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a b s t r a c t

Microcrystals of lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) in a bio-compatible and oxygen-
permeable polymer matrix of poly-dimethyl-siloxane (PDMS) can be used for repetitive non-invasive
imaging of oxygen in live specimens by means of mm-scale electron spin resonance (ESR) imaging. This
probe denoted as ‘‘oxychip” was characterized by high-resolution lm-scale ESR microcopy to reveal the
fine details of its spatial and spectral properties. The ESR micro-images of a typical oxychip device
showed that while the spatial distribution of the microcrystals in the polymer is fairly homogenous
(as revealed by optical microscopy), the ESR signal originates only from a very few dominant crystals.
Furthermore, spectral–spatial analysis in a microcrystal and a sub-microcrystal spatial resolution reveals
that each crystal has a slightly different g-factor and also exhibits variations in linewidth, possibly due to
the slightly different individual crystallization process.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Electron spin resonance (ESR) is well known for its capability
to quantify and image oxygen concentration in a variety of envi-
ronments and biological systems [1]. In most cases a paramag-
netic species, which is usually inserted into the system of
interest, interacts with the paramagnetic oxygen molecule and
experiences a reduction in its spin–spin relaxation time, T2, in a
linear proportionality to the oxygen concentration. Compared to
other methods, such as Clarke electrodes, magnetic resonance
imaging (MRI), positron emission tomography (PET), and opti-
cal-based methods (e.g., soluble phosphorescence probes or
probes embedded in optical fibers), ESR oxymetry exhibits capa-
bilities such as minimal tissue damage, reasonable accuracy and
spatial resolution, reliability, repeatability, and real-time report-
ing of oxygenation/redox status of biological tissues without con-
sumption of oxygen [2,3]. Furthermore, it is considered to be the
only minimally-invasive technique that provides absolute values
of oxygen concentration inside a tissue of interest [4], and can
potentially be employed also for intracellular high-resolution oxy-
gen mapping [5]. As noted above, since biological samples are
mostly non-paramagnetic, appropriate spin probes must be
placed or implanted within the tissue of interest in order to per-
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form the ESR measurements. One of the main issues, limiting the
use of ESR for these types of in vivo applications, is the potential
toxicity and non-biocompatibility of the common ESR spin probes
used for this purpose (e.g. trityl [6], lithium phthalocyanine (LiPc)
[7], or lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) [8]).
One potential solution for these problems is by coating or encap-
sulation of the spin probes with a bio-compatible and oxygen-
permeable material. Recently, this approach was implemented
by encapsulation of LiNc-BuO crystal spin probes with poly-di-
methyl-siloxane (PDMS) using a cast-molding and polymerization
approach [9]. These microdevices, denoted as ‘‘oxychips”, were
thoroughly tested both in vitro and in vivo in terms of their spin
distribution, surface properties, and oxygen response of T2 [9,10].

Here we carry out a complementary analysis for the cur-
rently-available data, and provide high-resolution spatial and
spectral ESR micro-images of typical oxychips. These images
reveal the spin distribution at a resolution of �30 lm, which
is sufficient to identify and differentiate between the individual
microcrystals that are embedded in PDMS. Furthermore, using
this spatial resolution, spectral analysis of an oxychip was car-
ried out on a microcrystal basis to investigate the sample het-
erogeneity in terms of signal strength (i.e. spin concentration
for each crystal), crystal g-factor and linewidth. The results
show that the optical image does not describe well the distri-
bution of ESR signal strength among the embedded microcrys-
tals, and that each microcrystal is characterized by slightly
different g-factor and linewidth. Discussion of these finding is
also given.

http://dx.doi.org/10.1016/j.jmr.2009.12.011
mailto:ab359@tx.technion.ac.il
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2. Experimental details

The ESR micro-imaging experiments were carried out on a
‘‘home-built” ESR microscope recently developed at the Technion.
A block diagram of the system is provided in Fig. 1A. The system
is in principle based on the one developed at Cornell University
[5,11], with some major changes and upgrades. These mainly in-
clude: (1) The use of a wideband ‘‘home-made” microwave bridge
rather than a narrowband commercial system; (2) Imaging probe
with improved heat dissipation properties; (3) Advanced data
acquisition and processing software; and (4) Improved sample
holders that enable the positioning of the sample in the center of
the resonator. We shall first provide an overview of the system
operational principles and then focus on some of its major compo-
nents and add more details for them.

