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Abstract

Hyperpolarized nuclear magnetic resonance and lab-on-a-chip microfluidics are two dynamic, but
until recently quite distinct, fields of research. Recent developments in both areas increased their
synergistic overlap. By microfluidic integration, many complex experimental steps can be brought
together onto a single platform. Microfluidic devices are therefore increasingly finding applications in
medical diagnostics, forensic analysis, and biomedical research. In particular, they provide novel and
powerful ways to culture cells, cell aggregates, and even functional models of entire organs. Nuclear
magnetic resonance is a non-invasive, high-resolution spectroscopic technique which allows real-time
process monitoring with chemical specificity. It is ideally suited for observing metabolic and other bi-
ological and chemical processes in microfluidic systems. However, its intrinsically low sensitivity has
limited its application. Recent advances in nuclear hyperpolarization techniques may change this: un-
der special circumstances, it is possible to enhance NMR signals by up to 5 orders of magnitude, which
dramatically extends the utility of NMR in the context of microfluidic systems. At the same time, hy-
perpolarization requires complex chemical and/or physical manipulations, which in turn may benefit
from microfluidic implementation. In fact, many hyperpolarization methodologies rely on processes
that are more efficient at the micro-scale, such as molecular diffusion, penetration electromagnetic
radiation into the sample, or restricted molecular mobility on a surface. In this review we examine the
confluence between the fields of hyperpolarization-enhanced NMR and microfluidics, and assess how

these areas of research have mutually benefited one another, and will continue to do so.
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1 Introduction

Nuclear magnetic resonance (NMR) is one of the most flexible experimental techniques to study the
structure and dynamics of matter. It provides a non-invasive means to observe systems in real-time with
high chemical specificity. As a result, NMR spectroscopy has found countless applications in chemistry,
materials science, and the life sciences, and magnetic resonance imaging (MRI) is widely used in medical
diagnostics. This success is all the more impressive considering that the sensitivity of magnetic resonance
is quite limited compared to most other spectroscopic techniques. In part, this is due to the extreme
weakness of nuclear paramagnetism, which leads to low thermal equilibrium spin polarization on the order
of 107>, This means that even at the highest practical magnetic fields only one in 10> spins contributes
to the NMR signal. The problem of sensitivity becomes particularly acute when the amount of sample
available is limited, as is generally the case in microfluidics.

Over the past two decades, the field of microfluidics has made great strides. Lab-on-a-chip devices
exploit microfabrication techniques such as soft lithography to implement highly complex fluidic circuits,
which may include valves and pumps, as well as passive fluidic elements such as diodes, resistors, and
capacitors. Since increased complexity comes at little additional cost with lithographically fabricated
structures, microfluidic devices can be used to parallelize assays for high throughput. Arguably the most
important aspect is the ability to engineer precisely-controlled conditions for the growth and manipulation
of small biological systems such as individual cells, cell spheroids, or small organisms, in order to study
their response to external stimuli such as drugs, toxins, cytokines, or changes in nutrient provision. Typical
microfluidic systems operate with volumes ranging from picoliters up to tens of microliters. Solution-state
NMR spectroscopy with sample volumes around 1 ul or below is challenging due to the limited sensitivity
already mentioned. It is therefore unsurprising that NMR is not commonly used as an observation/read
out technique for microfluidics. So far, invasive optical readout methods based on fluorescent probes,
immunoassays, and electrochemical detection are far more common. This is unfortunate since NMR is
a non-invasive method, making it ideal for quantifying metabolic processes in living systems. Recent
advances in microfluidic NMR technology have been largely motivated by this possibility. However,

even the most advanced micro-NMR probes can only provide concentration limits of detection ' around

I'The concentration (cLOD) and number (nLOD) limits of detection are defined [1] as the concentration or number of spins
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Figure 1: The complementary nature of hyperpolarized NMR and microfluidics results in a positive feed-
back loop: (1) exerting microfluidic control over samples can boost the efficacy of hyperpolarization
techniques, and; (2) the enhanced sensitivity from hyperpolarization means NMR spectroscopy, an im-
mensely powerful method, is a more viable detection strategy in microfluidics.

1 mM,/s at 1 ul for 'H at magnetic fields around 14 T. Many compounds of interest in biological systems
are present at significantly lower concentrations, or only transiently visible.

Microfluidic NMR could therefore benefit greatly from hyperpolarization techniques, which offer sev-
eral orders of magnitude increase in nuclear spin polarization, and hence sensitivity. This is illustrated in
Fig. 1. There are a number of hyperpolarization techniques which exploit different physical and chemical
routes to produce molecules in states of much greater nuclear spin alignment than could be achieved at
thermal equilibrium, even in a large magnetic field. It can therefore offer massively increased sensitivity.

However, there are two important limitations:

1. Relaxation - By definition, hyperpolarization is a non-equilibrium phenomenon. This means that
as soon as a state of high nuclear spin alignment is created, it starts to relax towards thermal equi-
librium. The relevant longitudinal relaxation times are typically on the order of seconds to tens of

seconds, reaching several minutes in certain favorable cases.

2. Lack of generality - Although there now exist an increasing number of distinct hyperpolarization

per square root of measurement bandwidth that must resonate in order to produce a signal that is a factor of 3 above the noise.
This is equivalent to the convention that scientific conclusions should be supported by results that differ from their controls
by 3 standard deviations, corresponding to a statistical significance of better than 99.7%. In the context of pulsed liquid state
NMR, the relevant bandwidth is usually given by the inverse of the total measurement time, which in turn is the product of the
number of transients averaged and the relaxation delay between transients.



techniques, they each only work under specific conditions, and tend to be applicable only to certain
types of compounds. Often additional steps of physical and/or chemical manipulation are required

to transfer the polarization from the hyperpolarized agent to an analyte of interest.

Microfluidic technology can help on both counts. As will become clear in the course of this review,
many of the experimental steps required for various hyperpolarization techniques benefit from integration
into microfluidic systems. In addition to this, if the microfluidic assay can be integrated into the same
system, the distance and therefore the time between production of the hyperpolarized agent and its use
can be minimized.

At the time of writing, microfluidic lab-on-a-chip technology and hyperpolarized NMR are both highly
active fields of scientific investigation, each with the potential to benefit the other. This is exemplified
by several ground-breaking innovations emerging at their interface. For example, the current record in
mass sensitivity in NMR has been realized in a microfluidic implementation of photo-chemically induced
dynamic nuclear polarization (photo-CIDNP) [2], closely followed by parahydrogen-induced polarization
(PHIP) on a microfluidic chip [3].

1.1 Overview

In this paper we review the developments at the interface between the fields of microfluidics and hyper-
polarized NMR. While the boundaries of what constitutes “true” microfluidic technology are somewhat
difficult to draw, we have used a relatively narrow definition, restricted to systems that not only use small
sample volumes, but also exploit at least a small degree of fluidic functionality. For example, experiments
that use nanoliter quantities of sample held statically in a quartz capillary would not qualify. On the other
hand, we do include some examples of work done at a somewhat larger volume scale (up to 100 ul or
so), where the concepts involved are clearly relevant for microfluidic implementation, and/or the experi-
ment could readily be scaled down. We take “hyperpolarized” to mean any nuclear spin system strongly
perturbed from its thermal equilibrium state that can yield enhanced NMR signals (a more quantitative
analysis of this topic is given in Ref. [4]).

The review is organized as follows. We start by briefly introducing the fields of hyperpolarized mag-
netic resonance and microfluidics. We then discuss the application of hyperpolarization to enhance signals
for microfluidic detection, and the use of microfluidics to enhance existing hyperpolarization method-
ologies. These sections are generally organized according to hyperpolarization methodology, since the
implementation of each method differs greatly, which leads to fairly distinct experimental realizations. In
some cases, where there is considerable overlap, with several hyperpolarization methods sharing a similar

experimental approach, we have deviated from this, and discuss the approach in a standalone section. For



example, both parahydrogen-induced polarization and optical pumping of noble gases can make use of
microfluidics to enhance gas-liquid contact.

Sections 3 and 7 describe optical pumping of electrons in alkali metal vapors and nitrogen-vacancy
centers in diamond as sources of nuclear spin hyperpolarization. Both of these methods have also been
employed as detection modalities for NMR experiments, in which the response of the electron spin(s) to
an external magnetic field replaces the more conventional inductive detection using a coil. Although these
strategies have been employed for NMR-detection at a microfluidic-scale [5—8] we do not cover these

topics in this review, since nuclear spin hyperpolarization is not necessarily involved.

1.2 Hyperpolarization

The polarization (P) of an ensemble of spin-1/2 nuclei can be defined as:

P_na_nﬁ

= 1
na—l—nlg )

where ny and ng are the number of spins in the & and 8 states, which are Zeeman states of the nuclear
spins that correspond to orientation with or against the external magnetic field. The polarization of nu-
clear spins at ambient temperature is low even in high magnetic fields, due to the weak interaction of
nuclear spins with magnetic fields. Many distinct hyperpolarization techniques exist to boost nuclear spin
polarization in atoms and molecules, and hence the size of the NMR signals that they produce. These
techniques usually (but not always) rely on an external source of polarization that can be transferred to the
nuclear spins. Electrons, for example, are intrinsically many times more polarized than nuclear spins (by
a factor of ~ 103 to 10° depending on the nuclear isotope) in the same magnetic field. Their polarization
can be increased further in many cases by optical pumping with polarized light. By exploiting electron-
nuclear spin couplings, this high degree of spin order can be transferred to the nuclear spins to enhance the
NMR signals. Other techniques such as parahydrogen-induced polarization rely on the coupling between
rotational and nuclear spin degrees of freedom that arise from exchange symmetry requirements of the
wavefunction. Chemically-induced dynamic nuclear polarization uses differences in chemical reactivity
of molecules depending on the nuclear spin state to produce hyperpolarized signals. In this review we
only cover hyperpolarization techniques that have been used in combination with microfluidics. These
are summarized in Table 1.

A characteristic feature of hyperpolarization experiments is that once an atom or molecule is hyper-
polarized, the non-equilibrium state relaxes back to thermal equilibrium with some characteristic relax-

ation time, often the longitudinal relaxation time 77. This situation can be particularly problematic when
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remnants of the hyperpolarization process (such as molecules containing unpaired electrons) are in the
solution and induce rapid nuclear spin relaxation. Protons are the most strongly magnetic of the stable nu-
clei, and the stronger coupling they experience with surrounding magnetic fields means relaxation times
can be shorter than for less magnetic heteronuclei. Typical proton relaxation times for small molecules in
solution range from seconds to a few tens of seconds, whereas heteronuclei such as 13C and N can have
relaxation times ranging from several tens of seconds to minutes. For this reason it is common in many
hyperpolarization experiments to hyperpolarize protons, and then transfer the polarization to a heteronu-
cleus where it is longer-lived. Bringing the hyperpolarization experiment into a microfluidic environment
helps minimizing relaxation losses: if the transport paths and size-scale of the experiment are small, there
is less time for relaxation to occur between hyperpolarization and detection.

A related problem is the destruction of polarization by the process of signal readout. Hyperpolar-
ized NMR experiments therefore often rely on small flip angles, which leave most of the polarization
untouched, at the expense of sensitivity. By contrast, microfluidic systems facilitate operation under con-
tinuous flow conditions, where the hyperpolarized sample is continually replenished. In such systems,

large pulse angles can be used for excitation, leading to enhanced sensitivity.

1.3 Microfluidics

Microfluidic devices are miniaturized laboratories, often fabricated using lithographic techniques similar
to those used for semiconductor devices. They allow experimentation with smaller samples, saving cost
and enhancing throughput. A major motivation driving their development is the integration of complex
sample preparation procedures with analytics in a convenient and robust package, for example for genetic
analysis of forensic samples, or for point-of-care genomic diagnostics. Since its inception, progress in the

field of microfluidics has rested on three pillars:

1. Introduction of novel materials and fabrication methods,
2. Developing new ways of controlling the movement of fluids on the chip,

3. Novel approaches to separation, detection, and analysis.

An attractive aspect of microfluidic systems is their ability to integrate analytical techniques. Indeed,
some of the first microfluidic systems were focused on miniaturizing chromatographic separation. This
work led to gas [21] and liquid chromatography [22] systems microfabricated on silicon devices. The
concept of integrated sample preparation with separation and analysis on a single device has become
known as a ‘miniaturized total analysis system’ (U TAS) [23]. This has now matured into a lively field of

research, which is beyond the scope of this review; only a few examples are cited in the following (for an
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in-depth review, see for example [24]). Many other separation techniques have been integrated into such
UTAS devices, including capillary electrophoresis [25, 26], isotachophoresis [27], and gel electrophoresis.
These separation techniques can be combined with immunoassays for detection of faint signals [28].
An important research goal has been the integration of polymerase chain reaction (PCR) for analysis of
nucleic acids [29-33]. In this case, microfluidic implementation offers a functional advantage beyond
that of compactness: the rapid thermal cycling required for PCR can be done much faster at smaller scale.
This has led to impressive performance, with systems capable of sample-in/answer-out cycle times of less
than 20 minutes [34, 35].

Once sample preparation and separation/analysis steps are integrated onto a single device, it is a logi-
cal next step to integrate the sample itself. This idea has led to microfluidic culture systems for cells [36—
38], cell aggregates, tissues [39], small organisms [40, 41], and functional models of organs on a chip [42,
43]. Microfabrication offers the ability to structure growth environments to support targeted interactions
of specific cell types [44], as well as the differentiation of stem cells into functional tissues [45-48]. Mi-
crofluidic culture systems have been used for NMR-based metabolomic analysis by extraction of culture
medium aliquots from the chip, e.g., for bioartificial livers [49] and Hepatocyte cell lines [50] or plant
cells [51]. More recently, systems for direct NMR observation of the metabolism inside the culture device
using micro NMR detectors have been described [52, 53].

Microfluidic systems can be manufactured from a range of different materials, including glass, hard
(glassy) polymers such as polycarbonate or poly(methyl methacrylate), as well as rubbery polymers,
in particular, polydimethylsiloxane (PDMS). PDMS-based soft lithography [54-56] offers an attractive
route to highly integrated microfluidic devices with active, pneumatically driven valves [57]. PDMS is an
inexpensive yet highly versatile biocompatible elastomer. It is optically transparent and gas permeable;
biological systems can be readily cultured in PDMS chips under a controlled atmosphere. In addition,
PDMS membranes can be integrated with hard materials such as glass and glassy polymers in order to
provide active as well as passive functional elements such as fluidic diodes [58].

Microfluidic systems can benefit enormously from multi-phase flow, in which either a second liquid
phase or a solid phase is suspended in the primary working fluid. Droplet microfluidics allows encapsu-
lation of single cells into individual droplets, which then become microscopic bioreactors [59-62]. Solid
particles or quasi-solids such as cells can be manipulated independently from the fluid flow by acoustic
fields [63, 64] and by inertial forces [65, 66]. This has enabled efficient separation of blood cells [67], as
well as identification of rare circulating tumor cells in blood [68].

