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The design and structure of a bridged loop—gap surface resonator
developed for topical EPR spectroscopy and imaging of the distri-
bution and metabolism of spin labels in in vivo skin is reported. The
resonator is a one-loop, one-gap bridged structure. A pivoting sin-
gle loop-coupling coil was used to couple the microwave power to
the loop—gap resonant structure. A symmetric coupling circuit was
used to achieve better shielding and minimize radiation. The fre-
quency of the resonator can be easily adjusted by trimming the area
of the capacitive foil bridge, which overlaps the gap in the cylindri-
cal loop. The working frequency set was 2.2 GHz and the unloaded
Q was 720. The B, field of this resonator was measured and spa-
tially mapped by three-dimensional EPR imaging. The resonator
is well suited to topical measurements of large biological subjects
and is readily applicable for in vivo measurements of free radicals
in human skin. © 2001 Academic Press
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INTRODUCTION

For topical EPR spectroscopy or imaging of a given sample
structurein vivo or ex vivq particular consideration must be
given to the design and operating frequency of the resonato
The design must be optimized to achieve the highest sensitivit
while providing reasonably uniform microwave penetration to
the desired depth. For skin spectroscopy and imaging measur
ments, the limited thickness of the skin2 mm, enables the use
of frequencies as high as 2 to 4 GHz, so that a surface resonat
structure can be used up to S-band in order to maximize EP
sensitivity.

With the great interest in measuring free radicals in biomed
ical systems, over the past decade a variety of lumped circu
devices have been developed for these applications, includir
loop—gap and reentrant resonate¥s]1). The bridged loop—gap
resonator design was originally developed for higher frequenc
applications at X-bandl@) but recently this type of design has
also been used for applications at S-bathd4). The use of
an appropriate S-band surface resonator would be expected
provide higher sensitivity than possible with topical resonatol
designs described previously at 1 GHz or lower frequendis (

EPR spectroscopy and imaging techniques have been apphdd However, when the working frequency is higher, the deptt

to measure the concentration, kinetics, and spatial distributi8hRF penetrationin biological tissues will be less. In human skir
of free radicals in biological tissued) vivo living animals, Measurements, since the thickness of skin is generally about

and recently in humansl{3. Nitroxide radicals have beenMm, there isno need to work at frequencies below S-band. Bast

widely used as a spin label to assess the distribution and 98- these considerations, a working frequency in the S-ban
dox state in biological systems. These labels provide useful fif1ge has been chosen for human skin spectroscopy and imagi
formation regarding a variety of cellular properties including€asurements(3).

redox state, oxygenation, and membrane structy&)( Top- For topical EPR measurements of free radicals ivivo hu-
ical spectroscopy has been applied to perform localized méa@n skin a high-sensitivity and high-stability S-band surface
surements in large living systems. With topical measuremefig$onator was developed. The design and construction, as w
higher sensitivity of localized regions located close to the si#s EPR and microwave properties of this bridged loop—gap su
face of the large lossy biological sample, such as the skin fg€e resonator, are described.

underlying tissues, can be obtained. Topical spectroscopy fa-
cilitates the use of higher RF or microwave frequencies and
enables higher resonator filling factors to be achieved for lo-
calized regions of interest. Because of these advantages, topic#l surface resonator for topical EPR measurements of skil
spectroscopy has been used for the first applications of EBRother biological samples should have an optimized size an
spectroscopy in humang,(3) and there has been particular ingeometry so that microwave energy adequately penetrates ¢
terest in measurements and imaging of free radicals in hunfaom the resonator into the applied surface of the sample. To sa
skin. isfy the application requirements for topical EPR spectroscop
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and imaging, the resonat@®; magnetic field must extend be- Quartz Tubes Assembly
yond the end of the resonator to the depth of interest within th
biological sample. The orientation of ti& field also must be

{ » Teflon Body
perpendicular to the static magnetic fidBg, With its loaded sur- ! i _
|"f.

\

face the resonator must work as one resonant system, with @
resonant frequency. Specifically for application of EPR spec
troscopy and imaging to humans, itis important for the resonatc
also to be compact, sturdy, durable, easy to couple, stable, a
nonmicrophonic.

A resonator with axially oriente®; magnetic field was con-
structed using a cylindrical bridged loop—gap design with cylin
drical shield to reduce microwave radiation. The topical sam .

