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a b s t r a c t

Inductively coupled radiofrequency resonators can provide NMR signals from small samples wirelessly
and with high sensitivity. We explore the achievable sensitivity depending on the resonator’s Q-factor
and its cross-inductance to the NMR probe. Even for small resonators with modest Q, the sensitivity
can be close to that of directly (impedance) coupled microcoils. Sensitivity and excitation power inside
inductively coupled solenoids were monitored experimentally by microimaging. The flow velocity profile
inside a capillary of 200 lm diameter was measured with a resolution and sensitivity that rivals recent
work based on directly coupled microcoils.

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

Inductively coupled [1,2] radio frequency (rf) resonators in-
serted into the probe volume of a conventional nuclear magnetic
resonance (NMR) spectrometer offer the possibility to focus the
sensitivity and radio frequency power on small volumes. Providing
a crucial advantage in situations where the available sample vol-
ume is limited, this has recently been exploited to boost sensitivity
in magic angle spinning experiments [3]. Microfluidic devices
could greatly benefit from this principle also, because it eliminates
the need for electrical leads between the microfluidic system and
the spectrometer. In the present contribution, the limits of achiev-
able sensitivity are explored with respect to the parameters of the
resonator. It is demonstrated that inductively coupled microcoils
can rival the performance of directly connected ones, provided that
inductive coupling is sufficiently strong.

To optimize sensitivity, the NMR receiver coil must tightly en-
close the available sample volume. In the context of microfluidic
devices, this requirement has been met by integrating planar
coils directly into the chip [4–7], and by remote detection [8–
10]. In the latter approach, the chip resides in a conventional
gradient probe, inside a large rf coil which is used for excitation
only. Nuclear precession is detected downstream by a microcoil
wrapped around a capillary connected to the chip. In both cases,
an active connection to the chip, either electrical or fluidic, is
needed during the acquisition of NMR data. However, applica-
tions requiring mass throughput, for example medical diagnostic
screening, would greatly benefit if it were possible to characterize
ll rights reserved.
the contents of the chip by NMR without the need for any con-
nections. This can be accomplished by integrating tuned microre-
sonators, into the chip, and coupling them inductively to the NMR
system.

NMR data is usually obtained from the nuclear induction in a
resonator tuned to the Larmor frequency [11–13]. The resonator
is connected to a broadband preamplifier via a matched transmis-
sion line. The resulting mass sensitivity depends inversely on the
coil volume [14–18]. A number of alternative detection schemes
have been proposed (see, for example, [19–23]) but none of them
has turned out to be as generally applicable as the nuclear induc-
tion method.

Wu et al. have used microcoils to obtain NMR spectra from an
electrophoresis capillary with 75lm inner diameter [24]. Immer-
sion of the microcoil in a susceptibility-matched medium provides
high spectral resolution [25]. NMR spectra from lipid globules with
a voxel volume as small as 5 pL have been obtained in this manner
[26], and experimental techniques integrating liquid chromatogra-
phy and capillary electrophoresis with NMR have been developed
[27–32]. Recently, Zhang and Webb obtained detailed flow velocity
field information in sub-mm size capillaries [33]. While these stud-
ies have all relied on resistive coupling of the microcoils, it is the
goal of the present paper to show that inductive, wireless coupling
offers similar performance.

To achieve this, a closed-loop resonator, usually composed of
an inductor coil and a tuning capacitor, is inserted into a conven-
tional NMR probe. The cross-inductance between the resonator
coil and the probe leads to a focusing of both the rf intensity
and the sensitivity to the volume enclosed by the resonator induc-
tor. This field-focusing effect can be visualized directly by mag-
netic resonance imaging, as illustrated in Fig. 1A. It shows a slice
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through a 1.5 mm ID solenoid coil tuned to the proton Larmor
frequency by a parallel capacitor. The image has been obtained
in an unmodified commercial microimaging probe, by inserting
the resonator into an NMR tube filled with doped water. The water
inside the coil gives a signal that is more than two orders of
magnitude stronger than outside, due to the combined effect of
the higher rf amplitude inside the solenoid and the enhanced
sensitivity. In the remainder of this paper, this effect is treated
quantitatively as a function of the cross-inductance and quality
factor of the resonator, and it is shown that the Hagen-Poiseuille
flow profile inside a capillary of 200 lm inner diameter can be
measured using this principle with a sensitivity that is comparable
to similar measurements carried out with directly connected
microcoils [33].
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Fig. 1. (Color online) (A) NMR image of a tuned microcoil resonator immersed in
doped water. Slice thickness is 0.2 mm. The volume inside the coil provides a very
strong signal, whereas the surrounding water is all but invisible. (B) Absolute value
of the signal amplitude inside (round symbols and red line (fit) ) and outside
(square symbols and blue line) of the tuned microcoil as a function of excitation
pulse power. Data was acquired using a gradient-echo pulse sequence with a sinc-
shaped excitation pulse of 2000 ls.
2. Theory