All microfluidic systems must solve the problem of extracting information from the biological and/or
chemical processes on the chip. To this effect, analytical techniques are needed that can either be in-

tegrated into the chip (e.g., electrochemical detection), or accommodate the chip in their sampling area
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(e.g., fluorescence or Raman microscopy). In some cases, it may be possible to remove aliquots from
the chip for off-line analysis (e.g., by mass spectrometry), but due to the small size of the samples this
is often not an option. In any case, analytical techniques must provide sufficient specificity to distinguish
signals that one wishes to detect from irrelevant background signals, as well as sensitivity to detect and
quantify the species of interest above the noise. Most commonly, chemical specificity is achieved either
through specific fluorescent labels, selective oxidation electrodes, or by integrating chromatographic sep-
aration (most commonly, electrophoresis) into the chip combined with a non-specific readout. Table 2
summarizes typical microfluidic detection technologies.

A common feature of widely-used readout techniques in microfluidics is that they are invasive or
destructive, requiring either permanent modification of the sample by introducing fluorescent labels,
chemical separation, or both. Few techniques are available that provide quantitative information while
experiments continue without at least partial loss of the system under investigation. While taking aliquots
from a culture is usually straightforward at the macroscale, it can be problematic in microfluidic systems,
where sample volumes are severely limited. As a non-invasive technique, NMR spectroscopy provides
a potential solution to this problem. NMR spectra of complex mixtures can be deconvolved to quantify
hundreds of analyte species simultaneously. However, sensitivity is a problem, particularly in the context
of microfluidics. While conventional (non-hyperpolarized) NMR can detect analytes down to 10 uM or
so, commonly used microfluidic detection methods offer much higher sensitivities, albeit at the expense of
generality and, in some cases, sample destruction. For example, Senel et al. reported a concentration limit
of detection (cLOD) of 0.1 nM using electrochemical methods to detect neurotransmitters in mice [69].
Hou et al. used a cantilever array to detect antibiotics and achieved a cLOD of 0.2 nM [70]. Bowden et
al. employed a fiber-optic micro array to detect DNA at a cLOD of 10 aM [71].

As a consequence, NMR spectroscopy has only rarely been used in the context of microfluidics. Re-
cent advances in the integration of efficient micro-NMR probes with microfluidic systems have started to
change this situation. However, sensitivity is still a strongly limiting factor, as discussed above. Emerging

microfluidic hyperpolarization techniques are beginning to overcome this limitation.

1.4 Nuclear Magnetic Resonance and its Detection at Small Scale

Nuclear magnetic resonance spectroscopy and imaging commonly rely on inductive detection of nuclear
spin precession. The sample is placed in a large static magnetic field, and is coupled, usually by means of
a passive circuit, to a transmission line, such that precession of the nuclear spins produces an electromag-
netic wave traveling away from the sample towards a receiver, where it is amplified, demodulated, and

digitized. In most high-field NMR systems, the transmission line is coupled to the nuclear spins by a coil
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Method Mechanism Advantages Limitations Refs
. Detection is based on measuring changes ~ + Real-time detection —Jonic concentrations before detection have to [72,73]
Electrochemical . . N N
in conductance, resistance and/or capac- + Low-cost microelectrode fabrication be controlled
itance at the active surface of the elec- + Miniaturization can increase signal to noise  — Detectors have a short shelf life as they can be
trodes. ratio sensitive to changes in temperature and pH
— At nanoscale (50 nm or below) quantitative
data may not be reliable
. Detection is based on the variation of the ~ + Monolithic sensor integration — Viscous damping effects caused by the solvent [74-76]
Mechanical resonant frequency of a mechanical sen- + Label free detection in liquid samples can affect sensitivities
sor or on the surface stress of a cantilever. + High sensitivity — Detection process can take on the order of 30
+ High selectivity minutes as some rely on specific binding of
molecules to a cantilever
— Complex fabrication methods required
— Complex microscopy setups can be required to
observe effects
Raman Spec- Detection is based on observing scattered ~ + No sample preparation needed — Instrumentation required is expensive [77,78]
troscopy light which can be attributed to the vari- + Provides real-time detection — Material must be transparent to the wavelength
ous vibrational energy modes of a target ~ + Can provide chemical and structural informa- of light used
molecule. tion of a molecule — The Raman effect is weak and requires sensi-
+ Can identify molecules based on a Raman fin- tive and optimized equipment
gerprint’ — Sample heating through intense laser radiation
can be destructive or interfere with the spec-
trum
UV-Visible Detection is based on the absorbance of ~ + Minimal to no sample preparation required  — Mixtures of molecules can cause over lap in [79, 80]
Spectroscopy the specific wavelength of light that ex- (for single molecule solutions) the spectrum
cites electrons from the ground state to + Simple and inexpensive instrumentation — Spectra are not highly specific for different
the first singlet excited state. + Most organic molecules absorb in the UV-Vis molecules
region — Material and solvent have to be chosen wisely
+ Quantitative measurement possible based on the expected absorbance of the
molecule of interest to mitigate spectral over-
lap
Fluorescence Detection is based on the wavelength, + Fast detection — Conventional instrumentation is expensive [81, 82]
Spectroscopy or wavelengths, of light emitted by a  + Can detect in vivo — Specific fluorescent tags needed for each target
molecule after excitation by light irradi- + High sensitivity molecule
ation. + High specificity afforded by fluorescent tags — Fluorescent tags may be toxic or mutagenic
+ Miniaturization decreases signal to noise ratio ~ — Measurement can be noisy depending on the
system
NMR Detection is based on using radio fre- + Non-invasive, non-destructive detection — Limited sensitivity [83, 84]

quency pulses to excite nuclear spins and
inductively detecting the nuclear spin pre-
cession.

+ Quantitative, system level information
+ Can be used in tandem with existing microflu-
idic detection techniques

— Typical equipment setup is costly
— Can usually only use non-magnetic materials
in construction

Table 2: A Summary of common detection methods in microfluidics listing some advantages and limita-

tions in comparison to NMR. Adapted from Ref. [85].
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surrounding the sample. The impedance of the coil is matched to the transmission line by a passive circuit
with a self-resonance frequency close to the Larmor precession frequency of the nuclei, and sufficient
bandwidth to accommodate the entire expected NMR spectrum. The sensitivity of this type of setup has
been studied in detail by Hoult and coworkers [86]. Hoult introduced the principle of reciprocity, which
states that the signal amplitude induced in a coil by a single precessing spin is proportional to the magnetic
field amplitude B; generated by an alternating current of unit magnitude in the same coil [86, 87]. Since
inductive detectors are invariably subject to thermal noise, the signal/noise ratio is determined by the ratio
of the rf magnetic field amplitude B, to the square root of the coil resistance R.

Sensitivity, or more precisely, the number limit of detection (nLOD) is determined by the minimum
number of spins required to produce a signal/noise ratio of at least 3 [1] (see footnote above for a precise
definition). At fixed concentration, the number of spins contributing to the signal decreases linearly with
the volume V. However, inductive detection gets more efficient at smaller scale if the detector is scaled
down along with the sample, due to more intimate coupling of the spins to the detector. A factor of
V% is gained in this way, where & < 1 is the scaling exponent. Estimates for & can be made based on
theoretical arguments combining Ohm’s and Ampere’s law, the skin depth at RF frequencies, and some
assumptions on the detector geometry. Depending on assumptions, one obtains values between @ = % and
o= % Experimental data suggests values closer to o = % (cf. Fig. 2), leading to overall scaling of the
signal/noise ratio with Vi , and hence the concentration limit of detection as cLOD o< V3.

The reduction of signal resulting from scaling down the sample volume can thus be partially offset by
scaling down the detector volume. This has been exploited in order to build highly sensitive NMR flow
probes based on solenoid coils with sample volumes down to 1 pL, and mass limits of detection (otherwise
known as the number limit of detection, nLOD) around 100 pmol,/s [88-93], as well as microfluidic NMR
detection systems of various geometries [1, 94-96]. Among other advantages, miniaturization offers the
possibility to integrate multiple detectors in the same NMR system [97]. Multiple detectors in close
proximity require effective mutual radiofrequency decoupling. Such miniaturized phased arrays have
been reported [98], but a detailed description is beyond the scope of this review.

Fig. 2 summarizes the sensitivity of a large number of micro-NMR detectors (data points shown in
light gray) by correlating the detection volume to the achieved nLOD. While there is considerable scatter,
the data points broadly follow the theoretical scaling of nLOD with a gradient of 1, indicated by a solid
line. The figure also contains an axis that indicates the concentration limit of detection, cLOD, with lines
of constant cLOD running diagonally. An arbitrary boundary is drawn at the level of cLOD = 5 mM,/s.
This corresponds to a situation where an analyte present at 1 mM can be detected within 10 minutes of
measurement time with a signal/noise ratio of approximately 10:1. We consider this to be the practical

limit for metabolomic studies. As is evident from the figure, most conventional micro-NMR systems lie
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Figure 2: Overview of reported sensitivity of micro-NMR detectors. Indicated are number limits of de-
tection (nLOD), the number of spins required in the sample volume for a signal-to-noise ratio of 3. A
general trend of nLOD o V1/3 can be observed, meaning that smaller detectors have better mass sen-
sitivity. Open symbols represent conventional NMR with thermal equilibrium polarization (image re-
produced from Ref. [1] with permission), filled symbols are examples of microfluidic hyperpolarized
NMR by different methods: PHIP: parahydrogen-induced hyperpolarization [3]; SEOP: spin-exchange
optical pumping [99]; SEOP-INT: spin-exchange optical pumping with internal detection [100]; CIDNP:
chemically-induced dynamic nuclear polarization [101]; Overhauser DNP: Overhauser dynamic nuclear
polarization [102].

outside this range. The red dots in Fig. 2 represent five different microfluidic NMR experiments using
hyperpolarized samples which are discussed in greater detail in the following sections. Four of these lie
deep inside the feasibility region; the fifth, Overhauser dynamic nuclear polarization, lies outside this
region because for technical reasons the experiment was carried out in a low magnetic field. These studies
aimed at a proof of principle, and did not include any biological applications. However, it is clear from
Fig. 2 that hyperpolarized NMR affords the possibility to reach far beyond the usual sensitivity limits and
greatly expand the sphere of microfluidic experiments that can be tracked using NMR spectroscopy.
Microfluidic devices operating in an NMR spectrometer in order to provide NMR observation of
processes on a chip presents some additional engineering challenges. Typical NMR spectroscopy cry-
omagnets are large cylindrical structures with bore diameters around 50 mm, with a bore length up to
2 m. Conventional NMR detectors are designed for cylindrical sample tubes (most commonly of 5 mm
diameter). While lab-on-a-chip devices themselves are typically small, they often require connections to
ancillary hardware such as syringe pumps, vacuum lines, and solenoid valve manifolds. These systems
must remain outside of the magnet, since they often contain magnetic components and are not designed to
operate in the presence of large magnetic fields. Microfluidic NMR therefore requires custom-designed

micro-detectors that are designed to accommodate planar microfluidic devices while retaining a good
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filling factor.

An additional constraint is that high-resolution NMR requires homogeneous magnetic fields. Differ-
ences in magnetic susceptibility between the chip material and the sample, as well as between different
parts of the detector assembly can lead to field distortions that broaden resonance lines and therefore
lead to a loss in resolution and sensitivity. This can be managed by careful design of the microfluidic
structures [103], as well as by doping of the fluid with suitable paramagnetic species [104]. Obviously,
chip materials that give strong NMR background signals must be avoided. Unfortunately, this some-
what limits the use of PDMS, since its elastomeric nature gives rise to strong background signals in both
'H and '3C NMR. By contrast, glassy polymers such as poly(carbonate) and poly(methyl methacrylate)
work well, since their proton signals are extremely short-lived, and therefore easily separated from the
desired signals from species in solution. Glassy polymers are also amenable to efficient manufacturing
and rapid-prototyping techniques such as laser cutting and hot embossing. On the other hand, solvent
compatibility of glassy polymers is quite poor, which is a serious limitation in the context of hyperpolar-
ization techniques. In these cases, glass is a possible choice, but glass devices tend to be more difficult to

manufacture.

2 Dynamic Nuclear Polarization

2.1 Introduction

The gyromagnetic ratio of an electron is ~660 times higher than that of a proton. Electrons in a sample can
therefore be used to enhance the nuclear spin polarization if the electron polarization can be transferred
to a coupled nuclear spin. Hyperpolarization experiments that exploit this source of polarization are
collectively known as dynamic nuclear polarization (DNP) experiments. There are a number of different
DNP mechanisms, which fall within two broad categories: solid-state DNP and solution-state DNP. In
this review we are interested in the microfluidic implementation of hyperpolarization, which generally
means that the hyperpolarized sample should be a fluid. To generate nuclear spin polarization directly
in a solution, Overhauser DNP (Overhauser DNP) can be used. An alternative approach is to use solid-
state DNP, followed by a dissolution step in which the hyperpolarized solid is rapidly dissolved to form
a solution. This is known as dissolution DNP (D-DNP). Solid-state DNP relies on mechanisms such as
the solid effect, the cross effect, and thermal mixing, which encompass different types of electron-nuclear
interaction, and are discussed in greater detail in Refs. [105] and [106]. Overhauser DNP and dissolution
DNP experiments differ greatly in how the polarization is transferred to nuclear spins and the experimental

approach, and so these approaches are examined separately in the following sections.
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2.2 Overhauser Dynamic Nuclear Polarization

Overhauser DNP relies on cross-relaxation between the electron and nuclear spins [107-109]. Relaxation
between a pair of energy levels requires a term in the Hamiltonian connecting the two levels that is
modulated stochastically by a process with significant spectral density at the transition frequency. Dipolar
couplings are averaged to zero in liquids due to rapid molecular tumbling and are therefore not directly
reflected in solution-state NMR spectra. However, their stochastic modulation due to thermal motion still
drives relaxation. The coherent mechanisms that drive DNP in solids rely on dipolar couplings between
the electrons and nuclei, and are eliminated by the rapid molecular motion in the liquid state. However, the
Overhauser effect, based on fluctuations of dipole-dipole couplings inducing relaxation, remains active in
the solution state, and can be exploited to produce hyperpolarized liquids.