. . . . Mounting Bracket
ple is positioned in the plane of the opening, and this, 2
field penetrates the sample mostly perpendicular to its surfac Coupling Screw
Figures 1 and 2 show the mechanical layout of the one-loo|
one-gap bridged surface resonator with pivoting loop-couplin
mechanism. It contains a single inductive loop with a capacitive
gap, a cylindrical shield with a Teflon body, and a single-loop FIG.2. Photograph of the S-band surface resonator.
coupling coil. The symmetric matching circuit consists of two
thsted_lsoIated conductors. The length of the matchln_g C'rcu't('jsetermined by the thickness of the wall of the outer ttibghich
approximately one-quarter of the wavelength and the |mpedanc§_ . ! )
. o . iS"1 mm. The electrical shield was tightly attached to the outel
of the matching circuit is approximately 200 ohm. S .
The bridaed loob—aan resonator was made using two uasr rface of the Teflon holder as shown in Fig. 1. The diamete
9 P—gap 9 q of the shield,D, is 21 mm. It is possible to adjust the resonant

tubes. The outer diameter of the inner quartz tube was 8 m 0 I : .
while the outer diameter of the outer quartz tube was 10 m?gequency, as much as 20%, by adjusting the width of the silve

with an inner diameter slightly greater than 8 mm. The silverfm?" bridge on the outer tube as well as by rotation of the outer
of the resonator loop is attached to the outer surface of the intUbe by a small angle thus changing the overlap of the bridge

[ ; 2 X
tube while the silver layer of the bridge is attached on the ouﬁij:) T) dAigZﬂi;ﬁLBhSisgtungIel::%;r?il:ﬁ \t/c ;assl? srgg :: ;EEVI\?: mclt:?g C

ess . .
S . IR 0 change the distance of the coupling loop to the resonant loof
8{;2;{2:' (';’ Iizﬁ Qé;iiﬁg;h gghrﬁr;o'slézt’r::tziﬁSmsr:q’aaﬁg? ttr?aen The length of the inductance tuhg, was carefully chosen for

’ o%timization of the filling factor while maintaining sufficie@

Brass Shield

T

!

Coaxial Connector

Coupling Mechanism Housing

one-quarter of the wavelength to decrease radiation. Anotr\wN en loaded, for operation of the AFC of the microwave bridge.

small piece of silver foil was attached to the outer surface Qf symmetric matching circuit with respect to ground was used

the outer coaxial quartz tube to form the bridge as shown éns shown. A sample separator/sample holder disk was attach
Fig. 1. The width of the silver foil bridgeb, is 4 mm. The ' ple sep b

. - ; : to the end of the resonator which served to protect the resonat
distance between the small foil bridge and the inner foil loop was biological fluids and to fix the distance of the sample to
assure proper microwave loading of the resonator (Fig. 1). Thi:
piece or similar ones was used to maintain a sample distance
~1.0 mm from the end of the resonator loop. For the phanton
samples measured, this piece had a well of 0.8-mm depth ar
the disk thickness, was~1.8 mm.

Well (7 mm x 0.8 mm)

Sample Separator

MEASUREMENT OF RESONATOR
MICROWAVE PROPERTIES

The microwave properties of the resonator including resonar
frequencyQ, andB; were measured using a vector network ana-
lyzer, Agilent 8719 ES. The unload€} Q,, was determined as
twice the measure@ value of the critically coupled resonator.
The resonant frequency was 2.2 GHz and the unlo&|edas
~— 720. With loading with water, normal saline, or large lossy bio-

FIG.1. Diagram of the mechanical layout of the S-band surface resonatpgical tissues, as expected, the reson@airops substantially
Values of the labeled dimensions of the resonator are defined inthe text. ~ With a modest decrease in resonant frequency (Table 1). Th

.........
0y

Coupling
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TABLE 1
Microwave Parameters of the Topical Resonator

fo fo fo BS
fo (MHz) Qu (MHz) Qu (MHz) Qu (MHz) Qu (G/Vvl/z)
unloaded unloaded water water  saline  saline skin forearm  at surface

2212 720 2200 566 2200 458 2209 140 0.62

B, field was measured by the method of perturbing conducting
spheres18). Using a 2-mm-diameter brass conducing sphere,
the B, field per square root of applied power was measured to be
0.62 G/(watt}/? at the center position of the sample separator,
1 mm from the end of the resonator, (Fig. 1). We definedBfe % 100
direction in our spectrometer system as #helirection. B; is /
along theY direction.B; andByp are perpendicular to each other.  wawiup
The surface of the resonator is in tEeX plane and the orien-
tation of the gap is in th&Y plane. As expected, thB, field
decreases with distance perpendicular to the surface of the res
onator, defined as along theaxis, or in-plane distance from the
center of the resonator along tHeaxis orX-axis. EPR imaging
was applied to fully define the relativg; field distribution in
three-dimensional space as described below.

