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We present a novel dielectric resonator (DR)-based resonant
structure that accommodates aqueous sample capillaries in orien-
tations that are either parallel (i.e., side-access) or perpendicular to
the direction of an external (Zeeman) magnetic field, B0. The
resonant structure consists of two commercially available X-band
DRs that are separated by a Rexolite spacer and resonate in the
fundamental TE01d mode. The separator between the DRs is used
to tune the resonator to the desired frequency and, by appropri-
ately drilled sample holes, to provide access for longitudinal sam-
ples, notably capillaries containing oriented, spin-labeled muscle
fibers. In contrast to the topologically similar cylindrical TE011

cavity, the DR-based structure has distinct microwave properties
that favor its use for parallel orientation of lossy aqueous samples.
For perpendicular orientation of a dilute (6.25 mM) aqueous so-
ution of IASL spin label, the S/N ratio was at least one order of

agnitude better for the side-access DR-based structure than for
standard TE102 cavity. EPR spectra acquired for maleimide

spin-labeled myosin filaments also revealed ca. 10 times better S/N
ratio than those obtained with a standard TE102 cavity. For the
ide-access DR with sample capillaries oriented either parallel or
erpendicular to the external magnetic field, the Q- and filling

factors are in good agreement with the theoretical estimates de-
rived from the distribution of magnetic (H1) and electric (E1)
omponents. © 2000 Academic Press

Key Words: dielectric resonator; side-access; EPR resonator.

1. INTRODUCTION

Actomyosin, a complex of actin filaments and myosin m
proteins, is responsible for force generation during mu
contraction. After 30 years of effort involving many bioph
ical techniques, models of the individual mechanical even
the molecular level of actomyosin, known as Huxley’s “tilt
cross-bridge” model (1, 2), and its recent refinement, “leve

rm” hypothesis (3), still require experimental verification. It
commonly accepted that during muscle contraction,
changes in orientation of myosin heads that form cross-br

1 To whom correspondence should be addressed. Fax: (518) 442
-mail: cps14@cnsvax.albany.edu.
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between thick (myosin) and thin (actin) filaments are as
ated with the process of force generation. The central go
muscle biophysics has been to detect such force-gene
structural changes in the actomyosin cross-bridge com
Since muscle proteins reveal a high degree of cylind
ordering, orientation-sensitive spin probes attached to m
heads in combination with electron paramagnetic reson
(EPR) spectroscopy have proven to be a powerful too
detection of conformational changes within the myosin h
and, therefore, for testing of the cross-bridge model (4). The
EPR spectrum of nitroxide spin labels attached to specific
of the myosin heads is primarily sensitive to the orientatio
their three principal axes,x, y, andz, relative to the extern
magnetic field,H 0 (5, 6). On the other hand, the myosin he

re highly oriented relative to the muscle fiber axis, espec
t the end of the power stroke. Thus, to follow the molec
eorientation of myosin heads relative to actin, there
ationale for measuring EPR spectra of spin-labeled m
bers inserted into longitudinal capillaries and oriented e
arallel or perpendicular with respect toH 0 (7, 8). The EPR

features acquired for these two orientations of the sa
capillary reveal the highest degree of spectral differentia
(9). From the experimental standpoint, for either orientatio
the sample capillary the microwave magnetic componentH 1,
has to be applied perpendicular toH 0 in order to get th
maximum probability of allowed resonant transitions,DM s 5
61, for theS 5 1

2 spin system of the nitroxide spin label (10).
his precludes a simple cavity rotation by 90° (in the ver
lane) for changing the orientation of the spin-labeled mu
ber from perpendicular to parallel. Equally, inserting
pin-labeled muscle fiber horizontally into a typical microw
avity through an orifice in its front wall would result in
tandard, perpendicular orientation (the fiber axis would st
erpendicular toH 0). Thus, the prerequisite feature of reson

structures for the EPR study of muscle fibers is their possi
of accommodating longitudinal, lossy samples in both par
and perpendicular orientations relative toH 0.

To date, EPR measurements of muscle fibers have
62.
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145DR-BASED SIDE-ACCESS EPR RESONATOR
performed using modified metallized TE102 or TM110 cavities
equipped with special sample ports and sample holde
accept a fiber-containing capillary in the parallel and in
perpendicular orientation2 to the static magnetic field (5–8).
However, weak intensity of EPR signals resulting from inc
plete spin-labeling of the myosin heads (;40%) and overa
low concentration of myosin heads in muscle (240mM) have
been the major progress-limiting factors in this field. Thus
order-of-magnitude increase in overall system sensitivity
worthwhile improvement for muscle spectroscopy.