In such experiments, a solution of stable radicals (e.g., nitroxides such as (2,2,6,6-Tetramethylpiperidin-
I-yl)oxyl, also known as TEMPO), typically at a concentration between 10 and 50 mM, is irradiated with
microwaves at the electron Larmor frequency. Sample volumes are limited to a few milliliters by the
penetration depth of microwaves, which are strongly absorbed by many solvents. During irradiation, po-
larization builds up on the solvent molecules, and an enhanced NMR signal is obtained after sufficient
polarization time (typically some minutes). This process is illustrated in Fig. 3. The enhancement (E) of

the nuclear polarization due to Overhauser DNP can be expressed as [110]:

E:@:(l_pfs@>, @)
Y

where (I;) and () are the enhanced and thermal equilibrium nuclear polarizations, and s and y; are
the electron and nuclear magnetogyric ratios, respectively. p is the coupling factor, given by the ratio of
the cross-relaxation rate to the longitudinal nuclear relaxation rate caused by the electron spins. f is a
leakage factor, given by the ratio of the nuclear longitudinal relaxation rates of the solvent in the presence
and absence of the stable radicals, and s is the saturation factor, which quantifies the extent to which
the electron transition is saturated by the microwave field. While s and f can be controlled by adjusting
experimental conditions (concentration of the stable radical, microwave power, etc.), the coupling factor p
is an intrinsic property of the radical and the chosen solvent. Most commonly, p is dominated by electron-
nuclear dipolar couplings. In this case, the value of p is positive, leading to negative enhancement factors.
For magnetic fields exceeding about 1 T, the coupling factor for dipolar interactions drops rapidly. This is
due to the spectral density of dipolar fluctuations. These are driven by translational molecular diffusion,
with correlation times of the order of 50...200ps. Their spectral density therefore drops dramatically
above (electron Larmor) frequencies of several GHz, corresponding to fields of about 1 T. Therefore,

most implementations of Overhauser DNP have been at moderate magnetic fields such as 0.35 T. This

15



Mw

irradiation €@ = solvent molecule

Figure 3: Left: A solution containing free radicals (TEMPO is shown in the example) is placed in a
magnetic field usually between 0.1 and 1 T and the electrons become polarized. The solution is irradiated
with microwaves at the electron Larmor frequency to drive the Overhauser effect which causes electron
polarization to be transferred to nuclear spins in the solvent molecules. Right: a simple energy level
diagram for a two-spin system comprising an electron and a spin-1/2 nucleus, with zero-, single-, and
double-quantum transition rates labeled Wy, Wi, and W, respectively. The transitions saturated by the
microwaves are shown in red, and a difference in zero- and double-quantum relaxation rates can lead to
an Overhauser effect.

has the additional advantage that microwave sources with sufficient power are readily available at the
corresponding frequencies (X band, approximately 9 GHz).

It is possible to combine the efficient and convenient Overhauser DNP at low magnetic fields (<0.5 T)
with NMR detection at high fields (>2 T) by transporting the sample from a low-field DNP region to the
high-field NMR magnet. To minimize losses from nuclear relaxation in solutions containing moderately
high concentrations of free radicals, the transport has to be rapid (<1 s), and should take place in the pres-
ence of a guiding magnetic field to avoid faster relaxation at lower fields. Implementations of Overhauser
DNP under flow have been demonstrated as early as 1989. Dorn et al. [111] have built a flow-through DNP
system operating at 0.33 T connected to an NMR magnet operating at 4.7 T (corresponding to 200 MHz
'H Larmor frequency). Their system, operated in continuous flow, is driven by a high-performance liquid
chromatography (HPLC) pump. Flow rates varied between 5 and 9 ml/min. Stable radicals were attached
to a solid silica support maintained inside of the DNP magnet, such that the flowing liquid remained free
from radicals. Modest enhancements of £ = —37 were reported for benzene at first. Later improvements
led to significantly higher values of —330 for 'H and +2660 for 1*C [112], the method was extended to
immobilized nitroxide radicals [113], and an integrated LC-NMR system was demonstrated [114]. The
flow cell volumes in the electron paramagnetic resonance (EPR) and NMR part of the system were about
150 ul. While these dimensions are not properly microfluidic, the work clearly demonstrates the potential
of this approach for smaller scales.

While the work of Dorn et al. focused on organic solvents such as benzene and CDCl3, McCarney

et al. proposed to use the same approach to produce hyperpolarized water for use as a contrast agent
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Figure 4: Top: A Schematic drawing of the resonator design: (1) conical squeeze joint; (2) plunger;
(3) hollow bore cylinder, I.D. 11 mm; (4) capillary necking; (5) plunger; (6) slit iris, 5.6 mm long,
0.20-0.30 mm wide; (7) WR-19 waveguide flange. Bottom: Microfluidic Overhauser DNP. A solution
of 24 mM TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl) in water is hyperpolarized while
flowing through a microwave cavity (top) mounted inside of a 1.5 T imaging magnet. The outflow is
connected through a capillary to a planar microfluidic device where it is injected into the 90° corner on the
left. Single-shot gradient-echo images have been taken at flow rates of 12, 20, and 30 ml/h, respectively.
Image adapted with permission from Ref. [118].

in magnetic resonance imaging [115, 116]. Using deuterated, '’N-labelled TEMPO immobilized on a
sepharose matrix, water could be polarized at 0.35 T with enhancement factors up to —100 at flow rates
up to 1.5 ml/min. The hyperpolarized water is injected into a phantom situated in a microimaging probe.
Both the microwave cavity and the micro-imaging probe were kept in the 0.35 T B field of a commercial
X-band EPR spectrometer. The system was later adapted for use with a clinical 1.5 T MRI scanner, with
the DNP chamber located in the fringe field at 0.35 T [117]. A completely integrated system that places
the polarizer directly in the 1.5 T imaging magnet, in immediate proximity of the imaging target has
been described by Krummenacker et al. [118]. Due to the higher field, a higher microwave frequency of
45 GHz is required. This was achieved by coupling a microwave source outside of the magnet bore to
the DNP cavity using a waveguide. Hyperpolarized water was thus injected into a microfluidic phantom
cell of 0.4 mm thickness. Single-shot gradient images of the flowing solution are shown in Fig. 4. The
hyperpolarized solution enters with negative polarization, and relaxes while flowing. A steady state in
the spatial distribution of hyperpolarized molecules is thus established. The dark, halo-shaped region is
the location where the polarization is zero, as the negatively-enhanced signals have relaxed to the point
where the signal exactly cancels out the positive thermal equilibrium polarization. The system was later
perfected by the same group, enabling higher flow rates, in view of in vivo applications [119].

The images shown in Fig. 4 demonstrate that hyperpolarized MRI can be used to encode the flow

velocity field experienced by the imaging liquid; the observed contrast is entirely due to the relative
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timing of convective/diffusive transport and longitudinal relaxation. This was also demonstrated in an
almost simultaneous paper by Lingwood et al. [120], where conventional phase-encoded velocity imaging
was compared with hyperpolarized imaging.

While the results discussed in the foregoing were obtained at modest magnetic fields up to 1.5 T,
modern NMR spectrometers operate at much higher magnetic fields, up to 24 T. Implementation of
Overhauser-enhanced NMR at such high fields is complicated on the one hand by the need for high
frequency microwave sources, waveguides, and cavities, and on the other by a dramatic drop in the ef-
ficiency of the most important cross-relaxation mechanism. While Overhauser DNP based on dipolar
electron-nucleus interactions is efficient at low magnetic fields, the coupling factor for the dipolar inter-
action between stable radicals and solvent 'H nuclei tends towards zero for electron Larmor frequencies
above 40 GHz (1.4 T) in liquids at room temperature. Therefore, the observed enhancement factors for
'H at typical NMR spectroscopy fields (between 5 and 24 T) are usually small. However, scalar electron-
nuclear spin interactions can feature significant coupling factors for nuclei with a lower gyromagnetic
ratio such as '3C, 3'P, and >N, and substantial Overhauser DNP enhancements at high magnetic fields
(5 T and more) have been reported on this basis [121-129], reaching up to 1000 in favorable cases [124].

For 'H, DNP enhancements at fields exceeding 9 T are much more modest, with typical values ranging
from -3 to about -30 [122, 130-132]. While these results are technically outside the scope of this review
since they were done on static samples, they nevertheless demonstrate that high-field Overhauser DNP is
possible at microfluidic size scales.

Villanueva-Garibay et al. have developed an Overhauser DNP system operating at the intermediate
field of 3.4 T (95 GHz electron Larmor frequency), and reported DNP enhancements on protons of up to
—100 in samples of 10 mM TEMPO in water [133]. The same system has been combined with a microflu-
idic supercritical fluid chromatography system [134] that uses a stripline resonator for efficient NMR
detection [135]. Supercritical CO; is an attractive solvent for Overhauser DNP, since the microwaves
are not absorbed, and the rotational and translational correlation times are shorter than in water or other
liquid solvents. At high magnetic fields, this substantially increases the efficiency of dipolar cross re-
laxation. While results in the truly supercritical regime have not yet been reported, enhancements of 'H
NMR signals of up to —160 have been achieved in a 1:1 mixture of toluene with CO, containing 10 mM
TEMPOL [135]. Similar enhancements were achieved with aqueous samples at 15 MPa (150 bar).

The enhanced polarization offered by Overhauser DNP opens the prospect of compensating for the
loss in sensitivity that results from using low magnetic fields. This is particularly attractive for compact
NMR systems based on permanent magnets. Tabletop-sized NMR systems [95] using permanent Halbach
magnet arrays have recently become available commercially, and offer spectral resolutions approaching

0.01 ppm at a fraction of the size, investment, and running cost of a cryomagnet NMR system. However,
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Figure 5: An Overhauser DNP probe that can fit inside a palm-sized permanent magnet. This setup was
employed in Ref. [137] for the hyperpolarization and detection of '"H NMR signals. Image reproduced
with permission from Ref. [137].

permanent magnets are limited to field strengths of less than 2 T, and the resulting sensitivity at thermal
equilibrium polarization is insufficient for many microfluidic applications. Table-top Overhauser DNP
systems [136] offer a potential solution to this problem. Recently, Kiss et al. [137] have presented a com-
plete NMR/EPR microprobe system that fits into the 11 mm gap of a commercial 0.5 T permanent magnet.
Their system, complete with microfabricated shim coils, planar rf coils for NMR pulses and detection, as
well as a micro-stripline resonator and a 130 nLL sample volume, achieves a nLOD of 2.5 umol si/2,

Arguably the smallest-scale implementation of Overhauser DNP to date has made use of a single-chip
CMOS EPR spectrometer [102]. It has been shown that the circuitry required for EPR spectroscopy can
be integrated into a single, high-field compatible complementary metal-oxide semiconductor (CMOS)
chip [138-140]. Such integrated EPR spectrometers are extremely compact, with chip sizes of only a
few millimeters, and can be operated with low power requirements. These devices integrate both the
microwave electronics and the detection coil/resonator on the same chip. A particularly ingenious design
uses an active feedback loop to continually tune a voltage-controlled microwave oscillator; the frequency-
dependent susceptibility due to the EPR response of the sample is then reflected in the necessary control
signal, from which the EPR spectrum can be obtained [141]. Due to the inherently broadband nature of
this approach, no field modulation is required, dramatically reducing the dc power requirements for the
experiment. Based on this principle, Handwerker et al. have presented an integrated K-band (27 GHz)
EPR spectrometer that runs from a battery [142].

Such integrated EPR circuits could be of great interest in the context of microfluidic hyperpolarization,
as they could provide control and act as a local microwave power source in miniaturized implementations
of DNP. Interestingly, it has been shown that such systems can operate at cryogenic temperatures [143].
Recently, Solmaz et al. have reported an integrated CMOS single-chip EPR/NMR system that operates at
a nuclear proton Larmor frequency of 16 MHz (EPR frequency 10.7 GHz), with a sample area of roughly
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0.2 mm x 0.2 mm. The system has been shown to produce Overhauser DNP enhancements up to about
-50 in aqueous solutions of 10 mM TEMPOL [102].

In summary, Overhauser DNP is an attractive option for enhancing the sensitivity of microfluidic
NMR systems, particularly at low and moderate magnetic fields. It has the potential to directly operate
on the working liquid without the need for additional chemical reactions or solid-liquid phase transitions,
which are difficult to perform in a controlled manner at small scale. Microfluidic implementations can

alleviate problems arising from sample heating and poor microwave penetration.

2.3 Dissolution-Dynamic Nuclear Polarization

DNP in the solid state can yield much higher nuclear spin polarizations than Overhauser DNP. Overhauser
DNP is performed on solution-state samples which cannot be cooled below the solution’s freezing point.
At room temperature, electron polarization, while higher than that of nuclei, is still small: and as an
example, electron polarization at 5 T and 298 K is 1.1%. In solid-state DNP the sample can be cooled to
cryogenic temperatures at high field to yield near-unity electron polarization; at 5 T and 1 K the electron
polarization is ~100%. The source is therefore much more strongly polarized, and in addition to this,
the transfer of polarization from electrons to nuclei can be more efficient. Solid-state DNP employs
microwave irradiation to coherently drive electron-nuclear polarization transfer, in contrast to Overhauser
DNP which relies on incoherent cross-relaxation effects. The combination of these effects means that
solid-state DNP can yield samples with nuclear spin polarization close to unity.

In a D-DNP experiment a sample is frozen with free radicals (e.g., TEMPOL) dispersed within the
amorphous solid matrix. The sample is cooled to cryogenic temperature (~1.2 K) in a high magnetic field
(usually between 3 and 7 T) to generate electron polarization in the free radicals, which is then transferred
to the nuclear spins in the sample via microwave irradiation. Once the nuclear spins are sufficiently
polarized, a pressurized hot solvent (e.g., water at 150°C and 7 bar) is injected to dissolve the sample
and eject it from the cryostat, and the hyperpolarized solution containing the target molecule is collected.
Unlike optical pumping, which is specific to noble gases, and PHIP, which relies on specific chemical
reactions/interactions, D-DNP can polarize a broad range of molecules. An illustration of a dissolution
DNP experiment is shown in Fig. 6, and more comprehensive reviews of D-DNP are given in Refs. [11,
12, 144-146].

However, due to the necessary rapid temperature changes, D-DNP is difficult to scale, and is therefore
not a natural friend of microfluidic NMR. Since the dissolution step requires the hot solvent to pass
through a cryostat, large volumes are required to prevent the solvent freezing in the lines. Usually volumes

on the order of 5 to 40 ml are used to dissolve ~100 1 of hyperpolarized material. Dissolution DNP is a
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Figure 6: An example of a standard dissolution DNP setup. The sample to be polarized is frozen together
with free radicals as a glassy solid. The sample is cryogenically-cooled to ~1.2 K in a magnetic field of
~5 T to polarize the electron spins, and microwaves are applied to induce electron-nuclear polarization
transfer. After sufficient nuclear spin polarization is established (which can be monitored in sifu with an
NMR pick-up coil), a pressurized hot solvent is ejected onto the sample to dissolve the solid. Pressurized
gas pushes the solution out from the DNP magnet and through a guiding magnetic field, at which point it
can be collected for use.

batch-mode technique, requiring approximately 20 to 60 minutes to fully polarize a sample due to the slow
build-up rates under cryogenic conditions, before the sample is ejected from the polarizer for use. The
process is then started again on a new sample. This means D-DNP cannot produce hyperpolarized samples
in continuous-flow, and hence is unavailing as a method to produce microliter to nanoliter hyperpolarized
sample volumes for observation in microfluidic NMR. The recent advent of ‘bullet-DNP’ [147] might help
to alleviate this shortcoming. In a bullet-DNP experiment, the hyperpolarized material is ejected from the
polarizer as a solid and subsequently dissolved in a solvent; since the solvent does not pass through the
cryostat, a lower volume can be used to dissolve the hyperpolarized solid, to produce samples at higher
concentration.