With reference to Fig. 1A, a standard PC (a) controls the system
and is used for interfacing with the user via LabView data acquisi-
tion and analysis software. An analog output card (AO – model PCI-
6733 from National Instruments) in the PC is used to tune the
microwave (MW) frequency in the microwave bridge (g), deter-
mine the gradients pattern in the CW gradient driver unit (h)
and provide reference modulation frequency to the lock-in ampli-
fier (j). The MW signal coming out of the bridge goes into the imag-
ing probe (l) and the reflected energy is amplified and detected
back in the bridge. The signal then goes into a lock-in amplifier
(Stanford Research System; model SR530) that is controlled via
the RS232 interface of the PC (d). The signal continues back to
the PC to an analog input card (AI, model PCI-6023 from National
Instruments) for further processing. The imaging probe is located
inside a standard 15” electromagnet (from Varian, model V3800),
whose magnetic field is controlled via a combination of a Gauss-
meter (Lakeshore model 475) and a home-made magnetic field
controller unit (f) that drives local Helmholtz pair field bias coils
(k) located in the electromagnet gap. The system supports the
acquisition of 1-, 2-, 3-, or 4-D spatial and spectral–spatial ESR
images via both the projection reconstruction and the modulated
PC
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Fig. 1. (A) Block diagram of the CW ESR micro-imaging system; (B) B
fields gradient methods [12]. The magnetic field is swept by the lo-
cal gradient coils located in the imaging probe that also provide the
modulation and field-frequency lock functionality to the system
[11]. A frequency counter/power meter (item m in Fig. 1A; EIP
model 545) is used to monitor the exact MW frequency and the
power going into the resonator.

Following this general overview of the system, more details are
provided on its key new components. The home-made CW micro-
wave bridge is composed of three separate modules: An external
power supply, an electronics module and a MW module. he elec-
tronics module includes several home-made cards that: (1) Provide
control over the MW frequency and the MW power; (2) amplifies
the detected MW signal; and (3) locks the MW frequency onto
the resonance frequency of the resonator in the imaging probe
(automatic frequency control – AFC). The MW module is con-
structed from discrete components and the basic schematic is
shown in Fig. 1B. While all the MW components in the module
can operate in the entire 6–18 GHz frequency range, the MW
source has a limited tunability and has to be exchanged in order
to work in different frequency regimes within this range. In the
present system we employed a voltage-controlled oscillator
(VCO) covering the 14.5–16 GHz frequency range as a MW source.
The VCO is coupled to the electronic module which enables the AFC
functionality of the bridge.

Another new and important component in the system is the CW
gradient drive unit. This unit includes seven similar channels of
current drivers, feeding the X-, Y- and Z-gradient coil pairs (two
channels for each pair) and the modulation coils (used also for
field-frequency-lock purpose). The drivers have a bandwidth of
DC to �150 kHz and a maximum current output drive of 3 A each.
The drivers are based on an OPA544 amplifier with a feedback loop.
The driver circuit also includes a zero bias compensation
capability.

The third module of interest is the imaging probe, which is the
heart of the system, providing its high sensitivity and fine image
resolution. It is based on the pulsed ESR microscopy imaging probe
lectromagnet
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described in details in [13] with some modifications in the gradient
coil configuration and their cooling methodology. Thus, while the
gradient coils geometry is identical to the one described in [13],
each individual coil in a gradient-coil-pair is driven separately
and therefore has different properties with respect to the gradient
drivers. For example, each of the two X-gradient coils (based on
Maxwell pair geometry) is exhibiting an inductance of 2.2 lH, a
resistance of 1 X, and produces magnetic field gradient of 2.74 T/m�A
(calculated via the method described in ref [14], assuming the coil
counterpart is also fed by the same current magnitude). The Y-gra-
dient coil is based on Golay geometry: each one of its two pars has
a total inductance of 4.2 lH, a resistance of 1.1 X, and it produces
magnetic gradient of 2.5 T/m�A. The Z-gradient coil is also based on
Golay geometry and has an efficiency of 1.31 T/m�A. Each one of its
two parts has an inductance of 4.45 lH and a resistance of 0.9 X.
The maximum magnetic field gradient achieved by this system
with the available 3 A current drive is �8.2, 7.5, and 3.9 T/m, for
the X, Y, and Z coils, respectively. However, in this work we con-
fined ourselves to currents of up to �1.8 A to avoid excessive coil
and resonator heating. The gradient coils are embedded in heat-
conductive adhesive, as detailed in [13], which effectively dissipates
the heat away from the coils and prevents their destruction. How-
ever, since the resonance frequency of the Rutile crystal is very sen-
sitive to the temperature (�10 MHz/K), efficient air flow had to be
maintained all around the resonator to avoid sharp frequency
changes that cause change of the optimal tuning/matching condi-
tions and consequently signal reduction.
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3. Sample preparation