It has recently been established that in many biophys
biochemical EPR applications a substantial increase in s
tivity can be obtained while substituting metallic-wall cavi
by miniature resonant structures containing dielectric res
tors (DRs) (11–15). The advantages of these microwave E

robe heads designed around low-loss high dielectric cera
re their small size, high energy density at the sample pos
ood temperature stability, and low cost. In compact DR
igh concentration of the magnetic componentH 1 at the sam-
le position leads to much higher filling factors (h) than in

regular cylindrical or rectangular cavities. For instance, a
ble-stacked DR will have a 50-fold enhancement ofh over a
standard TE011 for the same sample capillary of 0.6 mm
(15). Concomitantly, single- or double-stacked DR-ba
structures, resonating in the fundamental TE01d mode, hav
their electrical componentE1 mostly confined within hig
dielectric material, thus isolated from the sample space.
result is low dielectric loss and improved loaded reson
quality factor QL for aqueous sample capillaries positio
along the cylindrical axis of the DR. In combination w
already-mentioned high filling factors, this leads to a highQL z
h product, which improves the overall EPR sensitivity. It
also been found that the double-stacked DR-based stru
could resonate in the fundamental TE01d mode, thus maintain-
ing its intrinsic highQL and a steady separation from the fi
spurious mode, even when its total length (measured alon
cylindrical axis) was elongated due to a finite spacing betw
the high dielectric cylinders (14). We explored these features
position a sample capillary in parallel to the external magn
field through a horizontal guidance that was provided b
appropriately drilled hole in a low dielectric loss and l
dielectric constant spacer inserted between the two DRs

We present here the technical details and relevant pe
mance of a compact double-stacked DR-based resonant
ture that accepts longitudinal aqueous samples, such as m
fiber-containing capillaries, perpendicular and parallel to
external Zeeman field (H 0).

2 Throughout this paper, the perpendicular orientation is an orientati
he sample tube which is perpendicular to the DC magneticH 0 (Zeeman) field
and parallel to the cylindrical axis of the DR, whereas the parallel orient
is an orientation of the sample tube which is parallel to the DC magnetic
and perpendicular to the cylindrical axis of the DR. The sample capilla
inserted through the side-access sample ports for the parallel orientatio
to
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2. MATERIALS AND METHODS

Conventional EPR spectra (first harmonic, absorption
phase) were acquired with the side-access DR-based re
structure having the sample capillary in either parallel or
pendicular orientation to the magnetic field. The side-ac
DR was connected to the microwave bridge of a Bruker
200D spectrometer (Bruker Spectrospin, Billerica, MA)
was equipped with a low noise GaAsFET microwave amp
before the crystal detector (Miteq, Model AMF-2S-8596-4
standard TE102 cavity from Bruker, Model 4102 ST, was e-
ployed for acquiring reference spectra to those obtained i
side-access DR-based resonant structure. Throughou
work, thin-walled quartz capillaries from Vitro Dynam
(Rockaway, NJ) were used for holding test samples.

In its perpendicular orientation, the sample capillary
inserted through the vertical sample port and positioned a
the cylindrical axis of the double-stacked DR. In this arran
ment the sample capillary was aligned with the symmetry
of the TE01d mode, thus probing the center space of the reso
structure where the magnetic componentH 1z was the stronges
While loading the sample capillary in parallel to the exte
magnetic field we used the lateral sample ports. Since
was not enough space in the magnet gap, inserting the cap
in the parallel orientation had to be done with the reson
detached from the microwave bridge. The sample capillary
was oriented in the parallel orientation probed the spac
between the ceramic resonators, thus intersecting the
minimum of H 1z for the fundamental TE01d mode.