A limitation of D-DNP is that the hyperpolarized fluid produced after the dissolution step usually con-
tains the paramagnetic free radicals that were used for the polarization step. Even though they are in low
concentration, the radical molecules induce rapid nuclear spin relaxation of the hyperpolarized molecules.
This is particularly detrimental for 'H nuclei, so in most cases a lower-y X-nucleus is polarized since the
lifetime is often longer. Radical-induced relaxation is especially efficient at low magnetic fields, so a
magnetic guiding field is required during sample transport to mitigate relaxation losses [148]. In addition
to this, strategies for rapidly removing the radicals immediately following the dissolution step have been
demonstrated, such as filtering polymer-supported radicals [149], phase extraction of the radicals from
the aqueous phase into an organic solvent [150], and radical scavenging using ascorbic acid [151]. A
particularly promising new method is to generate non-persistent UV-induced radicals for the polarization

step, which are quenched upon sample warming during the dissolution step [152].
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Figure 7: The dissolution DNP microfluidics experimental setup of Jeong et al. (A) Metabolic differences
(the Warburg effect) in pyruvate-to-lactate conversion between healthy and cancerous cells that can give
image contrast. (B) Perfusion of hyperpolarized pyruvate with a cell suspension into the microfluidic
chip. (C) The microfluidic chip used in experiments. Image adapted with permission from Ref. [153].

Jeong et al. have shown that D-DNP can be combined with microfluidic sample control and detection
using a hyperpolarized micromagnetic resonance spectrometer (see Fig. 7) [153]. Their system con-
tained a solenoid microcoil with a 2 ul internal volume, which could be frequency-tuned for either 'H or
13C NMR in the 1.05 T external magnetic field. They hyperpolarized [1-!3C]pyruvate using a commercial
D-DNP polarizer, and mixed the hyperpolarized [1-!3C]pyruvate solution with a cell suspension imme-
diately prior to injection into a 100 ul reservoir. They used a syringe pump to push the sample into the
detection region in a stop-flow manner, and the rate of pyruvate—lactate metabolic flux was quantified.
This work demonstrates clear advantages of a microfluidic approach over measurement in a conventional

NMR tube:

1. Usually small flip-angle pulses (< 30°) are used to excite the nuclei, so as not to strongly perturb
the hyperpolarized magnetization. If a 90° pulse were to be used, a larger signal could be acquired,
but the hyperpolarized magnetization would be destroyed. By only exciting+detecting 2 ul of the
sample at a time, the authors were able to use 60° flip-angle pulses for each acquisition without

destroying the hyperpolarization of the entire sample.

2. A significantly higher sensitivity (nLOD, not cLOD) was achieved: in macroscopic NMR samples,
typically ~10 cells are required to generate a sufficient amount of lactate to be detected. By using

their microfluidic system, the authors were able to detect metabolic flux using ~10* cells.

A closely-related analogue to a dissolution-DNP experiment was demonstrated by Sharma et al. based
on rapid melting of a DNP-polarized solid [154]. In the rapid-melt DNP experiment, a 50 to 100 nL
sample is contained within a capillary which is shuttled between a liquid nitrogen-cooled cryostat for the

DNP process, a melting stage, and a stripline NMR coil for signal excitation and readout. This method
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circumvents the need for large volumes of solvent to produce solution-state samples of the polarized
solid, and instead achieves this by melting the polarized solid in the melting stage immediately prior
to signal readout. The sample is not chemically changed or destroyed in the experiment, so the same
sample can be polarized and detected many times. Several transients can therefore be added, increasing
sensitivity. It is also possible to acquire 2D 'H—'H COSY (correlation spectroscopy) and 'H—13C
HSQC (heteronuclear single quantum correlation) spectra with this technique [155]. A notable advantage
of this method is that it allows for the detection of 'H NMR signals since the time required for the sample
to leave the cryostat, melt, and be measured is so short. As discussed previously the transport is generally
challenging with D-DNP since protons often relax relatively quickly after the dissolution step due to the
presence of paramagnetic free radicals. This is a remarkable achievement since in this method the radical
concentration is not diminished in the melting step, so the 'H relaxation times are on the order of 1 s.
The advantages of D-DNP stem from the high polarization levels achievable and the generality. The
drawback is in the expense and overhead to produce a single 5 to 40 ml bolus of hyperpolarized solution,
which cannot be easily scaled down due to the necessity to balance heat loads and not have the solutions
freeze in the cryogenically-cooled fluid path. Tens of minutes are required to polarize a single sample, and
once ejected the hyperpolarization decays on a timescale of tens of seconds. The prospect of combining
an array of microfluidic detectors so that many NMR experiments can be performed in tandem using one

hyperpolarized sample remains an attractive future goal.

3 Optical Pumping of '*Xe

3.1 Introduction

Alkali metal atoms possess an unpaired valence electron which can be electronically excited by irradiation
in the vapor phase with light [156]. Rubidium is the most commonly-used alkali metal for this purpose. It
is heated to around 40 to 120°C to produce an atomic vapor, and the D transition of the valence electron
is optically excited with resonant circularly polarized light. This pumps the electrons exclusively from
the my = —1/2 ground state to the my; = +1/2 excited state (see Fig. 8). The electrons can then relax to
the ground state with or without an accompanying spin flip, and so a steady-state is established. In this
way, near-unity electron spin polarization is achievable with moderate irradiation power, usually between
20 and 200 W for a large-scale polarizer [157], but as low as a few milliwatts in micro-scale polarizers.
An applied magnetic field of typically a few millitesla provides a quantization axis along which the Rb
electrons are polarized. The hot alkali metal vapors are chemically highly reactive, but noble gas atoms

(e.g., *He, 8Kr, 1?°Xe) are sufficiently inert to be brought into contact with the vapor. Collisions between
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Figure 8: An example of a spin-exchange optical pumping (SEOP) experimental setup. '*?Xe gas is
flowed with a buffer gas into a heated rubidium vapor cell. A laser tuned to approximately 794.7 nm
pumps the Rb D transition with circularly-polarized light which leads to polarization of the rubidium
valence electrons. Collisions between the rubidium and xenon atoms leads to the electron polarization
being transferred to the xenon nuclei through the Fermi contact interaction. This mixture of hyperpolar-
ized xenon and the buffer gas can then be passed through a cold trap that freezes out the '°Xe as a pure
hyperpolarized solid. From this point the '>*Xe can be warmed to induce sublimation and yield gaseous
hyperpolarized '°Xe.

the species allow transfer of the electron polarization to the nuclei through the Fermi contact interaction.
This can happen through two-body or three-body collisions, where the third body is a buffer gas molecule
(typically N»). The buffer gas provides a pathway for nonradiative emission of energy as the excited
electronic state of the alkali metal atoms relaxes, which prevents the emission of unpolarized photons
which would depolarize the atomic vapor. Hence, a noble gas can be hyperpolarized by flowing it through
a vapor cell while optically pumping the alkali metal atoms, a technique known as spin-exchange optical
pumping (SEOP).

Typically a system would be run with a gas pressure on the order of a few atmospheres, with 12°Xe
making up 2 to 90% of the total pressure, the rest being vaporized rubidium and buffer gas. A common
approach to purify the '2Xe is to cryogenically freeze it out of the gas mixture as a hyperpolarized solid.
The solid '2Xe can be stored in this state for hours [158]. After building up a suitable quantity, the '>°Xe
is melted or sublimed to bring it back to a fluid state for applications.

Hyperpolarized '?°Xe has been used to study porous materials, and to extract information about the
structure of the nano- and micro-scale pores [159-161]. In this type of work microfluidic control is not
exerted over the hyperpolarized species, and the specific advantages of microfluidics are not utilized, and
hence this work is outside the scope of this review. A more comprehensive review of this topic is given in

Ref. [162].
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3.2 Combined Optical Pumping and Detection on a Single Microfluidic Platform

The use of vapor cells of optically pumped 3’Rb to polarize nuclear spins of noble gas atoms is just one
application; they are more commonly employed as highly sensitive magnetic field sensors [163]. In this
context, they are referred to as optically pumped magnetometers (OPMs). Their operation requires low
magnetic fields (typically less than 1 mT), and in this regime they have been employed for the detection of
zero- to ultralow-field (ZULF) NMR signals [164, 165]. At such low fields the spin precession frequencies
are small and inductive detection is inefficient.

The combination of these two aspects of an optically pumped atomic vapor was recently shown on a
single microfluidic platform [166] (see Fig. 9). The authors used a microfluidic silicon chip 1 mm thick,
sandwiched between borosilicate glass layers, with chambers cut out from the silicon wafer for gas flow,
optical pumping of the rubidium, and optical detection. A schematic of the chip and the lasers used for
optical excitation and readout is shown in Fig. 9. The chip had a total volume of approximately 100 ul,
and the detection chamber itself had a volume of 9 ul.

The chip was heated to between 120 and 150°C in order to create a Rb atom vapor, and a mixture of Xe
and N gases (400 Torr N, and 200 Torr Xe) was made to flow into the chip at rates from 1 to 30 ul/s. The
xenon was optically pumped in the pump chamber, and detected directly there or in the probe chamber.
A 0.8 uT static magnetic field was applied and a short transverse magnetic field pulse was used to tip the
nuclear spins and initiate spin precession, to generate observable signals for detection near ~9 Hz.

Using this experimental setup, polarization levels of ~0.7% were determined for xenon in the detec-
tion chamber at the optimal flow rate of 5 ul/s. The polarization levels were lower than expected, mostly
due to rapid '**Xe spin relaxation from wall collisions. While such collisions do not necessarily cause
rapid relaxation, in the case at hand the particular process used for rubidium production led to barium
chloride being formed, which deposited on the walls and induced '*°Xe relaxation.

An improved version of this device was produced at a later date [100] which benefited from a different
method to produce the rubidium (not resulting in the production of barium chloride), so that the walls of
the chip were less contaminated. This led to longer spin relaxation times by a factor of ~5, and hence
to an improvement in '>*Xe polarization of up to 7% under optimized conditions. On this new device,
a comparison was made between in situ and ex situ detection. In situ refers to detection of the xenon in
the presence of the Rb vapor, whereas ex situ refers to detecting the xenon using an Rb vapor cell nearby
but without the atoms being in direct contact. The in situ and ex situ detection chambers are shown in the
microfluidic device in Fig.10. By detecting ex situ the Rb electrons respond to the dipole field produced
by the '*Xe nuclei. By detecting in situ the NMR signals are higher by a factor of 5300: a factor of ~10

is from the reduction in distance increasing the dipole-dipole interaction strength (the authors verified
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Figure 9: The microfluidic chip used in the experiments by Jimenez-Martinez et al. which combines
optical pumping and detection of '?Xe on one chip. (a) A schematic of the chip. (b) Image demonstrating
the size scale of the chip. (c) Pumping and probing sequence for '>Xe. The chip was made by cutting
chambers through a layer of silicon and sandwiching this between borosilicate glass slides. Image adapted
with permission from Ref. [166]

this with COMSOL magnetic field simulations), and a further factor of ~500 is due to the Xe-Rb Fermi
contact interaction [167]. This is illustrated in Fig.10. A factor of 2 could be gained if the ex situ OPM
cell were placed near the chamber containing the polarized xenon. The authors note that the two detection
methods are complimentary, as although in situ detection is dramatically more sensitive, there are many
practical applications in which one cannot use in situ detection (i.e., when the xenon is to be dissolved in
a solvent).

Despite the gain in polarization level in the improved device, the maximum polarization (~7%) is still
an order of magnitude lower than the '?°Xe polarization levels achievable in large-scale polarizers [13].
This is because of the relatively short xenon relaxation times due to the high surface-to-volume ratio in the
microfluidic devices increasing wall collisions. This will be an important consideration for future work
involving hyperpolarized gases in microfluidics, and solutions such as anti-relaxation wall coatings can

be considered [168].

3.3 Microfluidic Enhancement of Gas-Liquid Contact

The work with hyperpolarized xenon described so far has used xenon in the gas-phase, but there are
many exciting applications of hyperpolarized '>°Xe as a biosensor in solution [169]. This is motivated
by relatively long solution-state relaxation times, the large chemical shift dispersion that means '2°Xe
is highly sensitive to changes in its chemical environment, as well as being chemically inert and hence

biologically compatible. For applications as a biosensor, '?*Xe needs to be brought into solution, but
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any process that requires bubbling or mechanical mixing of the '>Xe gas with the solution introduces
challenges to observing the samples with high-field NMR: the presence of gas pockets in the solution
disturbs the magnetic field homogeneity. This results in spectral line broadening which has two important
implications: the signal-to-noise ratio is reduced because the signal is spread over a wider frequency
range, and resolution is reduced as signals from different species overlap. In the case of '>°Xe, the latter
effect is often inconsequential because the chemical shift differences are typically large enough (hundreds
or thousands of ppm) to prevent spectral overlap. This is certainly not the case in e.g., 'H NMR spectra
where different chemical species can easily have sub-ppm chemical shift differences. Bubbling '?°Xe into
the solution also brings up the question of experimental reproducibility, and introduces a necessary waiting
period prior to detection for the solution to settle which prohibits the study of fast kinetic processes. The
presence of bubbles in solution causes even greater problems in microfluidics, where they can disrupt the
flow and block channels, and accumulate in the detection chamber. To overcome these problems, bubble-
free dissolution of gases into solutions through porous membranes has been implemented in a variety of
ways [170].

In addition to the problems introduced by having gas pockets in the solution, the hyperpolarized '°Xe
relaxes during the experiment, so it is important to have efficient and rapid gas exchange. Microfluidic
enhancement of the liquid-gas interface is a promising option. Liquid-gas interfaces are problematic in
microfluidic systems and are best avoided, but gas-permeable solid materials and membranes can be used
to mediate the gas transport into a liquid phase. The most famous example is PDMS (polydimethyl-
siloxane), an elastomeric gas-permeable solid polymer that can facilitate gas exchange while providing
structural support into which fluid channels can be etched. However, there are many other gas-permeable
solids that can be used for this purpose.

In 2006 Baumer et al. demonstrated continuous delivery of hyperpolarized '?°Xe into aqueous solu-
tions by flowing the gas through microfluidic polypropylene hollow-fiber membranes [171]. This type of
membrane-based gas exchange was later expanded on by Cleveland et al. who produced a gas-exchange
module to continuously infuse a flowing solution with hyperpolarized '>Xe [172]. In 2009, Amor et al.
studied a variety of commercially available polypropylene and polymethylpentene hollow-fiber membrane
materials for dissolving hyperpolarized 12°Xe into solutions, and acquired magnetic resonance images to
map the spatial distribution of the 12°Xe [173]. In 2016, Truxal et al. showed that PDMS membranes
can be used to dissolve hyperpolarized '>°Xe into viscous oriented liquid crystals without disrupting the
media [174]. They report that PDMS is advantageous over polypropylene because it is less prone to rup-
turing, and in their work they show an inverted setup in contrast with the previously-discussed works; the
liquid is contained within the hollow-fiber membranes with the pressurized gas outside. This allows for

higher gas pressures to be used, and lower media volumes (in this case ~60 ul). This is illustrated in
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Figure 11: The use of PDMS hollow-fiber membranes to dissolve hyperpolarized '?°Xe into viscous
oriented media without the need for bubbling. Image reproduced with permission from Ref. [174].

