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The vast amount of progress made in microfluidic technology
during the past 20 years has brought forth a variety of
ingenious miniaturized lab-on-a-chip devices with a broad
range of applications, from simple mixing in chemical
syntheses to advanced microbiological incubation and med-
ical diagnostics.[1,2] One persistent issue in the design and on-
line monitoring of microfluidic processes is the lack of a fast
but precise, non-invasive detection method that unifies
imaging, velocimetry, molecular sensing, and chemical spec-
troscopy, with universal adaptability to the various kinds of
microfluidic applications. NMR spectroscopy is renowned for
its unmatched potential to non-invasively reveal and correlate
spatial and spectroscopic information in a large variety of
chemical systems. This versatility makes NMR the method of
choice for microfluidic analytics. However, the extremely low
signal intensity derived from microscopic sample volumes has
imposed restrictions on the spectral, spatial, and temporal
resolution of microfluidic NMR.[3] Microfluidic NMR has so
far focused on either spectroscopy or imaging, and thus has
failed to live up to its full potential for universal micro-
analysis.

Recent developments in NMR methodology, including
probe miniaturization,[4] hyperpolarization,[5] and remote
detection[6] have achieved a remarkable gain in sensitivity
along with a drastic reduction of the measurement time.[7]

Moreover, current approaches to combine these methods on
microfluidic platforms have yielded very promising spectro-
scopic and velocimetric results in investigations of micro-
fluidic liquid–liquid mixing,[8] and even enabled imaging of
gaseous flow in microfluidic structures.[9, 10] Now, Bajaj et al.[11]

have succeeded in demonstrating another remarkable gain in
sensitivity by combining compressed sensing[12] with remote
detection for NMR monitoring of microfluidics by imaging
and velocity mapping. The cumulated sensitivity gain of six
orders of magnitude suggests NMR will become a standard
method for lab-on-a-chip processes.

Although rich in information, the signal sensitivity of
NMR is low, as only a few nuclei contribute to the magnet-
ization in thermodynamic equilibrium. The low sensitivity of
NMR is typically overcome by signal averaging at the expense
of measurement time, and the obtained information is
averaged over the entire measurement period. If samples
are dilute or microscopic, measurement noise becomes even
more of an issue, as it derives from the whole detection
volume. When imaging and analyzing fluids in the narrow
channels of a microfluidic chip by standard NMR, the noise is
collected from the entire volume of the chip. The straightfor-
ward way to minimize the noise is to match the detection
volume to the sample volume and to place microcoils into the
various channels of the chip. This approach complicates chip
design enormously and draws the attention away from the
“big picture” of all the locations in the chip to a few
preselected ones.

To maintain both the big picture of full-volume excitation
and the sensitivity of microcoil detection, one can take
advantage of the fluid motion to locally separate signal
detection from signal excitation and encoding. This principle
of remote detection is depicted in Figure 1. The detection
noise is reduced to that of the fluid volume by detecting the
fluid with a microcoil at the outlet of the chip, where it is
confined to a small volume, while encoding the spatial
information earlier, when the fluid is distributed across the
various channels of the chip. This approach leads to a
sensitivity gain with an associated decrease of measurement
time by three to four orders of magnitude, so that even gas
flow in microchannels can be imaged (Figure 2). Another

Figure 1. Schematic diagram of a remote detection setup for micro-
fluidic chips. Full-volume excitation with a large radiofrequency coil is
followed by ultrasensitive detection in a microscopic volume. This
eliminates the trade-off between field of view and signal-to-noise of
conventional NMR experiments with only one coil for excitation and
detection.
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remarkable advantage of remote detection is that spectra and
images can be acquired at very high flow rates. As a result,
repetition times between excitation experiments are not
dictated by the T1 relaxation of the investigated compound,
but by the rate with which the excited volume is replaced by
fresh fluid. Considering most organic compounds have long
T1 relaxation times in the range of several seconds, remote
detection can reduce measurement times by one or two orders
of magnitude.