For checking the EPR signal as a function of the microw
power in saturation measurements we employed an aq
solution of 2,2,6,6-tetramethyl-4-piperidinol (from Aldric
contained in a quartz capillary of 0.6-mm ID and 0.84-mm

The local distribution ofH 1z component along the paral
and perpendicular directions in the DR-based structure
checked using a point-DPPH (2,2-diphenyl-1-picrylhydra
from Sigma) sample whose linear dimension was less tha
mm. The small speck of DPPH was held in the middle
quartz capillary of 0.6-mm ID and 0.84-mm OD. The lengt
this capillary of ca. 60 mm was chosen to make it possib
easily change the point sample position while probing
whole active volume of the resonant structure. Therefore
whole set of EPR spectra corresponding to different loca
of the point sample along the parallel direction could be
quired without removing the DR-based resonator from
magnet gap.

The overall EPR performance of the side-access DR
checked using a 6.25mM water solution of IASL, an iodoac
etamide spin label (4-(2-iodoacetamido)-2,2,6,6-tetrameth
piperidinyloxy from Aldrich) that was contained in a qua
capillary of 0.6-mm ID and 0.84-mm OD. We used the s
sample capillary to acquire EPR spectra for the parallel
perpendicular sample orientations.
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146 SIENKIEWICZ ET AL.
Bearing in mind the potential applications of the side-ac
DR-based structure, we also prepared small samples of
labeled muscle fibers. Single muscle fibers were isolated
rabbit psoas muscle. The fibers were ca. 5–6 mm long and
diameter ranged between 60 and 75mm. A maleimide spin
abel MSL (4-maleimido-2,2,6,6-tetramethyl-1-piperidinylo
rom Aldrich) exhibiting a high degree of order with respec
uscle fiber axis (4) was specifically attached to cys707 of the

myosin head. Five doubled-up spin-labeled muscle fibers
transferred into a 0.6-mm-ID quartz capillary and infused
a glycerol-based buffer containing 130 mM KPr (potass
proprionate), 2 mM MgCl2, 10 mM Mops, 1 mM EGTA, 50%
glycerol (vol/vol). The presence of the buffer was necessar
keeping the muscle fibers intact during transportation
thaw-and-freezing cycles.

A baseline subtraction procedure was applied for the
spectra recorded in the side-access DR. Since the high d
tric ceramic for microwave applications is manufactured
process of sintering of various metal oxides, some para
netic background signal is very often present in the sp
acquired in the DR. In particular, this baseline signal has
taken into account when acquiring EPR spectra of weak
magnetic systems.

EPR spectra of diluted (6.25mM) aqueous solution of IAS
spin label recorded in the side-access DR were baseline
rected by subtracting the EPR spectrum of a capillary tha
filled with distilled water. The baseline-correction proced
was also employed while acquiring broadened EPR featur
spin-labeled muscle fibers.

A microwave test bench apparatus designed around
Hewlett Packard Sweep Oscillator, Model 8620C equip
with HP 86250D X-Band RF Plug-in was used for checking
QL-factor values for different loads and sample orientation
the DR-based structure. The same equipment was emp
for checking the microwave response of a homebuilt T011

cylindrical test cavity upon loading it with longitudinal aqu
ous samples in perpendicular and parallel directions. We
this cylindrical cavity as a reference for our double-stac
DR, since both devices reveal similar topology of the fun
mental resonant modes. The TE011 cylindrical test cavity wa
equipped with lateral orifices and appropriate microwave
off elements to position the water-filled capillary oriented
perpendicular orientation to its cylindrical axis. This sam
orientation corresponded topologically to the parallel pos
in the DR-based structure.

3. TECHNICAL OUTLINE OF THE SIDE-ACCESS
RESONATOR

The general scheme of the side-access EPR probe h
outlined in Fig. 1. The system was built around the dou
stacked DR-based resonant structure described and mod
Refs. (14, 15). We used two commercially available cylindri
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DRs from MuRata-Erie (State College, PA) of the follow
dimensions: 6-mm OD, 2-mm ID, and 2.65-mm height.
DRs were separated from each other by a Rexolite (C-
Plastic, Inc., Beverly, NJ) spacer 1.8 mm thick. Rexolite
cross-linked polystyrene that has excellent dielectric pro
ties, i.e., low dissipation factor at microwave frequencies
low dielectric constant (er 5 2.53 at 9.5 GHz). It has also go
dimensional stability and is easily machined. In our prev
experimental work we used cylindrical washers made of R
lite to separate the two DRs in order to tune the structure
desirable resonant frequency. For the present side-access
head, the Rexolite separator was manufactured with hole
could accept and hold sample capillaries up to 1.0-mm O
both parallel and perpendicular orientations. The hole dr
along the cylindrical axis of the washer accepted the sa
capillary in an orientation perpendicular to the magnetic fi
whereas the hole drilled diametrically accepted the sa
capillary in an orientation parallel to the magnetic field.