Fig. 11.

A 3D-printed microfluidic system for both dissolving hyperpolarized 2°Xe into a solvent and detect-
ing the NMR signals has been demonstrated by Causier et al. [99] (see Fig. 12). The authors bubbled
hyperpolarized >°Xe into a solution of 0.5 mM cryptophane-2,2,2-hexacarboxylate in DO in the mixing
chamber of the device. Through their buoyancy, the bubbles act as a micropump and push the sample into
a 5 ul detection chamber, where the NMR signal was acquired using a solenoid microcoil. Two distinct
NMR peaks were seen, corresponding to free '2Xe in D,0, and '**Xe in the cryptophane cage. The
authors were able to confirm that bubbles do not enter the volume encompassed by the microcoil. The
advantage of this approach is that the xenon is dissolved close to the point of detection, meaning there
is less time for spin relaxation to occur. This modular system is designed to be easily exchangeable, and
clearly demonstrates the power of emerging 3D printing technologies for developing microfluidic devices
for NMR. A downside is that the bubble-driven micropump cannot easily be scaled to different volumes,

as its operation relies on a specific balance between surface tension, buoyancy and friction.

4 Parahydrogen-Induced Polarization

4.1 Introduction

The H, molecule contains two protons which support four nuclear spin states: a singlet state (parahydro-
gen, p-H») with total spin / = 0, and three triplet states (collectively called orthohydrogen, o-H,) with total
spin I = 1. The H, molecule behaves as a quantum rotor, with quantized rotational states. The Pauli exclu-

sion principle dictates that the overall wave function must remain antisymmetric with respect to exchange
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Figure 12: The microfluidic device reported in Ref. [99] for dissolving hyperpolarized '??Xe into solution
and detecting the enhanced NMR signals. The gas bubbles act as a micropump, continually pumping
fresh solution into the detection region. Reproduced from Ref. [99] with permission.

of the two nuclei. Therefore, rotational states with even angular momentum quantum number, which are
symmetrical with respect to exchange, can only combine with the antisymmetric singlet spin state, while
odd rotational states combine with the three triplet states. At room temperature, the even and odd rota-
tional manifolds are evenly populated. At temperatures below 100 K, however, Boltzmann statistics leads
to significant excess population of the lowest rotational energy level, which is even. Correspondingly, the
para nuclear spin state is over-populated. While this link between spin and rotational degrees of freedom
exists also in other diatomic molecules, hydrogen is special in the sense that the temperatures at which
the overpopulation of the singlet state is reached is high enough to avoid freezing of the gas.

Conversion between the even and odd rotational manifolds in molecular hydrogen is kinetically slow,
but can be accelerated by solid ferromagnetic catalysts such as iron oxide. Below 25 K nearly 100%
para enrichment can be achieved in this way. Once the gas is separated from the catalyst, the parahy-
drogen can remain metastable for days at room temperature if stored in a suitable container [175]. This
non-equilibrium population distribution between the para and ortho states of H, is utilized by various
techniques to hyperpolarize target molecules [176, 177]. There are a number of reviews that describe
parahydrogen-induced polarization (PHIP) in more detail [16, 178—181].

A notable advantage of PHIP as a hyperpolarization method is that the equipment demands are min-
imal, and the associated cost is low. Experiments typically involve bringing hydrogen gas at moderate
pressure (between 1 and 20 bar) into a solution to undergo a chemical reaction/interaction with a target
molecule. This is often done by bubbling the gas through the solution, or shaking an NMR tube which

contains the solution under a pressurized parahydrogen atmosphere. Typical reaction temperatures range
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Figure 13: Top: An example of hydrogenative PHIP being used in combination with the side-arm hydro-
genation procedure to produce a hyperpolarized biomolecule. An unsaturated side arm is hydrogenated
using p-H» to produce a proton-polarized molecule. The polarization is transferred via the J-coupling net-
work to a nearby '>C nucleus which relaxes more slowly. The side arm is then cleaved by ester hydrolysis
to produce a biocompatible hyperpolarized species. Bottom: An example of non-hydrogenative PHIP be-
ing used to hyperpolarize metronidazole. p-H, and the substrate reversibly bind with an iridium catalyst,
and the temporary J-coupling network allows polarization to flow from the p-H; to the metronidazole.

from room temperature to 150°C. PHIP is not limited to solution-state hyperpolarization, and can also be
used to generate hyperpolarized gases via heterogeneously-catalyzed gas-phase reactions [182].

There are two categories of PHIP experiment: hydrogenative PHIP in which a catalyst is used to
chemically react parahydrogen with a precursor molecule to produce a hyperpolarized target, and non-
hydrogenative PHIP, in which parahydrogen and the target molecule, with the aid of a catalyst, form
a transient complex which facilitates the polarization transfer from parahydrogen to the target. These
two variants are shown in Fig. 13, and in the following subsections we provide further introduction to

hydrogenative PHIP and non-hydrogenative PHIP.

4.1.1 Hydrogenative PHIP

In hydrogenative PHIP experiments the hyperpolarization is initially on the parahydrogen-derived hy-
drogen atoms [176], but this limits the scope of signal observation, and the hyperpolarization lifetime
is usually short. A common approach is to transfer the hyperpolarization to other nuclear spins in the
molecule to widen the range of observable atoms, or as a means to store the hyperpolarization on a more
slowly relaxing nucleus (such as '>C or ’N). The polarization transfer can be induced by rf pulses in
high-field NMR experiments, or via low- to ultralow- magnetic field manipulations. See Ref. [183] for a
more in-depth discussion of this topic.

The most common examples of hydrogenative PHIP in the literature are the reduction of alkynes
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to alkenes and alkenes to alkanes [15]. This is typically done using a transition metal catalyst that al-
lows for pairwise addition of parahydrogen to the product molecule, such that the parahydrogen protons
are coupled throughout the process and remain in a correlated state. It should be noted that other hy-
drogenation reactions with parahydrogen have been demonstrated; examples include hydroformylation
reactions [184, 185], and hydrogenation reactions in which the protons end up in geminal positions on
the product [186, 187]. When the product molecule is formed, if the parahydrogen protons are either
chemically or magnetically inequivalent, the proton singlet state is broken and hyperpolarized signals can
be observed [176]. Commonly the inequivalence is caused by a chemical shift difference between the
two protons that is greater than their mutual J-coupling. However, if the protons are close to chemical or
magnetic equivalence, the non-magnetic singlet state remains close to an eigenstate, and either electro-
magnetic pulses [188] or further chemical reactions [189, 190] are needed to release the singlet order to
generate observable hyperpolarized signals.

Once the hyperpolarized product molecule is formed, the protons typically relax on a timescale of a
few seconds to tens of seconds [191]. For this reason, hydrogenative PHIP reactions are reliant on highly
efficient catalysts in order for the reaction to proceed on a similar timescale [192—194]. These catalysts
can be homogeneous or heterogeneous.

Homogeneous hydrogenative PHIP reactions are performed in a solvent, and use transition metal com-
plexes as catalysts (most commonly Rh-, Ru- or Pt-based) to which the hydrogen molecule and precursor
can bind [195, 196]. This method offers high chemical reaction rates and good selectivity towards the
desired product molecule. The disadvantage is the difficulty in separating out the catalyst from the so-
lution after the reaction. For this reason, immobilized catalysts supported on solid surfaces are under
investigation [197, 198]. Note that solution-state PHIP experiments require the dissolution of hydrogen
gas [170], which can be the rate-limiting step and is one of the key areas in which microfluidics can
provide advantages [3, 199-201] (see Section 3.3).

Hydrogenative PHIP can also be catalyzed by active sites on solid-phase catalysts, to which hydrogen
molecules and reactant molecules can transiently bind and react [202]. Heterogeneous catalysts can be
readily separated out of solution at the end of the chemical reaction. However, producing high levels of
polarized product molecules is challenging, because the hydrogen atoms can migrate across the catalyst
surface and become uncorrelated, causing the spin order to be lost before the reaction is complete. Ex-
amples include rhodium/platinum supported on titania which has been used to produce hyperpolarized
gases (i.e., ethane, propane) [203, 204], and ligand-capped nanoparticles for producing hyperpolarized
liquids [205].

The range of target molecules which can be polarized by hydrogenative PHIP is severely limited,

since they must be products of hydrogenation reactions. This restriction was somewhat alleviated by the
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development of the side-arm hydrogenation procedure [206]. A target molecule is functionalized with an
unsaturated side-arm moiety which can be hydrogenated with p-H,, followed by polarization transfer to
the target part of the molecule. In a final step, the sidearm is chemically cleaved by hydrolysis to liberate
the hyperpolarized target. Side-arm hydrogenation has greatly expanded the catalogue of molecules that

can be hyperpolarized using parahydrogen.

4.1.2 Non-hydrogenative PHIP

Non-hydrogenative PHIP is commonly referred to as Signal Amplification By Reversible Exchange (SABRE) [207,
208]. This encompasses a range of chemical reactions in which parahydrogen and a target molecule re-
versibly bind to an iridium catalyst, with spin order transfer between the two molecules able to occur
during the transient period in which they are bound to the catalyst and experience mutual spin-spin cou-
plings [145, 207]. Unlike hydrogenative PHIP, SABRE does not require that the polarizable targets be
products of hydrogenation reactions; instead, the technique is limited to polarizing molecules which can
transiently bind to the iridium metal center. To date this has mostly been demonstrated for molecules con-
taining a nitrogen atom which can directly bond to the iridium center through its lone pair of electrons.
Polarization levels of a few percent are typically achieved for protons, and up to a few tens of percent for
nitrogen-15, which has longer spin relaxation times, allowing for larger steady-state polarization levels to
be established [209]. A practical advantage of non-hydrogenative PHIP over hydrogenative PHIP is that
the reactions are reversible, so the material is not depleted during the experiment. A sample can therefore
be recycled for many experiments. The recent development of SABRE-Relay, which uses a secondary ex-
change mechanism to polarize the molecule of interest, has somewhat broadened the range of molecules

which can be polarized via SABRE [210-212].

4.2 Microfluidic Implementation of PHIP

In solution-state PHIP/SABRE, the first step is to dissolve parahydrogen into the reaction mixture. This
is typically done by bubbling the gas through the solution or vigorous shaking [213] of the sample to
maximize the liquid/gas surface area-to-volume ratio, and hence facilitate efficient gas exchange, but these
methods present the same drawbacks discussed in Section 3.3. As was the case with 1>?Xe, improved
strategies for dissolving parahydrogen into solutions without introducing gas bubbles are necessary.

One early example of bubble-free hydrogenative PHIP was the use of polypropylene hollow-fibre
membranes (Celgard X50) as described by Roth et al. [199]. The hollow-fibre membranes (OD = 300
um, ID = 200 um) had a pore size of 0.03 um and were embedded in an NMR tube and pressurized

with pH, gas. The large gas-liquid surface area provided by the membranes led to efficient gas ex-
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Figure 14: SABRE implemented on a microfluidic chip. (a) The SABRE process. (b) Schematic of the
gas—liquid contact channel. (c) The two fluid channels meander for enhanced contact area. On the liquid
side, the total channel length is 180 mm and the enclosed volume is 4.8 1. On the gas side, the channel
length is 120 mm and the enclosed volume is 20.2 ul. Reproduced from Ref. [201] with permission.

change, and they showed hydrogenation of 2-hydroxyethyl acrylate to 2-hydroxyethyl propionate. Roth
et al. [199] hyperpolarized the 'H and '3C nuclei, reporting a 2000-fold enhancement for protons and
5500-fold enhancement for carbon, at 7 T. The authors demonstrated the stability of this experimental
setup by acquiring a 'H —! H COSY 2D NMR spectrum, which required stable hyperpolarized signals for
7 minutes.

Lehmkubhl et al. used a commercial ‘MicroReactor’ to perform SABRE experiments in the Earth’s field
to hyperpolarize pyridine and nicotinamide [200]. The reactor had serpentine liquid and gas channels atop
one another, separated by a gas-permeable poly(ethylene oxide)-poly(butylene terephthalate) copolymer
membrane to facilitate efficient gas exchange. The solutions were flowed into a 1 T benchtop NMR
spectrometer for signal detection at flow rates between 1 and 10 ml/min. A maximum increase of 1330-
fold in 'H signal was obtained from pyridine at 3 ml/min, compared to a thermal equilibrium signal
acquired under the same conditions. The combination of membrane hydrogenation and flow chemistry
paved the way for future microfluidic efforts.

Bordonali et al. presented the first PHIP-capable microfluidic device incorporated into an NMR probe
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head, featuring membrane assisted in situ dissolution of p-Hj into solution [201]. An alveolus was formed
by two layers of glass (L = 25 mm, W = 16 mm) 210 pum-thick, with gas and solution micro-channels
etched onto each surface as shown in Fig. 14. The layers of glass were separated by a 20 um-PDMS
membrane to allow perfusion of p-H; from the gas channel to the solution channel. A syringe pump
outside the magnet delivered the solution at flow rates between 20 and 300 ul/min and p-H, gas was
supplied at 0.2 MPa (2 bar). The detection in the probe head was performed in a 0.56 ul chamber using
a micro-Helmholtz pair (R = 0.6 mm) in an 11.7 T magnetic field. To test the efficacy of their setup
they performed SABRE reactions at high field. As SABRE is typically performed at low magnetic fields
to generate polarization, the maximum substrate enhancements observed for pyridine, nicotinamide, and
metronidazole under continuous flow were 4, 1.2 and 4.6 respectively. However, the dihydride signal
produced by the p-H; bound to the iridium complex has a distinct shift for each substrate that it is co-
bound with. Using this dihydride signal as a chemosensor, the presence of the three substrates at a
minimum concentration of 50 uM was detected in 128 scans, corresponding to a concentration limit of
detection of approximately cLOD = 0.5 mM,/5s.

This highlights one challenge of microfluidic NMR: most commercial high-field NMR magnets are
designed with a small homogeneous region to accommodate standard 5 or 10 mm NMR tubes, but many
microfluidic devices do not fit entirely within this volume. For high-resolution NMR the detection cham-
ber should be held in the homogeneous region, but if other parts of the microfluidic device extend outside
this region it can be difficult or impossible to apply rf pulses to manipulate the nuclear spins in these parts
of the device. In the case of SABRE, it would be helpful to apply rf irradiation to the spins in the channels
prior to detection, so that coherent polarization transfer could be implemented with techniques such as
radiofrequency SABRE (RF-SABRE) [214] or spin-lock induced crossing SABRE (SLIC-SABRE) [215].