753 783 813
APPLICATION OF THE RESONATOR FOR EPR Magnetic Field (Gauss)
MEASUREMENTS (A)

In order to test the sensitivity of the resonator and the fea-
sibility of using it for in vivo EPR spectroscopy and imaging,
experiments were performed on a topical phantom. A specially
designed sample holder with a well in the middle was udgd (
The well has a 7-mm diameter and 0.8-mm depth. A total of
30l of 0.5 MM 5N-PDT (perdeuterated tempone) saline solu-
tion was pipetted into the well and the well was sealed with a self-
stick tape. Then the holder with the nitroxide solution was placed
onto the top of the surface resonator. EPR spectroscopy measure \ A . i , | . |
ments were performed on alaboratory-built S-band spectrometer, 770 785 300 815
with spectroscopy and imaging capabilith).(The microwave
bridge components included an oscillator (CC-24, Engelmann Magnetic Field (Gauss)
Microwave, Whippany, NJ), isolator (CT-3240-OT, UTE, Mi- (B)
crowave, Inc., Asbury Park, NJ), circulator (CT-3242-OT UTE
Microwave, Inc), directional coupler (CL-2040-20, EMCO, FiG. 3. EPR spectra obtained using the surface resonator. A, Spectrur
Broomfield, CO), attenuator (AC9003-69-31, Weinschel Corpptained from a sample phantom. The phantom consists of a specially de
Lexington, MA), and schottky diode detector (DSL204Fsigned sample holder with a well in the middle of 7-mm diameter and 0.8-
Herotek, Inc, San Jose, CA))( The EPR spectroscopy param?“m thickness. A total of 3@l 0.5 mM 15l'\l-PDT sa_line solution was pipet_ted

. L into the well and the well was sealed with self-stick tape. The holder with the

eters were as fqllows' fr?quency’ 2.2 GHz; mlcrowave POW&iroxide solution was placed onto the top of the surface resonator. The inst
50 mW; modulation amplitude, 0.5 G; scan width for the wholghows the tracing at 100-fold increased gainlrByivo EPR measurement of
spectrum, 60 G; scan time, 15 s; time constant, 80 ms. nitroxide radicals in the forearm skin of a human volunteer performed using

Figure 3A shows the spectrum from 30 of 0.5 mM 15N-  the surface resonator. A total of;d of 10 mM °N-PDT water solution was

PDT (perdeuterated tempone) saline solution that was pipetfl@alied to the surface of human skin within a circular spot of 6-mm diameter
ectra were recorded after 60 min to allow penetration and diffusion of the

. . K . . S
into the well in the sample separator showniin Fig. 1. The ms?\ﬁroxide into the skinJ). Both spectra (A and B) were recorded at a frequency

in the figure shows the baseline with a 100-fold higher gain aggb.2 GHz with 50 mw of microwave power, modulation amplitude 0.5 G, scan
we calculate that the signal-to-noise ratio is about 1000 to tine 15 s, and time constant 80 ms.
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With this sensitivity,in vivo andin vitro EPR spectroscopy andsolution (Nycomed) that has anideal sharp single line EPR spec
imaging applications can be performed including measuremetrism as described previousl$¥). The phantom was positioned
and spatial mapping of nitroxide radicals in human skinAs 1 mm away from the surface of the resonator by a sample separ
shown in Fig. 3B, good qualityn vivoEPR spectra could also betor/sample holder disk. The center of the bottom of the cylindel
rapidly obtained from small amounts:{0~® mol) of nitroxide was defined as the origin. The magnet system, gradient setu
labels applied to the forearm skin of human volunteers. and imaging instrumentation used were as previously describe
Of note with regard to large samples, it is important for thi€20). Image reconstruction and deconvolution were performec
S-band resonator, as well as prior topical EPR surface resonasmpreviously described 9). A set of large modulation coils
(13-17), that the sample with paramagnetic material not exterfii28-mm diameter) was used, attached to the inner walls of th
significantly beyond the diameter of the resonator into the pagradients with a distance of 64 mm, and this provi¢e30%
of return flux. If the sample extends beyond the diameter ofodulation field homogeneity over the central 10 mm diamete
the loop into the path of the return flux the orientation of thepherical space where the resonator surface and active volun
B, field varies and distortion of the observed EPR signal wils centered. The imaging parameters were chosen as follow

occur. magnetic field gradient 8 G/cm, spatial window 13 mm, mod-
ulation amplitude 0.2 G, modulation frequency 100 kHz, scar

MAPPING OF THE RESONATOR B, FIELD width 10.4 G, scan time 5.24 s, time constant 40 ms, numbe

USING EPR IMAGING of projections 576. Figure 4 shows three slices of the 3D imagg

depicting the correspondent image intensity profiles from the
Three-dimensional spatial EPR imaging was performed to d& image. All three slices intersect the origin. Using Beper
termine the relative; distribution along theX-, Y-, andZ-axes square root power value of&2 G/+/W at 1 mm off the surface
as a function of the distance from the center of the resonator spithe resonator, determined above, the image intensity profile
face. A cylindrical rexolyte tube with inner diameter of 7.9 mmvere calibrated to provide thB; per square root power distri-
and height of 16.7 mm was filled with 0.5 mM aqueous TAMbution as shown in Fig. 4. From the images andBagrofiles