The test sample with the LiPc and LiNc-BuO crystals was pro-
duced by placing two crystals of LiPc and one crystal of LiNc-BuO
on a small (�1 mm in size) double-sided tape and then placing
the tape in the glass sample holder. Details of LiNc-BuO particulate
synthesis and fabrication methodology to obtain the LiNc-BuO
PDMS chips were provided in ref [8,9]. A large piece (2 � 2 mm)
of oxychip was sliced to a thickness of �100 lm by sharp scalpel
and then further cut to its final shape to fit into the imaging probe.
All samples was sealed under argon atmosphere in a specially-pre-
pared glass sample holder (prepared by the method described in
Ref. [15]).
Static field [G]

Fig. 2. (A) Optical image of the test samples used for the CW ESR microscope
system evaluation; (B) CW ESR spectrum of the test sample. Experimental
conditions were: Frequency 15.397 GHz, modulation amplitude 0.25 G, time
constant for each spectrum point 0.1 s, sweep time 25.6 s.
4. Results and discussion

At first, the sensitivity and imaging capability of the experimen-
tal system was examined with a test sample of LiPc and LiNc-BuO
crystals (shown in Fig. 2A). The CW ESR spectrum of this sample,
acquired with our system without any gradients, is given in
Fig. 2B. The spin sensitivity of the system can be estimated by
taking the approximate number of LiPc spins in our sample
(�5 � 1013 spins, assuming LiPc has �108 spins per [1 lm]3

[5,15]), and dividing it by the signal-to-noise-ratio (SNR) of the
spectrum (312). It follows that under the experimental conditions
detailed in Fig. 2B (averaging time of 0.1 s) the spin sensitivity is
�1.6 � 1011. This sensitivity is almost two orders of magnitude
worse than the expected optimal theoretical value (�1.6 � 109)
[5], which is comparable to our results with similar probes in
pulsed ESR [13]. This apparent discrepancy can be accounted for
by several factors such as: (a) the sample was placed above and
not inside the resonator (a factor of �3 in sensitivity), (b) Q value
was not optimized (�500 compared to 2000 in the theory – a factor
of �4 in sensitivity), and (c) the LiPc spin concentration may be
lower than expected (unknown factor).

Following this the test sample was imaged by two types of
imaging schemes, 2-D spatial and 2-D spatial 1-D spectral. The
2-D spatial image is shown in Fig. 3A. The field-frequency lock
was fixed on the stronger LiPc signal and therefore the LiNc-BuO
crystal, that has different g-factor, is smeared and appears as two
crystals in this image. The image resolution can be estimated by
the relation [5,12]:

Dx � 2DB1=2

Gx
ð1Þ

where DB1/2 is the ESR signal linewidth and Gx is the gradient mag-
nitude. In our case, the LiPc signal was broadened by the field mod-
ulation to a linewidth of �0.25 G and therefore the 2-D image
resolution for the two LiPc crystals can be estimated to be
�10 lm. The image SNR can be found to be �208. Furthermore,
since the crystals diameter is �30 lm (assuming rod-like crystal
shape, typically 50–100 lm long), each voxel in the LiPc image
(with dimensions of �10 � 10 � 30 lm) contains �3 � 1011 spins.
Thus the spin sensitivity of the image can be estimated to be almost



A. Blank et al. / Journal of Magnetic Resonance 203 (2010) 150–155 153
�109 spins (and this could be further optimized – see the sensitivity
discussion above).

The results of the 2-D spatial 1-D spectral imaging measure-
ments of the test sample are presented in Fig. 3C and D. It is appar-
ent that one can obtain good distinction between the crystals,
based on their spectral characteristics, while still maintaining the
high-resolution of the image (�10 lm). Spatially-resolved ESR
spectra characteristic to the LiPc and the LiNc-BuO crystals is
shown in Fig. 3B. The two LiPc crystals exhibit very similar line-
width but slightly different g-factors. This may be due to g anisot-
ropy (since they are not aligned in the same orientation) or other
factors that will be discussed below in the context of the oxychip
imaging. It should be also noted that the image resolution is good
enough to have several voxels describing each microcrystal. Look-
ing at all the available spectra for each microcrystal (not shown
here) reveals that the spectra appearing in Fig. 3B are characteristic
of each crystal, and no intra-crystal g-factor or linewidth variation
were observed.

Following the system evaluation with the test sample, we have
carried out 2-D spatial and 2-D spatial 1-D spectral imaging exper-
iments with the LiNc-BuO in PDMS sample. An optical image of the
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Fig. 3. (A) CW ESR image of the test sample shown in Fig. 2. A 2-D spatial image was a
Modulation amplitude was 0.25 G and the gradient magnitude was 4.9, 4.5, and 2.3 T/m
was 5442.6 G and sweep range was 22 G. (B) Spatially-resolved ESR spectra for the LiPc a
Center field is 5442.6 G. The signals are normalized but their relative intensities can be ob
one LiNc-BuO crystal showing the signal that corresponds to the spectral peak of the LiP
spectral peak of the LiNc-BuO crystal.
sample is given in Fig. 4A. It is apparent that the sample contains
many microcrystals with quite a wide range of sizes. A visual exam
of the optical image shows that these crystals are distributed more
or less in a homogenous manner with occasional clustering (which
is difficult to see in Fig. 4A but is readily observable under the opti-
cal microscope). The ESR 2-D spatial image of this sample is shown
in Fig. 4B. It is apparent that unlike the optical image, most of the
signal originates from �6 to 7 dominant crystals, as marked in
Fig. 4A. As shall be shown below, the linewidth and g-factor vary
a bit from crystal to crystal, however, a nominal value for DB1/2

is �0.75 G. Thus, based on Eq. (1), the image resolution can be esti-
mated to be �31 lm. The image SNR reaches a maximum of �90.

Following this, a spectral–spatial analysis was carried out for
the most dominant seven crystals in the ESR image. The basic spec-
tral parameters for each of these crystals are given in Table 1, and
representative three spectra are shown in Fig. 5. Small variations in
g-factor of up to 3 � 10�5 are observed. Furthermore, each crystal
has slightly different linewidth, with variation of up to �20%. The
variation in g may be due to either g anisotropy and/or slightly dif-
ferent microcrystal structures or crystal defects. Anisotropy in g is
a well known phenomenon for single crystals and most probably
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Fig. 4. (A) Optical image of the LiNc-BuO in PDMS sample with reference to specific
crystals that exhibit stronger ESR signal than the others and were analyzed for their
spectral properties. (B) CW ESR image of the oxychip sample. A 2-D spatial image
was acquired with 256 projections, time constant of 0.1 s and 256 points per
projection. Modulation amplitude was 0.7 G and the gradient magnitude was 4.9,
4.5, and 2.3 T/m for the X-, Y-, and Z-axis, respectively. MW frequency was
15.410 GHz, center field was 5447.2 G and sweep range was 22 G.

Table 1
Basic ESR spectral parameters for the seven most dominant crystals, in terms of the
ESR signal. Location of the center of the spectral peak is given with respect to a central
field of 5447.2 G.

Crystal # Location of center (G) Linewidth (G)

1 �0.165 0.709
2 �0.04 0.811
3 �0.045 0.732
4 �0.14 0.768
5 �0.11 0.852
6 �0.08 0.789
7 �0.03 0.880
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Fig. 5. ESR spectra for crystals # 1, 2, and 6, obtained through spectral–spatial
imaging of the LiNc-BuO in PDMS sample. Center field is 5447.2 G. The signals are
normalized but their relative intensities can be obtained from Fig. 4B.
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exists also for LiNc-BuO (but was not measured yet). Variation of g
due to different crystal structure or crystal defects was also
observed in the past many times. For example, DPPH crystals
may exhibit slightly different g-factors, depending upon the meth-
od with which they have been prepared [16]. As for the linewidth
variations, they can be accounted for by either: (a) anisotropy in
the relaxation rates; (b) slightly different non-optimal crystal
structure (it is known that LiNc-BuO should be calibrated from
batch to batch for its anoxic linewidth [17], so obviously crystal-
to-crystal variations are also possible); or (c) possibly some of
the signal peaks observed in the ESR image may be due to a cluster
of crystals (for example, point 2), which, due to the g-factor varia-
tion phenomenon, can cause further signal broadening. Due to the
relatively large modulation amplitude employed in the ESR image
acquisition (0.7 G), it is expected that it will be difficult to observe
anisotropy in the relaxation rate and therefore most probably the
dominant effect here is crystal-to-crystal variation or crystal
clustering.
5. Conclusions

A new CW ESR micro-imaging system was presented and
tested. The system can produce images with resolution in the
lm-scale (depending on the sample linewidth), which can be
further analyzed to provide spatially-resolved spectral data. The
system was utilized for the imaging of a typical ‘‘oxychip” sam-
ple and provided details regarding the spin distribution in the
sample, which were found to be quite different from the optical
image. Furthermore high-resolution spectral–spatial imaging re-
vealed the spectral characteristics of individual microcrystal,
which exhibit both g and line width variations. It can be con-
cluded that optical data by itself is not enough and ESR micros-
copy should be used to verify the exact origin of the ESR signal
in such type of samples. Moreover, when pO2 is estimated
through the linewidth measurement of a whole oxychip probe,
one should consider the possible effects of linewidth variations
and g anisotropy. Thus, for example, if a chip signal originates
from just one or two dominate crystals the linewidth calibra-
tions (usually taken on assemble of microcrystals) may not pro-
vide the correct oxygen response of the probe. Finally, while it
was not the main intention of this work, the fact that the spec-
trum of many individual microcrystals can be acquired by the
methodology we presented here may evolve to a new way of
characterizing the g anisotropy of single crystals for which large
signal crystals are difficult to or cannot be produced.
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