Eills, Hale and co-workers made the first demonstration of hydrogenative PHIP on a microfluidic
device, an experiment known as PHIP-on-a-chip [3]. The microfluidic device (L =92 mm, W = 22 mm)
consisted of layers of poly(methyl methacrylate) (PMMA) with serpentine gas- and solution-flow channels
laser-cut into the material that run side-by-side on the surface, and a PDMS membrane over the channels
to act as a fluid seal and a gas conduit. This design is advantageous since high pH; pressures can be
employed; designs in which the gas and solution channels cross on opposite sides of the PDMS membrane
are limited in the pH; pressures that can be used since the PDMS deforms and blocks the channels [201].
The layers were sandwiched between two 3D-printed holders that contained ports for capillary tubing to
deliver liquid and gas to the chip. The p-H, pressure was fixed at 0.5 MPa (5 bar) and flow rates between
1 and 20 pul/min were used. The microfluidic device is shown in Fig. 15. In this work the authors observed
the hydrogenation of propargyl acetate to allyl acetate in PASADENA experiments [176], in an 11.7 T

high-field NMR magnet. The resulting 'H signal enhancements were on the order of 10° which allowed
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Figure 15: (a) Lay-out and (b) design of the microfluidic device used for PHIP-on-a-chip experiments in
Ref. [3]. The threaded connectors at the head of the chip holders allowed capillaries to be connected to
provide gas and solution flow in and out of the chip. All measurements are shown in millimeters, and the
volume of the detection chamber was 2.5 ul. Image taken with permission from Ref. [3].

for the detection of molecules at micromolar concentrations, with an nLOD = 2.2 + 0.4 pmol /s. The
stability of the hyperpolarized NMR signals in this continuous-flow setup was sufficient to allow for the
acquisition of 2D NMR spectra at natural >C abundance without introducing 77 noise.

An important advantage afforded by the microfluidic implementation of PHIP is the minimization of
the time between the generation of hyperpolarization, i.e., when p-Hj is first dissolved into the solution to
initiate the chemical reaction, and when the hyperpolarized NMR signals are detected. This minimization
is crucial in limiting losses due to relaxation, especially in the case of proton experiments. Another key
advantage is the enhanced reproducibility of the experiments when p-Hjis dissolved into solution via a
permeable membrane as opposed to bubbling of the gas through a solution. The better experimental con-
trol has allowed, for example, the detailed kinetic study of hydrogenation reactions [216]. An important
consideration for microfluidic PHIP is the choice of chip material. While some PHIP experiments can
be performed in aqueous solution, many use organic solvents such as methanol, acetone and chloroform,
which can dissolve or warp some plastics. However, microfluidic devices can be readily fabricated from
solvent-resistant materials such as poly(imides) or glass.

Multi-step procedures for producing chemically pure solutions of biomolecules via PHIP at concen-
trations and polarizations competitive with D-DNP have been recently developed [217]. A good example

is the side-arm hydrogenation procedure [206] which has become an important cornerstone of PHIP, but
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this requires: (0) synthesis of the precursor molecule, (1) hydrogenation of a precursor molecule, (2) po-
larization transfer from the protons to a heteronucleus, and (3) cleavage of the side-arm and purification
by efficient mixing and separation of the organic PHIP solution with an aqueous solution. We expect lab-
on-a-chip platforms to soon be used as a convenient environment for these multi-step PHIP experiments,
since they are ideally suited for the combination of a number of experimental steps close to the point of

sample detection.

4.3 Gas-Phase Microreactors

Heterogeneously-catalyzed gas-phase PHIP has been implemented in microreactors with volumes of tens
of microliters, to study the spatiotemporal progression of hydrogenation reactions. These microreactors
provide a convenient means to monitor reactions at a small scale, which is advantageous over larger scale

(tens of milliliters and above) reactors for the following reasons:

1. Less material is required,
2. The experimentalist has better control over the reactor temperature,
3. It is both easier and safer to pressurize small-scale reactors,

4. The material has a shorter residence time in the reactor, which is especially relevant for the case of

hyperpolarized molecules.

By studying hydrogenation reactions in microreactors it is possible to extract information about how
the reactivity correlates with the packing structure and density of the catalyst particles. Hydrogenation
reactions are widely used in the petrochemical industry as in the Fischer-Tropsch process, and in the
fine chemicals industry to selectively reduce unsaturated molecules. Improving the selectivity of these
reactions and increasing yield is highly desirable. PHIP is particularly well-suited for these mechanistic
studies, since the H; addition should be carried out pairwise for hyperpolarized signals to be generated
on the product molecules. This can therefore act as a marker for single-atom hydrogenation sites, which
are a goal in the field of heterogeneous catalysis as they can provide improved reaction selectivity and
efficiency [218, 219].

This principle was demonstrated by Bouchard et al. in their study of different types of hydrogenation
reactors [220]. Reactor 1 contained a silica gel support with Wilkinson’s catalyst (RhCI(PPhj3)3) attached
to the surface, and reactor 2 contained a loosely packed Wilkinson’s catalyst powder. They studied the hy-
drogenation of propylene to propane in these microreactors, and a ' H signal enhancement of 300 enabled
the authors to resolve velocity flow maps and map the spatial distribution of the active catalyst centers in

the catalyst beds.
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Despite the mechanistic information that can be obtained by studying catalytic microreactors with
PHIP, the heterogeneous nature of the reaction media leads to spectral line broadening which limits spec-
tral resolution. Another limitation of microreactors in the relatively large coils used for imaging, which
leads to low mass sensitivity. A solution to both of these problems is to use remote detection - that is to

perform the reaction in one location, spatially encode the NMR signals, and detect in a separate location.

5 Remote Detection

5.1 Introduction

The microfluidic detection strategies discussed so far require the use of an inductive detector positioned
near or around the sample. In many systems such as porous materials or living organisms this is not
possible, or geometric constraints of the experiment could make inductive detection inefficient. In other
systems containing many microfluidic features to probe, it would be inconvenient to implement and sep-
arately tune an array of LC circuits for signal acquisition. To circumvent this, remote detection strategies
have been introduced. The magnetization of the nuclear spins in a sample can be ’encoded’ by using
rf pulses and magnetic field gradients to essentially map out the distribution of nuclei in space. The
information-rich NMR signal is stored as longitudinal magnetization, and carried to the detector by the
flowing liquid. This principle is known as remote detection. In this way, the detector can be made much
smaller than the microfluidic device, offering higher sensitivity, while still allowing the entire device to be
mapped. One downside of this technique is that the spins are continually relaxing during physical trans-
port to the detector, so the distance should be minimized. Remote detection has been used on thermally-
polarized spin systems, and in macroscopic samples, but in this review we will focus specifically on the

cases involving remote detection of hyperpolarized species to probe microfluidic devices.

5.2 Remote Detection and Micro-Imaging with Parahydrogen

In 2010 Telkki et al. showed that hyperpolarized gases can be used to image microfluidic structures [221].
They produced hyperpolarized propane gas outside the NMR magnet by flowing a propene/pH; gas mix-
ture over rhodium catalysts supported on solid silica in a tubular oven. The gas was flowed into the NMR
magnet through capillaries into a microfluidic chip with an internal volume of between 1 and 2 ul, and
imaging coils were used for spatial encoding. The gas was then detected by a solenoid microcoil around
the outlet capillary encasing a 53 nLL sample, which afforded a much higher mass sensitivity than could
be obtained with the large coils surrounding the microfluidic chip. The imaging coils were used to spa-

tially encode the signals in two dimensions, and time-of-flight (TOF) information was acquired by using
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Figure 16: a) An experimental setup for imaging a microreactor using remote detection. A parahydro-
gen/propene gas mixture flows through a catalyst bed, and reacts to form hyperpolarized propane. This
process is imaged by the encoding coils, and the signal is detected remotely by the solenoid microcoil
as the gas flows out of the reactor. b) Time-of-flight images of hyperpolarized propane gas in a capillary
reactor with diameter 405 nm and length 14 mm. Image modified with permission from Ref. [222].

a train of detection pulses. By combining these schemes, they were able to generate flow profile and
velocity maps, which exposed manufacturing defects in some of the microfluidic devices. By combining
the gains in sensitivity from remote detection and PHIP, they could report 10* to 10° enhancements in
signal compared to thermal equilibrium experiments.

A further advance came from the same group in 2012, when they showed that the reactor could also be
scaled down to a microfluidic scale and brought into the encoding coils inside the NMR magnet, such that
the microreactor itself could be imaged [222]. Three reactors with 0.25 to 2.5 ul internal volumes were
studied, which were simply capillary tubes of differing geometry. This allowed extraction of detailed mass
transport information about the gas flow, as well as the spatial dependence of the reaction progression.
They were also able to quantitatively observe gas adsorption in the porous catalyst material by measuring
flow profiles to extract the gas velocity through the catalyst beds, with lower velocity indicating higher

adsorption.
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The same group showed in 2013 that a more complex microfluidic chip device could replace the simple
capillary microreactors [223]. In these experiments the catalyst was a 100 nm layer of Pt sputtered onto
the inner surface of the microfluidic device. The authors were able to collect TOF images to measure mass
transport of the reaction mixture (molecules of propene and propane) in the microfluidic chips, as well as
image where the reaction was taking place. However, these experiments were all done with normal H,
gas. When parahydrogen was used, no PHIP-enhanced NMR signals were observed, which is likely due to
the hydrogen atoms losing their correlated spin state as they rapidly diffuse across the metal surface while
adsorbed. This demonstrates the additional mechanistic information that can be obtained by working with

parahydrogen.

5.3 Remote Detection with Hyperpolarized '>°Xe

Hyperpolarized '?°Xe is a particularly good candidate for remote detection experiments because in the gas
phase the 77 relaxation times are usually on the order of minutes, and can exceed 10 minutes in suitably
prepared systems [224].

In 2005 McDonnell et al. demonstrated the use of remote detection to measure the flow rate of hy-
perpolarized '>?Xe gas in a microfluidic chip [225]. The experiment was performed in one 7 T magnet,
using a probe with a large coil of 30mm diameter surrounding the microfluidic chip for signal encoding
with rf pulses, and a solenoid microcoil of 219 nLL volume to detect the signal after outflow from the chip.
This resulted in a gain in sensitivity by a factor of 150 as compared to direct detection using the encod-
ing coils, due to the smaller detection coil (see Section 1.4). The chemical shift experienced by '>?Xe
inside the microfluidic chip was encoded using a pair of 7r/2 pulses in the encoding coil, separated by an
evolution interval ¢;. The chemical shift experienced by '>°Xe inside the microfluidic chip was encoded
using a pair of /2 pulses in the encoding coil, separated by a delay #; which was incremented between
transients. Plotting the signal (magnetization) as a function of #; produces a free-induction decay which
can be Fourier transformed to yield an NMR spectrum. This method allows for the detection of chemi-
cal/physical processes occurring in the encoding region while taking advantage of the higher sensitivity
of the miniature detection coil. The spectral resolution was limited to tens of hertz due to the short sample
residence time in the detection coils. While this could be in principle be improved by reducing the flow
rate, relaxation losses place a lower limit on the flow rate.

Hilty et al. expanded on this work by acquiring images of the hyperpolarized '°Xe flow profile using
gradient pulses in multiple axes in the encoding area, and studied how the flow profile varied for different
chip structures [226]. In 2006 Han et al. reported a micro-solenoid rf probe for signal detection, and used

this to map the flow profile of hyperpolarized '>°Xe in a macro-scale glass phantom. This work focused
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Figure 17: An illustration of a remote detection MRI experiment adapted with permission from Ref. [228].
(A) Hyperpolarized '°Xe gas flowing through a microfluidic chip for signal encoding, and into a micro-
solenoid coil for signal acquisition. (B) An example pulse sequence for a 3D remote detection experiment.

on the ability to perform the encoding and signal detection at different magnetic field strengths [227].

In 2010, Bajaj et al. employed imaging gradients and a Fourier phase-encoding pulse sequence to
spatially map a hyperpolarized '?°Xe sample in a microfluidic chip during continuous flow [228]. Their
experiment is illustrated in Fig. 17. The signal was acquired from a ~25 pL sample in a microsolenoid
coil, and from this they were able to reconstruct images showing the gas flow profiles from the microfluidic
chip. Since the sample was sparsely distributed within a large volume imaging probe during encoding,
they implemented compressed sensing (nonuniform sampling) to maximize the information encoded in a

given time.

6 Photo-Chemically Induced Dynamic Nuclear Polarization

6.1 Introduction

Chemically induced dynamic nuclear polarization (CIDNP) is a hyperpolarization method that relies on a
radical pair mechanism for spin sorting in chemical reactions involving radicals [229, 230]. Spin sorting
refers to molecules in different nuclear spin states behaving differently in a chemical process: this might
be that they react to form different product molecules, or that they experience different rates of spin
relaxation. The name CIDNP should not be misread to suggest similarity of the process with DNP, which

commonly refers to methods that transfer polarization from electron to nuclear spins. No such transfer
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Figure 18: An illustration of the photo-CIDNP effect used to hyperpolarize an aromatic amino acid,
adapted with permission from Ref. [231].

takes place in CIDNP. Rather, ”dynamic nuclear polarization” is used here in its original, broader meaning
- nuclear polarization arising transiently from a non-equilibrium process.

There is a particular variant of the experiment known as photo-CIDNP in which the radicals are gen-
erated by irradiating the sample with light, as shown in Fig. 18. The first step is to electronically excite
a photosensitizer molecule (a ‘dye’) with light to an excited electronic singlet state, which is converted
to an excited triplet state through intersystem crossing. At this point another molecule (the ‘target’) can
donate an electron to the photosensitizer so they form a radical pair. In order for the target molecule
to be released from the radical pair in its original chemical form, the electron pair needs to recombine.
However, an electronic singlet state is required for recombination. The likelihood of recombination is in-
fluenced by the nuclear spin states of the target and dye molecules through their hyperfine coupling to the
electrons, and in Fig. 18 the recombination process is shown as fast if a coupled nuclear spin on the target
molecule is in the B state, and slow if it is in the & state. Recombination of the electron pair and release
of the target molecule is favored for certain nuclear spin states. If the recombination does not occur, the
target molecule will remain a paramagnetic radical, and the unpaired electron can cause rapid nuclear spin
relaxation, or the molecule can react further to form a different chemical species. The different fates of
the molecules depending on their nuclear spin states means that simply by irradiating a suitable sample

with light, nuclear spin polarization can be generated on the target (and dye) molecules.
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Figure 19: A microfluidic setup used to study light-induced chemical reactions with NMR. An external
light source (A) is guided by an optical fibre (B) into the microfluidic chip (C) to induce a chemical
reaction that is detected by the microcoil. Image taken with permission from Ref. [2]

6.2 Microfluidic Enhancement of Photo-CIDNP

The rate of photochemical reactions depends on photon absorption; a high photon flux is desirable, but this
is challenging for a large sample because it is obviously opaque at the relevant photosensitizer absorption
wavelengths. Such reactions can be followed with NMR [232], but when macroscopic sample volumes

are used (i.e., a sample in a 5 mm NMR tube), they suffer from several problems:

1. The light intensity falls off exponentially with the distance from the source (usually an optical fibre)

within the sample,
2. The presence of an optical fibre in the rf coils can induce magnetic-field distortions,
3. Over time the light can cause photodegradation of the photosensitizer molecules,
4. The light can induce undesirable local heating effects.