The mechanical support for the ceramic resonators an
the spacer was provided by the Rexolite cylinder whose
mensions were 12.7-mm OD, 6.05-mm ID, and 14.0-
height. Since the outer surface of this Rexolite element
metallized with a few micrometers of silver-plating, it a
served as a microwave shield. The outermost shell o
resonant structure consisted of the Delrin cylinder equi
with lateral orifices that accommodated the antenna m
guide, as well as the guiding elements for the sample cap
oriented in parallel to the external magnetic field. The la
guiding elements, depicted as brass capillary adapters in F
also served as microwave cutoff elements along this direc
Two flat cylindrical coils whose impedance was matched
Bruker Model ER-022 signal channel provided the modula
field (HM). These coils were firmly attached to the Delrin ou
shell of the resonator body using two Nylon 1-72 screws.
Delrin-made cores of these coils had central orifices of 5
in diameter that accommodated the capillary guiding mo
In order to avoid homogeneity distortions of the 100-k
modulation field, we miniaturized the size of the brass capi
adapters so that their outer dimensions were 2.5-mm le
2-mm OD, and 1.2-mm ID.

The 1.8-mm thickness of the Rexolite spacer between
DRs was such that the structure resonated at 9.54 GHz
fundamental TE01d mode. The overall loaded quality factor,QL,
of the empty resonant structure was 3400. The microw
power was routed to the resonant structure by a late
positioned antenna. The plane of the coupling antenna
oriented perpendicular to the cylindrical axis of the reso
structure, thus coupling to the fundamental TE01d mode. The
antenna and the adjacent impedance matching device
connected to the microwave bridge of the EPR spectrom
using a 12-in.-long section of 0.141-in. semirigid nonmagn
coaxial cable and an appropriate coax-to-waveguide ad
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147DR-BASED SIDE-ACCESS EPR RESONATOR
The external dimensions of the DR-based resonant stru
shown in Fig. 1 were 27.3 mm (width) and 42 mm (heigh

4. RESULTS AND DISCUSSION

4.1. Dielectric Loss in Aqueous Samples in the Double-
Stacked DR

The dependence of theQL-factor of the double-stacked D
as a function of the inner diameter of water-filled qu
capillaries is shown in Fig. 2. The initialQL value for the
empty resonant structure was ca. 3400 and gradually d
ished upon loading with water-filled, thin-walled quartz ca
laries (wall thickness in the range of 0.08–0.12 mm) of
creasing inner diameter. The total sample length was c
mm, so that the entire active region of the probe head was
For capillaries inserted through the side-access ports, i.e
ented with sample perpendicular to the cylindrical axis of
structure (parallel orientation in the EPR experiment),
decrease inQL was less pronounced than for capillaries-
serted along the cylindrical axis of the resonator (perpendi
orientation in the EPR experiment).

FIG. 1. Outline of the side-access double-stacked DR-based reso
simplified drawings. The sample capillary is oriented parallel to the ext
re

z
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-
-
50
ed.
ri-
e
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In the practical range of capillary inner diameters of 0.
0.7 mm, theQL values for the parallel sample orientation w
ca. 35% higher than for the perpendicular orientation. T
retical estimates of the resonatorQL-factor as a function of th
capillary inner diameter are also shown in Fig. 2. These
lytical curves calculated using a model developed in Ref.15)

lso point to a lower dielectric loss and, consequently, hi

L values for sample capillaries oriented parallel to the m-
netic field (perpendicular to the cylindrical axis of the dou
stacked DR). Furthermore, the response of the double-st
DR to loading with lossy capillary samples oriented eithe
parallel or perpendicular is distinctively different from tha
a cylindrical TE011 cavity, even if the fundamental reson
modes of the DR and cavity bear similarity. Figures 3a an
and 4a and 4b show schematically the magnetic and el
field distribution patterns for the double-stacked DR-ba
structure and the standard TE011 cavity, respectively. Thes
field patterns have been calculated using an analytical m
reported in Ref. (15) for the double-stacked DR-based struc

nd standard expressions (16) for the TE011 cavity. The primary
difference between the lowest resonant mode of cylind