A conceptual circuit diagram of an inductively coupled microre-
sonator is shown in Fig. 2A. The microresonator is represented by
an inductance Ll and a capacitance Cl, while the NMR probe circuit
consists of the receiver coil LT and the tuning (CT ) and matching (CM)
capacitors. The resistive losses in the probe and microresonator are
represented by series resistances RT and Rl, respectively. The mic-
roresonator and the probe circuit are coupled through a mutual
inductance Ml ¼ k

ffiffiffiffiffiffiffiffiffiffi
LlLT

p
, where 0 < k < 1 is the coupling constant.

For concentric solenoid coils, k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vl=VT

p
, where Vl and VT are the

volumes of the micro- and probe coils, respectively. In the context of
microfluidics, planar spiral coils are of particular interest [4–7]. In
this case, the coupling constant can be estimated by adding the mag-
netic flux caused by the probe coil in each turn of the planar coil.
Fig. 2. (Color online) (A) Equivalent circuit diagram of an NMR probe circuit
coupled to an rf microresonator. (B) Micrograph of a capillary (a) running through
an rf resonator consisting of an adjustable capacitor (b) connected to a microcoil (c).
(C) Signal amplitude (solid symbols, arbitrary units) and radio frequency field
strength (open symbols, in units of proton nutation frequency), as a function of
resonator capacitance Cl in a microresonator composed of a 9 turn, 0.56 mm ID
solenoid and a tunable capacitor.
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According to the principle of reciprocity [15] the nuclear induc-
tion signal from a given number of spins is proportional to the rf field
strength caused by a unit of current in the receiver coil. Analysis of
the circuit in Fig. 2A yields for the total apparent impedance of the
resonant part of the NMR probe (LT combined with CT )

Z2 ¼ RT þ ixLT þ
1

ixCT
þ x2k2LlLT

Rl þ ixLl þ 1=ixCl
: ð1Þ

In the absence of coupling to a microresonator (k ¼ 0), this de-
scribes a simple resonance, indicated, among other things, by a van-
ishing reactance if x ¼ x0 ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
LT CT
p

. This is shown by the dashed
line in Fig. 3. In the case of finite coupling to a tuned microresonator
x0 ¼ 1=

ffiffiffiffiffiffiffiffiffiffi
LT CT
p

¼ 1=
ffiffiffiffiffiffiffiffiffiffiffi
LlCl

p
, the resonance persists, but is altered. For

small values of k, the reactance exhibits a minor change in slope,
whereas for larger k values, the slope is inverted and three distinct
frequencies with vanishing reactance exist. In this latter case, the
resonance is split into two peaks. It can be shown that the slope
of the reactance at the resonance frequency is negative if
k > 1=Ql, where Ql is the quality factor of the microresonator. A
split resonance means that the circuit must be designed such as
to place one of the two resonance peaks at the Larmor frequency,
and that neither the probe nor the mircoresonator is at resonance
at that frequency by itself. For most practical cases, however, we
anticipate that the effective coupling constant will be below this
limit. For our further discussion, we may, therefore, assume that
both the probe and the mircoresonator are tuned separately to
the Larmor frequency. This substantially simplifies the following
discussion. We have in this case

Z2 ¼ RT þ
x2M2

l

Rl
¼ RTð1þ k2QlQ TÞ; ð2Þ

where Ql and QT denote the quality factors of the microresonator
and the probe circuit, respectively.

At resonance, the ratio of the current magnitudes in the micro-
coil and the probe coil is

Il
IT
¼ xMl

Rl
¼ x

k
ffiffiffiffiffiffiffiffiffiffi
LlLT

p
Rl

: ð3Þ
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Fig. 3. Reactance (imaginary part of Z2) of the circuit shown in Fig. 2A as a function
of frequency, with both the probe and the resonator tuned to 600 MHz, using
typical values for the inductances and capacitances. Dashed line: k2 ¼ 0; solid lines:
k2 ¼ 0:0002, 0:001, and 0:005, as indicated.
In the absence of a microresonator, the direct induction in the recei-
ver coil LT is measured. In this case, the SNR is proportional to

ðS=NÞprobe �
BT

IT
ffiffiffiffiffi
RT
p ð4Þ

since the noise is proportional to
ffiffiffiffiffi
RT
p

. Similarly, if the microcoil is
directly connected to an rf receiver, the signal/noise ratio is propor-
tional to