Implementation of the photochemical reaction on a microfluidic device can in principle overcome all of

these limitations:

1. Working at small volume scales increases the proportion of the sample that is irradiated, and allows

for more homogeneous irradiation,
2. The light source can be positioned outside the detection microcoils without sacrificing photon flux,

3. The ability to provide fresh sample under continuous flow circumvents problems associated with

sample degradation,

4. Light-induced heating is homogeneous through the sample and can be better controlled.
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An illustration of a microfluidic setup for studying light-induced reactions by NMR is shown in Fig. 19,
and a more thorough review on the topic of microfluidics in photochemistry can be found in Ref. [233].
The first demonstration of a CIDNP experiment performed on a microfluidic chip came in 2018 [101].
In one experiment, the authors flowed a solution of 0.8 uM flavin mononucleotide (the dye) and 0.8 uM
4-fluorophenol (the target) at 5 ul/min through a microfluidic chip, and by irradiating the sample with
light they were able to generate and detect photo-CIDNP signals from the 4-fluorophenol in a 1 pl sample
chamber. The signal enhancement was on the order of 10° which allowed for a striking nLOD for an

NMR experiment of just under 1 pmol Hz !/2

. With this experimental setup the authors were able to
explore more advantages of working on a microfluidic platform. In one set of experiments, they worked
with solutions of 1 mM flavin (the dye) and 5 mM N-acetyl-L-tyrosine (AcTyr, the target), and showed
that the photo-CIDNP signals for a static sample in the chip decay approximately linearly with time due
to photodegradation of the photosensitizer, the signal being reduced to half the maximum intensity after
~10 minutes. By repeating the experiment with the sample continually flowing at a rate of 5 yl/min, the
signal intensity was stationary at the maximum value, as fresh reaction solution was continually supplied.

The authors also performed experiments in which they flowed two solutions into the microfluidic chip
and allowed them to mix prior to irradiation and detection. In one experiment they mixed an AcTyr/flavin
solution with a second solution containing 3-cyclodextrin. In the combined solution the -cyclodextrin
was in excess of the AcTyr, and they observed the photo-CIDNP-enhanced NMR peak shift, broaden,
and become less intense. This indicated that the B-cyclodextrin formed a complex with AcTyr, reducing
the ability of the AcTyr molecules to freely interact with the flavin, so photo-CIDNP was hindered. This
was a clear demonstration of an advantage of microfluidic implementation: the ability to mix solutions
immediately prior to detection enables probing chemistry on short timescales.

Rapid mixing of solutions (at a volume scale of a few hundreds of microliters) and subsequent ob-
servation of the photo-CIDNP signals can be used to probe protein dynamics on a timescale of tens to
hundreds of milliseconds [234, 235]. This is an area in which microfluidics can provide better experi-
mental control; reactions can be probed by mixing solutions on a chip prior to detection, and the reaction
timescale varied by controlling the flow rates.

Unfortunately, photo-CIDNP is not a truly general hyperpolarization method, in comparison to e.g.,
D-DNP or even PHIP, since the mechanism relies on specific molecular targets that can participate in the
radical-pair mechanism. This has limited photo-CIDNP to molecules with low ionization energies such
as aromatics. Note that this includes all aromatic amino acids, as well as methionine and some amino
acid derivatives [236]. As a result, photo-CIDNP has mostly been used to study protein structure and
protein-ligand interactions [237], but not as a method to produce hyperpolarized solutions of arbitrary

molecules.
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7 Nitrogen-Vacancy Centers in Diamond

7.1 Introduction

Diamonds are a crystalline form of carbon which can contain defects of various types within the lat-
tice structure. In one of these, known as nitrogen-vacancy (NV) centers, two neighboring carbon atoms
are replaced by a single nitrogen atom, leaving one of the sites vacant, as shown in Fig. 20. In syn-
thetic diamonds, NV centers can be incorporated deliberately either during the synthesis, or implanted
afterwards [238]. They can be uncharged (NV?), or negatively charged (NV-), the latter being of greater
interest for NMR applications [239]. All references to ‘NV-centers’ in this work actually refer specifically
to NV~ -centers. In its ground electronic state, and NV center contains two unpaired electrons (total spin
F = 1) which can be in one of three triplet states (my; = 0,4-1). This system can be optically pumped to
the excited triplet state with green light (532 nm). From this point, the system can either relax directly to
its initial state, or relax via an excited singlet state, which favors relaxation to the ground m; = 0 magnetic
sublevel. After approximately a microsecond of irradiation a steady state is established, with the my; =0
sublevel overpopulated at a polarization level of up to 80% [240]. This process is known as ‘initializing’
the NV system. In this way the electron spins can be hyperpolarized at room temperature via irradiation
with a single laser, and without the need for cryogenic or high temperature equipment, or high magnetic

fields.

Figure 20: (a) The NV center in diamond. (b) A simplified energy level diagram showing the optical
excitation from the ground electronic A, state to the excited *E state (green arrows), and the possible
relaxation pathways. Dashed lines represent transitions with a lower probability of occurring, and filled
lines represent higher probability transitions. Optical pumping with 532 nm light leads to a steady-state
overpopulation of the ground m; = 0 magnetic sublevel. Image adapted with permission from Ref. [241].

The electron spin polarization can then be transferred to nuclear spins to which the electrons are
coupled via the hyperfine interaction, such as B, 14N or DN, either at natural abundance or in an
isotopically-enriched sample [242]. This is typically done by matching the external magnetic field to the

ground-state level anticrossing (GSLAC) or excited-state level anticrossing (ESLAC) condition during the
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optical pumping period [243], or by irradiating the diamond with microwaves after optical initialization,
which can give efficient transfer at variable magnetic field [242, 244]. Recent advances have allowed for
the production of suspensions containing '3C-polarized diamond nanoparticles with polarization levels
on the order of 1% [20]. It has been shown that the '3C spins can have a T of more than 60 s, and these
nanoparticle suspensions have now been applied as a contrast agent for in vivo imaging [245]. This work
does not yet involve microfluidic control, but it is plausible that a microfluidic platform would be an ideal

environment on which to form and observe these effects.

7.2 Hyperpolarizing Liquids on the Surface of a Diamond

A compelling step beyond hyperpolarizing the nuclear spins within the diamond is the possibility to
hyperpolarize a liquid sample on the surface, a concept known as NV-driven dynamic nuclear polarization,

or NV-DNP [246, 247]. This method has many advantages:

1. Electron polarization can be generated at room temperature in a weak magnetic field without re-

quiring cryogenic cooling in a large magnetic field,
2. The hyperpolarization step does not require chemical modification of the target molecule,
3. The method is general, and does not require a specific chemical structure of the target molecule,

4. The solid diamond particles can be easily separated from the fluid sample after the polarization step.

The drawback is the short length scale of the effect; the sample should be close to the polarized spins in
the diamond to maximize the coupling, meaning this endeavour is likely to be suitable for microfluidic
technology.

Indirect observation of 'H hyperpolarization in a PMMA (poly(methyl methacrylate)) layer baked
onto the surface of a diamond has been shown using cross-relaxation-induced polarization [248]. In this
method no microwave or rf irradiation is required for polarization transfer. Instead, an external magnetic
field is applied to match the nuclear (proton) Zeeman splitting to the energy difference between the m; =0
and mg = —1 electron spin states. This is possible because at zero field the electron my = O state is
~2.87 GHz lower in energy than the my; = +£1 states (because of the zero-field splitting). By applying a
magnetic field to lower the energy of the my; = —1 state, the splitting between m; = 0 and my; = —1 can
be tuned to the nuclear (proton) Zeeman frequency. Fulfilling this matching condition allows efficient
electron-nuclear cross relaxation. An impressive 50% polarization level on ~ 10° 'H spins within a
sample volume of approximately (26 nm)> has been achieved in this way (see Fig. 21).

In another work, microscope immersion oil was hyperpolarized on the surface of a diamond [249]

via microwave-assisted cross-polarization, which is achieved by driving electron Rabi oscillations with a
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Figure 21: Hyperpolarization of a liquid on the surface of a diamond. (a) Calculated 'H spin polarization
generated via cross relaxation in a sample of PMMA on the surface of a diamond. (b) Illustration of a
hypothetical experimental setup for generating hyperpolarized fluids using optically-pumped NV centers
in diamond as the polarization source. Image adapted with permission from Ref. [248].

microwave field to match the nuclear spin Larmor frequency. This is more generally known as a nuclear
spin orientation via electron spin locking (NOVEL) experiment [250]. The authors were able to experi-
mentally verify the ‘no-slip’ condition often invoked in fluid dynamics by showing that diffusion of the
molecules in close proximity to the diamond surface is hindered compared to the diffusion in the bulk.
High viscosity fluids were used to ensure that the diffusion of molecules on the surface was slow, in order
to maximize the time spent by a molecule in the vicinity of the NV centers to allow efficient polarization
transfer.

To date, no direct measurements have been made of an external fluid hyperpolarized via NV-DNP, i.e.,
using an external sensor. The indirect detection described relies on observing a difference in photolumi-
nescence decay rate of the NV when it is on- or off-resonance with the external proton spin bath.

Nanodiamonds can also be used to hyperpolarize liquids via Overhauser DNP [251]. Paramagnetic
defects on the surface of the diamond particles are the source of unpaired electrons that couple to the
nuclear spins of the solvent, and saturating the electron transitions can produce a nuclear Overhauser
effect that polarizes the solvent. Unlike other experiments with NV centers discussed above, this type of

experiment does not utilize the near-unity electron polarization that can be generated by optical pumping.
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Nevertheless, 'H signal enhancements by a factor of 4 were achieved in bulk water samples containing a
nanodiamond powder. As described in Section 2.2, there are many benefits of scaling this method down
to a microfluidic scale.

There is a large body of work in which NV centers in diamond are used to detect microfluidic solutions
on the surface [252, 253], but this work does not involve nuclear spin hyperpolarization, or even NMR,

and is therefore outside the scope of this review.

8 Summary and Outlook

In summary, the foregoing review has shown that microfluidic lab-on-a-chip technology and hyperpolar-
ized NMR, both highly dynamic fields of research in their own right, have much to gain from each other.
Microfluidic implementation of chemical conversions and liquid sample manipulation can be advanta-
geous for hyperpolarization by enhancing electromagnetic radiation penetration in samples, and minimiz-
ing transport distances, allowing time savings that can be crucial if relaxation losses need to be minimized.
On the other hand, microfluidic culture systems can benefit greatly from non-invasive NMR quantification
of metabolic processes, but this is limited by sensitivity. Hyperpolarization provides a possible solution to
this problem. NMR microcoil technology has improved considerably over the last decade, and customized
micro-NMR probes specifically designed for use with microfluidic chips are becoming available.

Lab-on-a-chip research is predominantly concerned with the study of biological systems, but until re-
cently dissolution dynamic nuclear polarization (D-DNP) was the only hyperpolarization technique capa-
ble of reliably producing biocompatible solutions of hyperpolarized molecules with sufficient polarization
to allow for metabolic imaging. However, D-DNP yields solutions with volumes of tens of milliliters, and
is therefore not easy to integrate effectively with microfluidic experiments. Ongoing research is beginning
to overcome these limitations, such as the production of low-volume D-DNP solutions, and parallelization
of many microfluidic detectors to take advantage of the large sample volumes. In addition to this, other
hyperpolarization techniques are now available to aid in lab-on-a-chip metabolic imaging: parahydrogen-
induced polarization can now produce biologically-compatible solutions of hyperpolarized molecules,
and hyperpolarized diamond nanopowders can be generated in aqueous solution. These advances have
greatly widened the scope for using hyperpolarization in microfluidic systems, and the corresponding im-
provement in sensitivity makes it much more feasible to use NMR spectroscopy as the detection method
for lab-on-a-chip experiments.

The evolution of these two fields is mutually-beneficial, and we see a positive feedback loop with
microfluidics supporting developments in hyperpolarized NMR, and hyperpolarized NMR enabling more

applications of microfluidics to study chemical and biological systems. Improvements in microfabrication
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technologies widens the scope of hyperpolarization experiments that can be implemented on a microflu-
idic chip. To maximize future progress, it is therefore important for researchers active in both fields
to be aware of the possibilities and developments in the other. We hope that the present review may
make a modest contribution in this regard. The reward for successfully harnessing the synergies between
microfluidics and hyperpolarization could be very large indeed, and bring about non-invasive, detailed
quantification of life processes in microfluidic culture systems. Combined with the power of microflu-
idics to enhance experimental throughput, reliability, and to lower cost, this could have a profound impact

on the life sciences, for example in drug discovery, drug safety testing, and in personalised medicine.

9 Acknowledgments

J.E. would like to acknowledge funding from the European Union’s Horizon 2020 research and innovation
programme under the Marie Sktodowska-Curie Grant Agreement No. 766402. M.U. gratefully acknowl-
edges support from the EU H2020 FETOPEN project "TISuMR” (Grant Agreement No. 737043). The
authors thank Dr. Giorgos Chatzidrosos and Dr. Kirill Sheberstov for helpful comments on the manuscript,
and J.E. would like to thank Prof. Igor Koptyug and Prof. Dmitry Budker for stimulating discussions about
hyperpolarization-enhanced NMR and catalysis. W.H. thanks Prof. Russ Bowers for helpful discussions

and mentorship.

References

[1] V. Badilita, R. C. Meier, N. Spengler, U. Wallrabe, M. Utz, J. G. Korvink, Soft Matter 2012, 8,
10583-10597, DOI 10.1039/c2sm26065d.

[2] M. V. Gomez, A. Juan, F. Jiménez-Marquez, A. de la Hoz, A. H. Velders, Anal. Chem. 2018, 90,
1542-1546, DOI 10.1021/acs.analchem.7b04114.

[3] J. Eills, W. Hale, M. Sharma, M. Rossetto, M. H. Levitt, M. Utz, J. Am. Chem. Soc. 2019, 141,
9955-9963, DOI 10.1021/jacs.9b03507.

[4] M. H. Levitt, C. Bengs, Magn. Reson. Discuss. 2021, 1-23, DOI 10.5194/mr-2021-26.
[5] J. Kitching, Appl. Phys. Rev. 2018, 5, 031302, DOI 10.1063/1.5026238.

[6] D.Sheng, A.R. Perry, S. P. Krzyzewski, S. Geller, J. Kitching, S. Knappe, Appl. Phys. Lett. 2017,
110,031106, DOI 10.1063/1.4974349.