nt structure: vertical cross-sectional (top) and horizontal cross-sectio
l magnetic field.
na
erna
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148 SIENKIEWICZ ET AL.
symmetry of the double-stacked DR (TE01d) and TE011 cavity
modes is their overall size. For the resonant frequency o
9.4 GHz the typical dimensions are diameter of 12.7 mm
height of 14.0 mm for the TE01d, wherease they are 42.0 m
and 44.9 mm for the TE011 cavity, respectively. However, as
is shown in Figs. 3a and 3b, the magnetic and electric
patterns for the double-stacked DR are also more comple
contrast to the TE011 cavity mode, in the TE01d double-stacke
DR mode there are two locations along the cylindrical
where the magnetic component is the strongest,H 1max (Fig. 3a)
Moreover, for the double-stacked DR the local minimum
electric component,E1min, is located in the plane intersecting
structure at half height (Fig. 3b). This is also in strik
contrast to the TE011 cavity mode, where the correspond
intersecting plane contains the locations of bothH 1max and
E1max.

FIG. 2. Experimentally determined and theoretically estimatedQL-factor
changes in the double-stacked DR as a function of the capillary inner dia
(ds) for quartz capillaries filled with distilled water. The open squares (h) and
olid diamonds (}) represent the experimental dependence ofQL vs ds for the
erpendicular and parallel orientation of the sample capillary, respec
he dashed line and solid line represent the theoretical estimate ofQL vsds for

he sample oriented in perpendicular and in parallel, respectively.

FIG. 3. Computed modal field distribution patterns for the TE01d mode o
the double-stacked DR-based structure. (a) Distribution pattern of the ma
componentH 1. (b) Distribution pattern of the electric componentE1.
a.
d

ld
In

s

f

The experimentally determined differences in microw
characteristics upon loading the double-stacked DR an
TE011 cavity with the same lossy aqueous sample are sum-
ized in Table 1. As anticipated, based on the topology o
E011 mode shown in Figs. 4a and 4b, loading the cavit

parallel with a 0.6-mm-ID capillary filled with water result
in a much lowerQL-factor value than that observed for
same capillary positioned in perpendicular. In contrast, fo
double-stacked DR, the measuredQL-factor for the paralle
load was actually higher than that observed for the perpe
ular capillary orientation. To explain these results, two asp
should be discussed in more detail.

First, the observedQL-factors for the parallel and perpe-
dicular load with a lossy aqueous sample are of the same
of magnitude for both the TE011 cavity and the double-stack
DR. The similarQL values are obtained despite the fact tha
aqueous sample oriented in parallel intersects the electric
lines, while the sample oriented in perpendicular mostly pr
the nodal space ofE1. As it can be seen from Fig. 4b, the los
longitudinal sample oriented in parallel in the TE011 cavity
intersects the maximum of electric field,E1max. This loca
maximum of the electrical component is located at the
height of the cavity cylinder, at the distancer 5 0.48 (d/ 2)
from the cylindrical symmetry axis, whered denotes the cavi
diameter. A relatively low dielectric loss observed experim
tally for a thin aqueous sample inserted in such an unfavo

ter

ly.

tic

FIG. 4. Computed modal field distribution patterns for the cylindr
cavity TE011 mode. (a) Distribution pattern of the magnetic componentH 1. (b)
Distribution pattern of the electric componentE1.

TABLE 1
Comparison of the Microwave Characteristics of the Double-

Stacked DR-Based Structure Resonating in the TE01d Mode and of
the TE011 Cylindrical Cavity upon Loading with a 0.6-mm-ID

apillary Filled with Distilled Water for Parallel and Perpendic-
lar Sample Positions

QL empty QLi QL'

Df 0i

(MHz)
Df 0'

(MHz)