However, Bajaj et al. moved yet another step further in
accelerating the time for imaging the flow inside microfluidic
devices by making use of the sparse distribution of channels
inside the chip. Just as sparse electronic data sets are
nowadays routinely compressed for storage, the NMR data
of a sparsely populated image can be sampled and com-
pressed following the principles of compressed sensing. Bajaj
et al. used wavelet transformations and nonlinear reconstruc-
tion to gain another factor of two to three orders of magnitude
in shortening the measurement time. This is an astonishing
leap for NMR towards high-resolution on-line monitoring in
microfluidic devices. Moreover, and in contrast to all optical
monitoring techniques for microfluidics, the setup requires
neither transparent samples nor confocal arrangements, and is
therefore not restricted to specific systems or simplified
model setups.

Experimental proof of these concepts is given with an
analysis of the flow patterns in a capillary, a microfluidic
serpentine mixer, and a constricted capillary. A time reso-
lution of 30 ms and a spatial resolution of better than 15 mm
was achieved, with flow rates approaching 1 ms�1. Separate
images are obtained for the spatial distribution of fluids which
share common velocity ranges, and thus a similar time of
flight. The information for each image is acquired at a
different time at the output, following the initial procedure
for spatial encoding of all components in the device. The fast
components arrive at the detector first and the slower ones
later. The measured data correlate the two complementary
descriptions of flow—the Lagrangian and the Laplacian
views—where the flow field is characterized either in terms
of fluid parcel trajectories and times of flight, or in terms of
the velocity vector in each pixel, respectively. They can be
processed into a multitude of high-resolution maps that depict
spatial, velocimetric, and chemical distributions of fluids, as

shown in Figures 3 and 4, or rendered into movies, which
visualize the flow process through the microfluidic structure.

However, there are also limitations to the method. The
time delay between excitation and detection makes it
vulnerable to fast T1 relaxation and changes in flow dynamics

after encoding, with the first leading to signal attenuation and
information loss,[13] and the latter to falsified time-of-flight
reconstruction. Both can, in principle, be minimized with
careful experimental design, by ensuring detection before
relaxation by using short transport distances and fast flow, as
well as plug-flow conditions in the outlet tubing. Furthermore,
it has been shown that the encoded chemical or physical
information can be preserved regardless of T1 relaxation, by
storing it in a long-lived spin state, which relaxes over periods
much longer than the T1 value[14] so that remote detection
may be extended to microfluidic setups with low flow rates or
prepolarization setups with long transport distances.

Moreover, different techniques to polarize the nuclear
magnetization to values much higher than those attained in
thermodynamic equilibrium are emerging[7] together with
novel methods for sensitive detection by using microfabri-
cated magnetometers.[15–17] As a result, and despite the
limitations imposed by Boltzmann�s law of thermodynamic

Figure 2. Spin-density images of hyperpolarized propane flowing
through a microfluidic device. The individual images represent time-of-
flight reconstructions at different points in time after excitation (t in
ms). The sum of all the images is shown on the left. Reproduced from
Ref. [10].

Figure 3. Highly resolved three-dimensional velocity maps of fast flow
in a microcapillary with a constriction. The time-of-flight reconstruction
yields images with a temporal resolution of 30 ms. Reproduced from
Ref. [11].

Figure 4. Highly resolved two-dimensional velocity maps of fast flow
inside a serpentine micromixer. The individual images represent time-
of-flight reconstructions at different points in time after excitation.
Reproduced from Ref. [11].
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equilibrium, NMR spectroscopy as a tool to probe the
function of microfluidic devices is expected to have a
significant impact on moving laboratory-scale experiments
to the chip and on advancing studies of cellular chemistry,
metabolomics, and high-throughput screening in combinato-
rial chemistry. In combination with low-field NMR spectros-
copy, even personalized microanalytical systems come within
reach.
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