B,/P"2 (Gauss/W'?)
00 02 04 0.6

00 02 04 06

OO Intensity S 255

FIG. 4. Measurement and imaging of tig profile of the surface resonator. Three-dimensional spatial EPR imaging was performed to determine the relz
B, distribution along theX-, Y-, andZ-axes as a function of the distance from the center of the resonator surface. A cylindrical rexolyte tube with inner diam
of 7.9 mm and height of 16.7 mm was filled with 0.5 mM TAM radical label. The imaging parameters were as follows: magnetic field gradient 8 G/cm, sj
window 13 mm, modulation amplitude 0.2 G, scan time 5.24 s, time constant 40 ms, number of projections 576. Three slices of the 3D image are shgwn d
the image intensity profiles normal to tte, Y-, or Z-axes. Using theéd; per square root power value off2G/+/W measured at 1 mm off the surface at the
center of the resonator, the image intensity profiles were calibrated to provitdg tiex square root power distribution.
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obtained, it was observed that along the axis perpendicular tospectrometer: Construction, probe head design, and performReceSci.
the plane of the resonator surface, thaxis of the image, the ~ 'nstrum.71,2807 (2000).

resonator can detect the EPR signal up-teBamm distance. Up 5. W. Froncjsz _and J. S. Hyde, The loop—gap resonator: A new microwave
to a distance of 2 mm along thé-axis, theB; field remained lumped circuit ESR sampl.e structude Magn. Reson47,515—52'1 (1982).
within ~70% of its maximum. Over th¥ Z plane of the image  ° i'oi' [';Si&”?lg\égrc’”c'sz’ L0OP-gap resonaiBlsciron Spin Reson
going through the origin, the resonator can detect the EPR signpl ' ’

. . . . . R. Diodato, M. Alecci, J. A. Brivati, V. Varoli, and A. Sotgiu, An optimiza-
within a diameter of~7 mm and theB, field remained within tion of axial RF field distribution in low-frequency EPR loop—gap resonators,

70% of its maximum over a diameter 64.5 mm. Phys. Med. Biol44(5), N69-N75 (1999).
8. G. A. Rinard, R. W. Quine, B. T. Ghim, S. S. Eaton, and G. R. Eaton,
CONCLUSIONS Easily tunable crossed-loop (bimodal) EPR resonatoMagn. Reson. A

122,50-57 (1996).
We describe an S-band bridged Ioop_gap resonator designM. Chzhan, M.. Shteynbuk, P. Kuppusamy, and_J. L.‘ZWeier, An optimized
developed to enable the topical EPR measurements in the skink-band ceramic resonator for EPR imaging of biological samplddagn.
of living animals or humans. The resonator operates at 2.2 GHz Reson. AL05,49-53 (1993).

. . . . 10. M. Chzhan, P. Kuppusamy, and J. L. Zweier, Development of an electron
with an unloaded of 720 and theQ remains relatively hlgh ically tunable L-band resonator for EPR spectroscopy and imaging of bio

with topical use with a value o¥140 in the presence of large  |ogical samples). Magn. Reson. B08,67-72 (1995).

IOSSy sar‘r_lple.s applied. to its Surfac?- It is indUCt?Vgly COUpqu M. Chzhan, P. Kuppusamy, A. Samouilov, G. L. He, and J. L. Zweier, A

and the pivoting coupling loop provides the requisite range of tunable reentrant resonator with transverse orientation of electric field fo

coupling. This resonator enables detection of amounts of ni- in vivoEPR spectroscopy, Magn. Resorl372), 373-378 (1999).

troxide spin label of 15 nmol with a signal-to-noise ratio of2. S.Pfenninger, J. Forrer, A. Schweiger, and T. Weiland, Bridged loop gap re

1000in a 15-s acquisition. This resonator has been SucCessfu”ysonator, a resonant structure for pulsed electron-spin-resonance transpar:
S . . . . to high-frequency radiatiorRev. Sci. Instrunb9, 752—-760 (1988).

used to measure the kinetics of nitroxide metabolism and im-

age the spatial distribution of nitroxides in the skin of normar> - J Berlinerand H. Fujii, Magnetic resonance imaging of biological spec-
imens by electron paramagnatic resonance of nitroxide spin l&xtence

human volunteers [1]. The resonator design is durable and suit-557 517_519 (1985).

able for a range of topical applicationsimvivoanimals and in 14 1. walczak and H. M. Swartz, A GHin vivo ESR spectrometer with a

humans. surface probePhys. Med5, 195-202 (1989).

15. H. Hirata, T. Walczak, and H. M. Swartz, Electronically tunable surface-
coil-type resonator for L-band EPR spectroscapyMagn. Resonl42,
159-167 (2000).
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