DR (TE01d) 3400 1840 1330 210 22.7
Cavity (TE011) 6400 3180 4800 274 210
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149DR-BASED SIDE-ACCESS EPR RESONATOR
way can be explained by realizing that for the parallel sam
orientation the electric field lines are perpendicular to
sample capillary. Therefore, a thin water-filled capillary ca
regarded as a longitudinal object having high dielectric
stant and high dielectric loss at X-band microwave frequen
Simple analysis of a dielectric rod immersed in the loc
homogeneous electric field perpendicular to its axis shows
in the quasi-static approximation, theE1 field amplitude within
the dielectric is reduced by a factor of (e 1 1)/2 (17), wheree
denotes the complex permittivity of the dielectric. Takin
typical value ofe 5 62 2 i30 for water at 9.3 GHz (18) and

eglecting the influence of a thin-walled capillary, one can
ielectric losses to be ca. 3 orders of magnitude lower

hose expected from a direct application of the perturba
ormula (19). In practice, however, the above analysis fo
apillary oriented in parallel can be regarded as a rough
roximation only, mainly because the electric fieldE1 is not

entirely homogeneous within the sample region. In partic
for both the TE011 (cavity) and the TE01d (DR) modes, lines o
the electric component form closed circles in the plane
intersects the sample capillary. Curvature of theE1 lines result
in a small contribution of the electric component that is par
to the capillary axis. It can be shown that this small contr
tion is responsible for the major part of dielectric los
whereas the electric field component perpendicular to the
ple axis is effectively screened. As a result, theQL-factor for
the parallel orientation is of the same order of magnitude a
the standard (perpendicular) sample orientation for both
TE011 cavity and the double-stacked DR-based resonant s-
ture.

Second, to interpret the experimental results for the do
stacked DR loaded with a lossy sample oriented in paralle
should compare the topology of its resonant mode to
well-known TE011 cavity mode. As it has been mentioned
the TE011 cavity the capillary oriented in parallel intersects
electric field in its maximum, whereas in the double-stac
DR structure the sample probes a much weakerE1 field in the
space between dielectric resonators. As seen from Fig. 3
the axially symmetric double-stacked DR resonating in
TE01d mode the electric component is mainly confined to

igh dielectric cylinders. As a result, in the double-stacked
he dielectric losses for the parallel orientation are diminis
hus yieldingQLi . QL'. In contrast, in the TE011 cavity the

L-factor for the parallel capillary orientation (QLi) is lower
than for the standard perpendicular orientation (QL'). It is also
worth noting that the resonant frequency shift upon loading
water-filled 0.6-mm-ID capillary in parallel (Df 0i) was more

ronounced for the cavity than for the DR. Similarly, for
erpendicular sample orientation, the corresponding res

requency shift (Df 0') was also more marked for the TE011

cavity than for the DR. This may account for better isolatio
E1 from the sample space in the dielectric resonator in eith
the capillary orientations. The frequency shifts, measured
le
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respect to the resonant frequency of the empty cavity or e
double-stacked DR resonator, are listed in Table 1.

4.2. H1z
2 Distribution in the Double-Stacked DR for the

Parallel and Perpendicular Capillary Orientations

For constant incident power, the variation in EPR sig
intensity with sample position in the resonant structure dep
uponH 1z

2 (15, 20). Figure 5compares the results of the exp
imentally measured and theoretically estimated distributio
H 1z

2 for perpendicular and parallel sample orientation in
double-stacked DR. The experimental points correspond
amplitude of the EPR signal (dx0/dH) yielded by a point
DPPH sample that was moved along both probing directio
the DR. All of the EPR spectra were acquired at a constan
nonsaturating incident microwave power of 2 mW. Since
resonatorQL-factor was independent of the point-DPPH s-
ple position in either of the probing directions, the local m
imum of H 1z

2 for the perpendicular direction overlapped w
the local maximum ofH 1z

2 for the parallel direction. For th
characteristic value ofH 1z

2 the point-DPPH sample was loca
in the geometrical center of the double-stacked DR. The
lytical fits shown in Fig. 5 (solid line for the parallel orientat
and dashed line for the perpendicular orientation) were c
lated using the theoretical model described in Ref. (15) and are
n a qualitatively good agreement with the experimenta
ults. For the sample capillary oriented perpendicular to

FIG. 5. Theoretical estimate and experimentally measured variation
magnetic componentH 1z

2 in the side-access double-stacked DR. A point-DP
ample was used for probing the local EPR signal intensity (proportion

1z
2 ) along the perpendicular and parallel directions. The dashed and soli

depict the theoretically estimatedH 1z
2 distributions along the perpendicular a

arallel directions, respectively. The open squares (h) represent the expe
entally measuredH 1z

2 distribution along the perpendicular direction. T
olid diamonds (}) represent the experimentally measuredH 1z

2 distribution
along the parallel direction. Experimental conditions: gain5 2000, modula
tion 5 0.125 G, time constantt c 5 0.1 ms, sweep 20 G/50 s, microwa

ower5 2 mW.
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external magnetic field, the apparent discrepancy betwee
theoretical and experimentalH 1z

2 distributions (up to ca. 10%
around local maximum values) is mainly due to a str
perturbation of the TE01d mode by the presence of the 2-m
center hole in the high dielectric ceramic cylinders.