ðS=NÞdirect �
Bl

Il
ffiffiffiffiffiffi
Rl

p ð5Þ

Finally, if the signal is observed in the probe coil, while it is coupled
inductively to the microresonator, the SNR is

ðS=NÞRF �
Bl

IT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RTð1þ k2QlQ TÞ

q ; ð6Þ

where the factor ð1þ k2QlQTÞ accounts for the additional dissipa-
tion due to the microresonator. For solenoid coils, the sensitivity
enhancement by the inductively coupled microresonator is found
after some algebra as

ðS=NÞRF

ðS=NÞprobe
¼ Ql

k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VT=Vl

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2QlQ T

q : ð7Þ

The quality factor of the microresonator Ql provides an upper
bound for this enhancement. In the present context, the alternatives
of coupling the microcoil inductively, or observing the signal from it
directly must be compared. In other words, is there a price to pay in
sensitivity for the convenience of wireless coupling? The relevant
sensitivity ratio is given by

ðS=NÞRF

ðS=NÞdirect
¼

k
ffiffiffiffiffiffiffiffiffiffiffiffiffi
QlQ T

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2QlQ T

q : ð8Þ

This relationship is plotted in Fig. 4 as a function of the Q-factor of
the microresonator, assuming QT ¼ 200, a typical value. The curves
are parametrized with k2, which corresponds to the volume ratio
Vl=VT for solenoid coils. With QT ¼ 200, Eq. (8) predicts that even
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Fig. 4. Ratio of sensitivity of inductively coupled vs direct microcoil NMR, as a
function of the quality factor of the microresonator and the volume ratio Vl=VT . A
probe QT of 200 has been assumed. The curves correspond to values of Vl=VT from
0:00125 (lowest curve) to 0:64, incremented by factors of 2.
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for a volume ratio as small as 0.1%, the sensitivity ratio exceeds 90%
for Ql > 20. This demonstrates that for typical geometries under
consideration in the present context, inductive coupling
will lead to a sensitivity loss of only a few percent compared to di-
rect electrical coupling of the microcoil to the NMR receiver circuit.
Microcoil Q-factors in this range are quite readily achieved [4–7].

In order to demonstrate that inductively coupled resonators can
achieve similar performance to impedance coupled microcoils, the
flow profile in a 200lm capillary has been measured using a pulsed
field gradient spin echo (PSGE) sequence. As will be shown in the
following, the sensitivity is comparable to that reported by Zhang
and Webb in a recent study of flow profiles in capillaries of similar
dimensions [33].
3. Experimental

All experiments were conducted with a Varian NMR spectrom-
eter, operating at a static field strength of 14.3 T, using a Doty
12 mm microimaging probe. Microresonators were built by wind-
ing coils from magnet wire and soldering them to a tunable, non-
magnetic capacitor. The microresonators were held in a 12 mm
NMR sample tube. Doped water (0.01 M CuSO4, 0.01 M NaCl in
H2O, T1=350 ms) was used.
Fig. 5. (Color online) Transport imaging in a PTFE capillary. (A) Displacement
profiles from the center (solid line) and the periphery (dashed line) of the capillary.
(B) Velocity profile, obtained from the position of the peak in the displacement
4. Results and discussion

In Fig. 1A, a solenoid coil of 10 turns, 1.5 mm inner diameter
and 6 mm length has been connected in parallel to a tunable,
non-magnetic capacitor, and inserted into a 12 mm NMR tube
filled with doped water (0.01 M CuSO4 and 0.05 M NaCl). The
dimensions of the coil and the capacitor have been chosen to bring
the resonance frequency close to 600 MHz. Fig. 1A shows a sagittal
slice obtained with a standard gradient-echo pulse sequence. Only
the water inside of the coil contributes noticeably to the signal. The
pulse power has been reduced by about 30 dB compared to what
would have been necessary to excite the bulk of the sample. The
effect of the excitation power on the signal intensity is shown in
Fig. 1B. The signal inside the solenoid (circles, a) rises much more
rapidly, and to a higher value, than the signal in areas outside
(squares, b). The solid lines are fits of the absolute value of a sin
function of the square root of the pulse power. For region (a), the
maximum signal is obtained at 10 dB, while for region (b), about
35 dB are required.