49


https://doi.org/10.1039/c2sm26065d
https://doi.org/10.1021/acs.analchem.7b04114
https://doi.org/10.1021/jacs.9b03507
https://doi.org/10.5194/mr-2021-26
https://doi.org/10.1063/1.5026238
https://doi.org/10.1063/1.4974349

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

P. Kehayias, A. Jarmola, N. Mosavian, 1. Fescenko, F. M. Benito, A. Laraoui, J. Smits, L. Bougas,
D. Budker, A. Neumann, S. R. J. Brueck, V. M. Acosta, Nat. Commun. 2017, 8, 1-8, DOI 10.
1038/s41467-017-00266-4.

I. Schwartz, J. Rosskopf, S. Schmitt, B. Tratzmiller, Q. Chen, L. P. McGuinness, F. Jelezko, M. B.
Plenio, Sci. Rep. 2019, 9, 1-11, DOI 10.1038/s41598-019-43404-2.

E. Ravera, C. Luchinat, G. Parigi, J. Magn. Reson., Hyperpolarized NMR Comes of Age 2016,
264,78-87,DOI 10.1016/j . jmr.2015.12.013.

J. van Bentum, B. van Meerten, M. Sharma, A. Kentgens, J. Magn. Reson., Hyperpolarized NMR
Comes of Age 2016, 264, 59-67, DOI 10.1016/j. jmr.2016.01.010.

A. Bornet, S. Jannin, J. Magn. Reson., Hyperpolarized NMR Comes of Age 2016, 264, 13-21,
DOI 10.1016/j . jmr.2015.12.007.

S. Jannin, J.-N. Dumez, P. Giraudeau, D. Kurzbach, J. Magn. Reson. 2019, 305, 41-50, DOI
10.1016/j. jmr.2019.06.001.

T. Meersmann, E. Brunner, Hyperpolarized Xenon-129 Magnetic Resonance: Concepts, Produc-

tion, Techniques and Applications, Royal Society of Chemistry, 2015.

D. A. Barskiy, A. M. Coffey, P. Nikolaou, D. M. Mikhaylov, B. M. Goodson, R. T. Branca, G. J.
Lu, M. G. Shapiro, V.-V. Telkki, V. V. Zhivonitko, I. V. Koptyug, O. G. Salnikov, K. V. Kovtunov,
V. 1. Bukhtiyarov, M. S. Rosen, M. J. Barlow, S. Safavi, I. P. Hall, L. Schroder, E. Y. Chekmenev,
Chem. Eur. J. 2017, 23, 725-751, DOI 10.1002/chem.201603884.

S. B. Duckett, R. E. Mewis, Acc. Chem. Res. 2012, 45, 1247-1257, DOI 10.1021/ar2003094.

J.-B. Hovener, A. N. Pravdivtsev, B. Kidd, C. R. Bowers, S. Gloggler, K. V. Kovtunov, M. Plau-
mann, R. Katz-Brull, K. Buckenmaier, A. Jerschow, F. Reineri, T. Theis, R. V. Shchepin, S. Wag-
ner, P. Bhattacharya, N. M. Zacharias, E. Y. Chekmenev, Angew. Chem. Int. Ed. 2018, 57, 11140-
11162, DOI 10.1002/anie.201711842.

Y. Okuno, S. Cavagnero in eMagRes, American Cancer Society, 2017, pp. 283-314, DOI 10 .
1002/9780470034590 . emrstm1499.

M. Goez in Annual Reports on NMR Spectroscopy, Vol. 66, Academic Press, 2009, pp. 77-147,
DOI 10.1016/S0066-4103(08)00403-1.

Q. Chen, I. Schwarz, F. Jelezko, A. Retzker, M. B. Plenio, Phys. Rev. B 2015, 92, 184420, DOI
10. llOS/PhySReVB .92.184420.

50


https://doi.org/10.1038/s41467-017-00266-4
https://doi.org/10.1038/s41467-017-00266-4
https://doi.org/10.1038/s41598-019-43404-2
https://doi.org/10.1016/j.jmr.2015.12.013
https://doi.org/10.1016/j.jmr.2016.01.010
https://doi.org/10.1016/j.jmr.2015.12.007
https://doi.org/10.1016/j.jmr.2019.06.001
https://doi.org/10.1002/chem.201603884
https://doi.org/10.1021/ar2003094
https://doi.org/10.1002/anie.201711842
https://doi.org/10.1002/9780470034590.emrstm1499
https://doi.org/10.1002/9780470034590.emrstm1499
https://doi.org/10.1016/S0066-4103(08)00403-1
https://doi.org/10.1103/PhysRevB.92.184420

[20] A. Ajoy, R. Nazaryan, E. Druga, K. Liu, A. Aguilar, B. Han, M. Gierth, J. T. Oon, B. Safvati,
R. Tsang, J. H. Walton, D. Suter, C. A. Meriles, J. A. Reimer, A. Pines, Rev. Sci. Instrum. 2020,
91,023106, DOI 10.1063/1.5131655.

[21] S.Terry,J. Jerman, J. Angell, IEEE Trans. Electron Devices 1979, 26, 1880-1886, DOI 10.1109/
T-ED.1979.19791.

[22] A.Manz, Y. Miyahara, J. Miura, Y. Watanabe, H. Miyagi, K. Sato, Sens. Actuators B Chem. 1990,
1,249-255, DOI 10.1016/0925-4005(90)80210-Q.

[23] A. Manz, N. Graber, H. M. Widmer, Sens. Actuators B Chem. 1990, 1, 244-248, DOI 10.1016/
0925-4005(90) 80209-1.

[24] M. L. Kovarik, D. M. Ornoff, A. T. Melvin, N. C. Dobes, Y. Wang, A. J. Dickinson, P. C. Gach,
P. K. Shah, N. L. Allbritton, Anal. Chem. 2013, 85, 451-472, DOI 10.1021/ac3031543.

[25] D. J. Harrison, A. Manz, Z. Fan, H. Luedi, H. M. Widmer, Anal. Chem. 1992, 64, 1926-1932,
DOI 10.1021/ac00041a030.

[26] K. Seiler, D. J. Harrison, A. Manz, Anal. Chem. 1993, 65, 1481-1488, DOI 10.1021/ac00058a029.

[27] P. Smejkal, D. Bottenus, M. C. Breadmore, R. M. Guijt, C. F. Ivory, F. Foret, M. Macka, Elec-
trophoresis 2013, 34, 1493-1509, DOI 10.1002/elps.201300021.

[28] M. He, A. E. Herr, Anal. Chem. 2009, 81, 8177-8184, DOI 10.1021/ac901392u.

[29] J. Khandurina, T. E. McKnight, S. C. Jacobson, L. C. Waters, R. S. Foote, J. M. Ramsey, Anal.
Chem. 2000, 72, 2995-3000, DOI 10.1021/ac991471a.

[30] E. T. Lagally, P. C. Simpson, R. A. Mathies, Sens. Actuators B Chem. 2000, 63, 138—146, DOI
10.1016/S0925-4005(00)00350-6.

[31] C. Zhang, J. Xu, W. Ma, W. Zheng, Biotechnol. Adv. 2006, 24, 243-284, DOI 10 . 1016/ j .
biotechadv.2005.10.002.

[32] E. A. Ottesen, J. W. Hong, S. R. Quake, J. R. Leadbetter, Science 2006, 314, 1464-1467, DOI
10.1126/science.1131370.

[33] T. Kalisky, S. R. Quake, Nat. Methods 2011, 8, 311-314, DOI 10.1038/nmeth0411-311.

[34] C. ]. Easley, J. M. Karlinsey, J. M. Bienvenue, L. A. Legendre, M. G. Roper, S. H. Feldman,
M. A. Hughes, E. L. Hewlett, T. J. Merkel, J. P. Ferrance, J. P. Landers, Proc. Natl. Acad. Sci. U.
S. A. 2006, 7103, 19272—-19277, DOI 10.1073/pnas.0604663103.

[35] D. L. Roux, B. E. Root, J. A. Hickey, O. N. Scott, A. Tsuei, J. Li, D. J. Saul, L. Chassagne, J.
P. Landers, P. de Mazancourt, Lab. Chip 2014, 14, 4415-4425, DOI 10.1039/C4LC0O0685B.

51


https://doi.org/10.1063/1.5131655
https://doi.org/10.1109/T-ED.1979.19791
https://doi.org/10.1109/T-ED.1979.19791
https://doi.org/10.1016/0925-4005(90)80210-Q
https://doi.org/10.1016/0925-4005(90)80209-I
https://doi.org/10.1016/0925-4005(90)80209-I
https://doi.org/10.1021/ac3031543
https://doi.org/10.1021/ac00041a030
https://doi.org/10.1021/ac00058a029
https://doi.org/10.1002/elps.201300021
https://doi.org/10.1021/ac901392u
https://doi.org/10.1021/ac991471a
https://doi.org/10.1016/S0925-4005(00)00350-6
https://doi.org/10.1016/j.biotechadv.2005.10.002
https://doi.org/10.1016/j.biotechadv.2005.10.002
https://doi.org/10.1126/science.1131370
https://doi.org/10.1038/nmeth0411-311
https://doi.org/10.1073/pnas.0604663103
https://doi.org/10.1039/C4LC00685B

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

C. Y1, C.-W. Li, S. Ji, M. Yang, Anal. Chim. Acta 2006, 560, 1-23, DOI 10.1016/j.aca.2005.
12.037.

M. K. Bielecka, L. B. Tezera, R. Zmijan, F. Drobniewski, X. Zhang, S. Jayasinghe, P. Elkington,
mBio 2017, 8, (Ed.: C. A. Nacy), mBi0.02073-16, €02073-16, DOI 10.1128/mBio.02073-16.

A. D. Castiaux, D. M. Spence, R. Scott Martin, Anal. Methods 2019, 11, 4220-4232, DOI 10 .
1039/C9AY01328H.

P. M. van Midwoud, E. Verpoorte, G. M. Groothuis, Integr. Biol. 2011, 3, 509-521, DOI 10 .
1039/c0ib00119h.

J. Qin, A. R. Wheeler, Lab. Chip 2007, 7, 186—192, DOI 10.1039/B613414A.

N. Chronis, M. Zimmer, C. I. Bargmann, Nat. Methods 2007, 4, 727-731, DOI 10 . 1038/

nmeth1075.

W. Sun, Z. Luo, J. Lee, H.-J. Kim, K. Lee, P. Tebon, Y. Feng, M. R. Dokmeci, S. Sengupta, A.
Khadembhosseini, Adv. Healthc. Mater. 2019, 8, 1801363, DOI 10.1002/adhm.201801363.

B. Zhang, A. Korolj, B. F. L. Lai, M. Radisic, Nat. Rev. Mater. 2018, 3, 257-278, DOI 10.1038/
s41578-018-0034-7.

S. N. Bhatia, D. E. Ingber, Nat. Biotechnol. 2014, 32, 760-772, DOI 10.1038/nbt . 2989.

A. D. Gracz, I. A. Williamson, K. C. Roche, M. J. Johnston, F. Wang, Y. Wang, P. J. Attayek,
J. Balowski, X. F. Liu, R. J. Laurenza, L. T. Gaynor, C. E. Sims, J. A. Galanko, L. Li, N. L.
Allbritton, S. T. Magness, Nat. Cell Biol. 2015, 17, 340-349, DOI 10.1038/ncb3104.

Y. Wang, D. B. Gunasekara, M. 1. Reed, M. DiSalvo, S. J. Bultman, C. E. Sims, S. T. Magness,
N. L. Allbritton, Biomaterials 2017, 128, 44-55, DOI 10.1016/j .biomaterials.2017.03.
005.

G. Bergstrom, J. Christoffersson, K. Schwanke, R. Zweigerdt, C.-F. Mandenius, Lab. Chip 2015,
15,3242-3249, DOI 10.1039/C5LC00449G.

B. M. Ulmer, T. Eschenhagen, BBA Biochim. Biophys. Acta Mol. Cell Res. 2019, 1867, 118471,
DOI 10.1016/j .bbamcr.2019.04.001.

L. Shintu, R. Baudoin, V. Navratil, J. M. Prot, C. Pontoizeau, M. Defernez, B. J. Blaise, C. Do-
mange, A. R. R. Péry, P. Toulhoat, Anal. Chem. 2012, 84, 1840-1848, DOI 10.1021/ac2011075.

D. A. Ouattara, J.-M. Prot, A. Bunescu, M. E. Dumas, B. Elena-Herrmann, E. Leclerc, C. Brochot,
Mol Biosyst 2012, 8, 1908—1920, DOI 10.1039/c2mb25049g.

52


https://doi.org/10.1016/j.aca.2005.12.037
https://doi.org/10.1016/j.aca.2005.12.037
https://doi.org/10.1128/mBio.02073-16
https://doi.org/10.1039/C9AY01328H
https://doi.org/10.1039/C9AY01328H
https://doi.org/10.1039/c0ib00119h
https://doi.org/10.1039/c0ib00119h
https://doi.org/10.1039/B613414A
https://doi.org/10.1038/nmeth1075
https://doi.org/10.1038/nmeth1075
https://doi.org/10.1002/adhm.201801363
https://doi.org/10.1038/s41578-018-0034-7
https://doi.org/10.1038/s41578-018-0034-7
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1038/ncb3104
https://doi.org/10.1016/j.biomaterials.2017.03.005
https://doi.org/10.1016/j.biomaterials.2017.03.005
https://doi.org/10.1039/C5LC00449G
https://doi.org/10.1016/j.bbamcr.2019.04.001
https://doi.org/10.1021/ac2011075
https://doi.org/10.1039/c2mb25049g

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

J. Maisch, K. Kreppenhofer, S. Biichler, C. Merle, S. Sobich, B. Gorling, B. Luy, R. Ahrens, A. E.
Guber, P. Nick, J. Plant Physiol. 2016, 200, 28-34, DOI 10.1016/j. jplph.2016.06.004.

A. Kalfe, A. Telfah, J. Lambert, R. Hergenrdder, Anal. Chem. 2015, 87, 7402-7410, DOI 10 .
1021/acs.analchem.5b01603.

B. Patra, M. Sharma, W. Hale, M. Utz, Sci. Rep. 2021, 11, 53, DOI 10.1038/s41598- 020~
79693-1.

J. C. McDonald, D. C. Dufty, J. R. Anderson, D. T. Chiu, H. Wu, O. J. A. Schueller, G. M.
Whitesides, Electrophoresis 2000, 21, 27-40, DOI 10.1002/ (SICI) 1522-2683(20000101)21:
1<27::AID-ELPS27>3.0.C0;2-C.

G. M. Whitesides, A. D. Stroock, Physics Today 2001, 54, 42-48, DOI 10.1063/1.1387591.

J. M. K. Ng, L. Gitlin, A. D. Stroock, G. M. Whitesides, Electrophoresis 2002, 23, 3461-3473,
DOI 10.1002/1522-2683(200210)23:20<3461: : AID-ELPS3461>3.0.C0;2-8.

J. Melin, S. R. Quake, Annu. