffraction methods for
detection of lattice imperfection.!”-'* The TEM tech-
nique provides excellent 2D resolution, but requires
special sample preparation, and the interpretation of the
results is often not straightforward. In addition, if the de-
fects are sporadic and do not result in a relatively large
~1-2 nm crystal anomaly, they will not be detected.'?
X-ray diffraction techniques are also not sensitive to
low defect densities, and can also produce only two-
dimensional images. The low energy X-ray microscopy
method (NEXAFS-SPXM) can be used to achieve 3D
images with a resolution down to 10 nm, however, it
works only in samples of relatively low atomic number,
thickness of < 200 nm, and again, is sensitive only for
major defects generating structural anomalies of at least
several nm in size.'¥-133

Thus, it can be concluded that none of the current
techniques can provide adequate 3D imaging of sporad-
ic defects in conventional thick samples (1 micron and
up), with deep sub-micron resolution. One should also
point out that due to the nature of most defects (e.g., a
single atom removed from the lattice at a certain point,
with the nearest defect several angstroms away), the
future prospects of direct structural imaging of such de-
fects (requiring sub-angstrom resolution), are not very
promising. ESR nanoscopy, which could detect the sig-
nal from such dispersed defects (assuming high enough
sensitivity), and would be able to spatially resolve it
from other defects in a resolution that can be better than
100 nm (depending on the magnetic field gradients em-
ployed), may become a very useful tool in this field.

CONCLUSIONS
Magnetic resonance in general, and ESR in particular,
has much to contribute to basic and applied science and
technology. The new directions presented in this paper
may very well be only the first step in a broad range of
possibilities these fields still have to offer.
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