Fig. 2B shows a Teflon capillary of 0.2 mm inner diameter run-
ning through a microcoil of 0.56 mm ID, connected to a tunable
capacitor, built into a PMMA support structure. Doped water was
circulated through the capillary using a peristaltic pump mounted
outside of the magnet bore. The signal strength from the water in
the capillary was quantified as a function of the capacitor setting.
The capacitance was calibrated externally against the position of
the capacitor screw using an impedance meter. For each capacitor
setting, the excitation pulse power was varied between �10 and
40 dB. The resulting maximum signal intensity is shown as a func-
tion of capacitor setting by the solid circles in Fig. 2C. In addition,
the relationship between pulse power and nutation angle was ex-
tracted by fitting the intensity data to a sine function. The resulting
nutation frequency at 1 W power is also shown in Fig. 2C (open
circles).

After appropriate scaling, the maximum intensity as well as the
nutation frequency data collapse onto a single curve. This illus-
trates the validity of the reciprocity principle, which states that
the sensitivity is proportional to the magnetic field amplitude gen-
erated in the probe volume per unit of current. For the circuit in
Fig. 2A, this ratio is given by
Bl

IT
/

xk
ffiffiffiffiffiffiffiffiffiffi
LlLT

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

l þ ð1=xCl �xLlÞ2
q : ð9Þ

The solid line in Fig. 2C is a least-squares fit of this expression to the
signal intensity data, yielding Ll ¼ 42� 3nH and Rl ¼ 5:2� 0:5X.
This inductance agrees quite well with that of an ideal solenoid coil
of l=2.5 mm length, d=1 mm diameter, and N ¼ 10 turns, which is
given by l0N2pd2

=4l � 39nH. Together with the observed quality
factor of about 24, this value yields R ¼ 6X, in very good agreement
with the fit value.

The flow velocity profile in the cross section of a circular capil-
lary of 200 lm inner diameter was measured using a spin-echo
multi-slice (SEMS) pulse sequence, augmented by a pair of gradient
pulses to implement pulsed field gradient spin echo (PGSE)
weighting. The microresonator setup shown in Fig. 2A was used
for this purpose, with doped water circulated through the capillary
by a peristaltic pump. The spin-echo method samples the recipro-
cal space both in the spatial and the displacement dimension, and
yields a data set Sðk;qÞ, which must be Fourier-transformed in
both dimensions [34]. In the present case, the direction of q was
chosen along the axis of the capillary, and its magnitude was incre-
mented in 40 steps from 0 to q ¼ 0:004lm�1. The slice thickness
was 200lm.

For each pixel, a displacement profile results after Fourier trans-
formation in the q dimension. Two such profiles are shown in
profile at each pixel. (C) SEMS image of the capillary lumen.
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Fig. 5A. The solid and dashed lines correspond to a pixel close to
the center and the wall of the capillary, respectively. They indicate
the probability PðDz; DtÞ to find water molecules at position zþ Dz
at time t þ Dt, assuming they were located at z at time t. The delay
Dt between the two q gradient pulses was fixed at 25 ms in the
present work. While the peak width in PðDz; DtÞ is indicative of
the self diffusion coefficient, the flow velocity can be obtained as
v ¼ zmax=Dt, where zmax is the position of the peak. The flow veloc-
ity profile, shown in Fig. 5B, corresponds to the expected parabolic
shape. It should be noted that the data represented in Fig. 5 has
been acquired in about 2 h of instrument time; this performance
is comparable to previous work on similar capillary dimensions
carried out with a directly coupled microcoil [33].

As already mentioned, planar, rather than solenoid microcoils
are commonly used in microfluidic devices. For example, Massin
et al. [5] have demonstrated the fabrication and application of a
planar coil of 1 mm diameter with 3 turns, with a self-inductance
of Ll ¼ 8:8nH and a quality factor (at 300 MHz) of Ql ¼ 18. A sim-
ple calculation shows that inside a solenoid probe coil of l ¼ 20mm,
d ¼ 10mm, and 10 turns, this would give a cross-inductance of
Ml ¼ 1:5nH, or a coupling constant of k � 0:023. From 8, one finds
a value of about 0.8 for the sensitivity ratio. Hence, it is plausible
that the inductive coupling approach will work as well with planar
microcoils as it is demonstrated here to work with solenoids.
5. Conclusions

Inductively coupled resonators offer a pro-mising way to obtain
NMR data from microfluidic systems in a wireless manner. Within
certain limits, established in this work, this can be achieved with-
out a substantial sacrifice in sensitivity. Microfluidic devices with
integrated resonators could benefit a wide range of applications,
including NMR-based diagnostics, metabolomic monitoring
[35,36], as well as the study of mixing, chemical reaction, and
transport processes. The main challenge lies in the design and effi-
cient microfabrication of integrated planar microcoil resonators
with sufficient coupling and Q. This work has been supported by
the US National Science Foundation (Grant No. DMR-0647790
and CHE-0809795).
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