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Microfluidics is the science and technology of systems that
process or manipulate small amounts of fluids using channels
with dimensions of less than one millimeter.""? Fluid trans-
port in microfluidic devices is usually monitored by optical
detection methods, such as laser-induced fluorescence.”! Even
though they are very useful in many cases, these methods set a
limit to the manufacturing material of the chip under study,
which must be optically transparent. Furthermore, optical
methods generally require addition of markers, which can
alter the hydrodynamic properties of the system.

Nuclear magnetic resonance (NMR) has several advan-
tages compared with optical methods in microfluidic flow
profiling, because it does not require the use of markers, it
allows versatile experiments providing image, dynamic, and
spectroscopic information, and radiofrequency (RF) waves
can penetrate opaque materials.*’! However, conventional
NMR measurements using a large coil around the micro-
fluidic device are very challenging or even impossible because
of low sensitivity resulting from the low filling factor of the
coil (typically on the order of 10~ to 10™*) and the low
sensitivity of large coils. The issue is even worse when gases,
whose molecular number density is about three orders of
magnitude lower than in liquid, are investigated.

Herein, we overcome the sensitivity issue for microfluidic
gas flow by combining remote-detection (RD) magnetic
resonance imaging (MRI)®' and parahydrogen-induced
polarization (PHIP)!'"¥ techniques. In RD MRI, spatial
information is encoded into fluid spins by magnetic field
gradients and a large RF coil around the microfluidic device,
corresponding to the phase encoding in a conventional MRI
experiment. Thereafter, the spin coherences are stored as a
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longitudinal magnetization, and the amplitude of the magnet-
ization is detected by an ultrasensitive solenoid microcoil
outside the device.”'”! As the fluid molecules flow from the
encoding region to the detector, RD MRI provides time-of-
flight (TOF) information, making it possible to obtain three-
dimensional TOF images of fluid flow in the device."! In our
setup (Figure 1b and Supporting Information), the encoding
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Figure 1. a) Experimental setup. The parahydrogen/propene mixture
flows through the hydrogenation catalyst layer packed between plugs
of glass wool inside a heated quartz tube. After the hydrogenation
reaction, the polarized propane gas flows from the tube into the
microfluidic chip inside an NMR magnet. b) Remote-detection MRI
experimental setup. c) 'H NMR spectrum of hyperpolarized propane
gas measured by the detection coil. d) Remote-detection MRI pulse
sequence, in which phase encoding of spatial coordinates is carried
out in the y and z directions. Time-of-flight information is obtained by
a train of 7t/2 pulses applied in the detection coil.

coil is a commercial imaging coil, and a small solenoid wound
around the outlet capillary is used as a detection coil. The
encoding coil /2 pulse is about 600 times longer than that of
the detection coil, implying that, according to the principle of
reciprocity,"”! the sensitivity of the detection coil is 600 times
better than that of the encoding coil.

However, this rather large sensitivity improvement is not
enough for microfluidic gas-flow MRI, and the additional
sensitivity boost needed in the experiments was achieved by
hyperpolarizing the probe fluid. To date, optical pumping of

View this journal online at
wileyonlinelibrary.com

8363


http://dx.doi.org/10.1002/anie.201002685

Communications

8364

noble gases is the polarization technique in gas-phase studies
that is the most often used, and hyperpolarized xenon has
already been utilized in combination with the RD MRI
technique.**!8 PHIP provides an alternative method for
polarization enhancement in gas-phase MRI aside from the
expensive hyperpolarized noble gases. This technique exploits
the high-spin polarization derived from the para spin isomer
of molecular hydrogen (H,).'>?) Originally, the polarization
was achieved in a homogeneous hydrogenation reaction
catalyzed by transition metal complexes. However, the fact
that the catalyst is dissolved in the fluid restricts the use of a
polarized product in many applications, although the catalyst
can be removed from the solution in a favorable case.?'!
Recently it was shown that a heterogeneous hydrogenation
reaction can result in a gaseous, catalyst-free hyperpolarized
product.'¥! Herein, we utilize this PHIP technique along
with the experimental scheme termed ALTADENA,?! in
which the hydrogenation step is performed outside an NMR
instrument in the Earth’s magnetic field and the reaction
products are adiabatically transferred to the NMR magnet
(Figure 1a). The transfer has to be relatively fast, because the
relaxation time of the polarized gas, propane in this case, is
quite short (on the order of 900 ms). The polarization
enhancement of propane provided by PHIP was measured
to be about 80 as compared with thermal polarizationina7 T
magnetic field (Supporting Information). The estimated
reaction yield (60%) was higher than that obtained in
previous experimentsl!'? (5%), because of the different
experimental implementations. Much better yield and slightly
lower polarization enhancement altogether resulted in an
about three times stronger signal obtained from the hyper-
polarized propane herein.