4.3. Sensitivity Tests for a Lossy Sample Oriented Paral
and Perpendicular to the External Magnetic Field

Results of the sensitivity tests for a lossy sample orie
either in parallel (side-access) or in perpendicular (ver
access) with respect to the Zeeman field are shown in F
The EPR spectra were obtained for a 6.25mM aqueous solu
tion of IASL spin-label that was contained in the quartz c
illary of 0.6-mm ID and 0.84-mm OD. For the perpendicu
sample orientation, the observed signal amplitude was ca
times bigger than for the parallel (side-access) position. L
signal amplitude for the parallel orientation was in fact an
ipated taking into account the theoretical estimates ofH 1z

2 and
experimental mapping with the point-DPPH sample. Integ
of the experimentally determinedH 1z

2 distribution curve
shown in Fig. 5 correspond to filling factors that one m
expect for a long nonlossy sample oriented either in pa
(filling factor hi) or in perpendicular (filling factorh') with
respect to Zeeman field. The ratio of these surfaces, wh
proportional tohi/h', was found to be 0.28. On the other ha
the QL-factor ratio for a lossy longitudinal sample,QLi/QL',

as found to be 1.38 (values ofQLi andQL' are listed in Tabl
1). The product of these two expressions yielded a fact
0.39 that should represent to the overall sensitivity loss fo
parallel orientation of the sample capillary. This estimate
good agreement with the EPR signal amplitude ratio of
observed experimentally for the sample capillary oriente
ther in parallel or perpendicular with respect to the exte
magnetic field.

For comparison of the performances, in Fig. 6 we also s

FIG. 6. EPR spectra recorded for a 6.25mM aqueous solution of IAS
pin-label. The EPR traces acquired in the double-stacked DR for perp
lar and parallel capillary orientations were background-corrected. Norm
xperimental conditions for the experiments using the side-access D
E102 cavity: gain5 105, modulation5 1.6 G, time constant5 50 ms, swee

120 G/100 s, microwave power5 2 mW.
the
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the EPR spectrum recorded for the same 6.25mM IASL
sample in the TE102 cavity. This spectrum was acquired in
perpendicular sample orientation, since our standard102

cavity did not provide side-access for the sample capillary
the perpendicular sample orientation, the spectra record
the DR-based structure revealed ca. 10 times higher sign
noise ratio than for the TE102 cavity. Although the spect
acquired in the DR were baseline-corrected, the final
traces presented in Fig. 6 reveal some presence of the
magnetic background. This incomplete baseline subtra
was more marked for the parallel capillary orientation and
caused by different dielectric properties of aqueous liquid
the test IASL sample and in the water-filled capillary that
used for acquiring the background signal. Small misalignm
of the sample capillary in the parallel sample orientation
also result in slightly different perturbations of the TE01d mode
of the double-stacked DR. Since the surface of the high di
tric ceramics has anisotropic paramagnetic properties, d
ences in probing of this local paramagnetic background
also account for an incomplete baseline subtraction.

4.4. EPR Results for Spin-Labeled Muscle Fibers

The EPR results obtained in the side-access DR-base
onant structure for specifically spin-labeled muscle fibers
shown in Fig. 7. As expected, two distinctively different sp
tra were obtained for parallel (side-access) and perpend
orientation (regular access) of the fiber-containing capi
with respect to the Zeeman field. When the fiber bundle
placed parallel to the magnetic field, a characteristic spec
consisting of three lines with narrow splitting of 17.5 G
tween the outer extrema was observed. The hyperfine fea

FIG. 7. EPR spectra acquired for a small bundle of muscle fibers sp
ically spin labeled at cys707 of myosin head. Fibers were immersed in glyc

nd held in a 0.6-mm-ID, 0.84-mm-OD quartz capillary. Inset: EPR trace
he baseline subtraction acquired for the muscle fiber sample orien
arallel in the double-stacked DR. Normalized experimental condit
ain5 105, modulation5 1.6 G, time constant5 50 ms, microwave power5

2 mW, sweep 120 G/100 s; 10 scans were acquired for each trace.
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151DR-BASED SIDE-ACCESS EPR RESONATOR
observed in this EPR spectrum reveal a considerable bro
ing that is typical for a highly oriented population of stron
immobilized spin probes when there is little or no motion of
probe on the microsecond time scale. For such a pa
orientation of the muscle fiber, the principalz-axis of the MSL
spin label is approximately perpendicular to the magnetic fi
while being also approximately perpendicular (82°) to the
axis. [According to Ref. (4), the tilt angle of the principa
z-axis of a nitroxide spin label with respect to the fiber a
(i.e., the axis having maximum hyperfine coupling) is 82° w
a Gaussian RMS distribution in angular disorder of67°.]

In contrast, a broad quasi-powder pattern was obtained
the fiber-containing capillary was placed in perpendicular
entation to the magnetic field. Such an EPR spectrum
wide peak-to-peak splitting between the outer extrema of
G is to be expected when the principalz-axes of the MSL spi
labels are aligned mostly parallel to the external magnetic
being also perpendicular to the fiber axis. In Fig. 7 we
show the EPR spectrum obtained for the same sample
TE102 cavity (perpendicular orientation). For the muscle bu
nserted in perpendicular orientation to the Zeeman field
R-based structure yielded ca. 10 times betterS/N ratio than

the standard TE102 cavity. When the same muscle fiber wa
he parallel orientation in the DR, theS/N was roughly 2.5
times lower. In similarity to the difference in theS/N observed
for aqueous solutions between parallel and perpendicula
entations, the lowerS/N observed for the parallel orientation
the muscle fiber is due to the poorer filling factorhi. The inse
to Fig. 7 shows the paramagnetic background of the do
stacked DR used for these preliminary test measureme
muscle fibers. The EPR traces shown in this inset wer
quired for the sample capillary oriented in parallel to
Zeeman field. It is worthwhile to mention that due to
topology of the TE01d double-stacked DR, the paramagn

ackground for the sample oriented in perpendicular
lightly different from that in parallel. Accordingly, a cor
ponding trace of the baseline was taken into account in
o generate the EPR spectrum of the muscle fiber orient
erpendicular in the double-stacked DR.

5. CONCLUSIONS

We built and successfully tested the specialized probe
for the EPR study of muscle fibers. The microwave hea
this probe is based on the double-stacked DR-based res
structure. Due to the finite separation of 1.8 mm betwee
cylindrical DRs, this EPR probe readily accepts capilla
containing aqueous samples oriented parallel with respe
the Zeeman field (i.e., normal to the cylindrical axis of
resonant structure). The topology of the TE01d mode in such
double-stacked DR imposes smaller filling factors for the
allel sample orientation than for the more commonly u
perpendicular orientation. Nonetheless, both microwave
en-
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bench results and theoretical calculations point to lower di
tric loss for aqueous samples oriented parallel to the mag
field. The observed and estimatedQL-factors are then high
for the parallel sample orientation, thus partially compensa
for the lower filling factor hi. As a result, for the parall
orientation the observed sensitivity is only;2.5 times wors
han for the perpendicular sample orientation that is gene
mployed in typical applications of the DR-based structu
For lossy aqueous solutions and for small bundles of m

bers, the double-stacked DR revealed a higher signal-to-
han the standard TE102 cavity. For a diluted (6.25mM) aque-
ous solution of the IASL spin label contained in the sam
capillary in the perpendicular orientation, the tested DR-b
structure yielded a ca. 10 times largerS/N ratio than a standa
TE102 cavity. With the capillary inserted parallel to the exter
magnetic field, in spite of the lower filling factor for th
direction (hi), theS/N ratio yielded by the side-access DR w
still ;4 times better than in the TE102 cavity with the sampl
placed in perpendicular orientation.

EPR results obtained for small bundles of muscle fibers
indicate that the DR-based device loaded either in perpe
ular (regular access) or in parallel (side-access) outperf
the regular TE102 cavity. For such small muscle fiber samp
oriented in perpendicular in the DR, theS/N was found to b
at least 10 times better than for the TE102 cavity. For the paralle
orientation in the double-stacked DR, due to the lower fil
factor, the signal-to-noise ratio was lower, stillca. 4 times
better than for the TE102 cavity.
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