First, we demonstrated that the overall sensitivity en-
hancement given by the microcoil and PHIP (600 x 80 =
48000) is sufficient to observe a spectrum of continuously
flowing polarized gas mixture (1 atm pressure) in the
capillary. The gas volume inside the detection coil was only
53 nL. Strong ALTADENA signals were observed after
8 scans were accumulated (Figure 1c). No signal from the
thermally polarized nuclei is seen in the spectrum. In a
stopped-flow experiment performed with the same gas
mixture after the hyperpolarization had decayed, the ther-
mally polarized gas produced comparable signals only after
accumulating 4000 scans (Supporting Information). This kind
of extensive accumulation would lead to the impossibly long
RD MRI experiments, thus highlighting the indispensable
role of PHIP. The signal-to-noise ratio (SNR) in the
ALTADENA spectrum is about 25, corresponding to a
theoretical SNR of 8.8 per scan and atmosphere. For
comparison, the SNR of hyperpolarized xenon measured for
the Xe/He/N, gas mixture in a continuous-flow experiment
using an almost identical microcoil (the inside diameter was
slightly larger) was 0.10 per scan and atmosphere,”) meaning
that the sensitivity in the hyperpolarized propane experiment
was 88 times higher than in the hyperpolarized xenon
experiment. This implies a 7700-fold reduction in the
experimental time needed for a certain SNR. A theoretically
estimated sensitivity ratio between the two experiments is
smaller, namely about 11 (Supporting Information). In any
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case, we can conclude that the propane experiment is one to
two orders of magnitude more sensitive than the xenon
experiment.

In the second demonstration, the capillary tubing was set
to lead through the encoding and detection coils, and, using
the pulse sequence shown in Figure 1d, two-dimensional
RD TOF images of the flow of polarized propane gas through
the encoding coil region were acquired (Figure2b and
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Figure 2. Remote-detection time-of-flight images measured from
microfluidic systems. a) Water and b)—d) hyperpolarized propane flow-
ing in the capillary tubing leading through the encoding coil (a,b) and
microfluidic chips (Chip 1 (c) and Chip 2 (d)). The flow channels are
outlined with white lines. The first images on the left are the result of
summation of subsequent images measured at different travel-time
instances (time projection). The travel time instances are indicated in
milliseconds. The spatial resolution in the y and z directions is 0.5—
1.6 mm and 1.5-2.5 mm, respectively, depending on the experiment.

Supporting Information, Movie 1). By measuring the position
of the maximum of the signal as a function of travel time, we
estimated that the flow velocity inside the capillary was about
30cms ' The signal patches in the panels measured at
different travel time instants are relatively short, showing that
the dispersion of gas molecules is small. The Reynolds
number of the gas mixture was estimated to be very small
(about 0.7), indicating laminar flow. The flow would cause
large dispersion if no diffusional mixing took place. There-
fore, the images show that the transverse diffusional mixing is
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efficient, which is reasonable as the average diffusion time of
propane across the 150 um capillary (about 1 ms) is much
shorter than the travel time between encoding and detection
coils (on the order of 100 ms), allowing complete mixing of
different flow lamellas. For comparison, RD TOF images of
water flowing through the capillary were also measured
(Figure 2a and Supporting Information, Movie 2). This was
possible to carry out without hyperpolarization, exploiting
only the thermal polarization of water protons, because of
high spin density in water. The resulting images show that the
flow velocity in this experiment was smaller than in the gas
experiment, namely about 17 cms™. Another striking differ-
ence is that the dispersion is much larger; for example, at t =
200 ms the signal from the whole encoding coil region is seen.
This is a consequence of laminar flow (the Reynolds number
is about 25) and the lack of diffusional mixing in water: The
average diffusion time of water across the capillary (about 6 s)
is now much longer than the travel time (on the order of
200 ms), thus preventing the mixing of flow lamellas.

In the third demonstration, propane gas flowed through
Chip1 containing an enlargement section between two
narrow channel sections. The thickness of the channels was
expected to be constant in different channel sections. The
measured TOF images (Figure 2¢ and Supporting Informa-
tion, Movie 3) revealed a surprising behavior of the fluid in
the chip: the major gas flow streams passed close to the edges
of the enlarged section, and almost no flow took place in the
central part. One conceivable explanation is that for some
reason the gas encoded in the central part does not arrive to
detector before the NMR signal is destroyed by relaxation.
Performed hydrodynamic simulations (Supporting Informa-
tion) did not predict any flow behavior that could lead to this
effect in the designed geometry. Instead, the images show that
the manufactured geometry is not what was expected. The
signal amplitude in the central part is almost zero (Figure 3 a),
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Figure 3. Time projections, one-dimensional profiles, and measured
flow velocities: a) Chip 1, b) Chip 2.

indicating that the central part is much thinner than the edge
parts. Furthermore, the triangular part between the enlarge-
ment and the upper channel is also too thin. A water MRI
image (Supporting Information) and optical inspection using
dyed water confirmed these conclusions.

The designed channel geometry of Chip 1 is the same as
was used in the similar RD experiment carried out with
hyperpolarized xenon,'” and the experimental parameters
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are comparable. However, the experiment time in the xenon
experiment (9 h) was about 50 times longer than that in the
propane experiment (10 min) owing to a large number of
scans that had to be accumulated because of a much lower
sensitivity in the xenon experiment.

Propane gas flow in the ladder-like channel structure of
Chip 2 was investigated in the last demonstration (Figure 2d
and Supporting Information, Movie 4). The signal amplitudes
in the time projection (Figure 3b) imply that the cross-section
of the left vertical channel is smaller than that of the right
vertical channel. Furthermore, the integrated amplitudes
showed that the cross-sections of all the horizontal channels
are smaller than those of vertical channels. Water MRI images
of the chip (Supporting Information) verified these manu-
facturing imperfections in the channel geometries. Because of
the imperfections, the relative flow velocities measured in
different channels (Figure 3b) differ from those predicted by
hydrodynamic simulations (Supporting Information).

This work shows that by combining the RD MRI and
PHIP techniques, a 10*~10°-fold sensitivity enhancement can
be achieved, which enables noninvasive, tracerless gas-flow
profiling in microfluidic devices. It demonstrates that the
TOF images provide versatile information about microfluic
flow: They reveal a difference of diffusional mixing in
propane gas and water in the capillary tubing and they
expose manufacturing imperfections in the channel geometry.
The PHIP RD MRI experiments turned out to be one to two
orders of magnitude more sensitive than the corresponding
RD MRI experiments performed using hyperpolarized
xenon, leading to the dramatically shortened experimental
times. Furthermore, the developed technique allows scientifi-
cally and technologically more fascinating studies to be
performed, because parahydrogen can naturally take part in
many important chemical reactions, including those per-
formed with the use of microfluidic devices.””!

Experimental Section

Hyperpolarized propane was obtained in the hydrogenation of
propene using parahydrogen catalyzed by supported Wilkinson’s
catalyst or [Rh(cod)(sulfos)]/SiO,. Both catalysts provided approx-
imately the same enhancements. The ALTADENA polarization
scheme was the most appropriate in this work, because, contrary to
the PASADENA scheme,™ the net signal enhancement appears
directly in the NMR spectra without any special spin-system
preparation, and a 7i/2 RF pulse gives the largest signal amplitude.*!
Consequently, conventional RD MRI encoding procedures can be
employed. In RD MRI experiments, outside and inside diameters of
the inlet/outlet capillary are 365 and 150 um, respectively. The
encoding coil is a birdcage coil (diameter 25 mm, height 35 mm), and
the detection coil (solenoid) inside diameter is 365 um and length is
3 mm. See Supporting Information for further details.
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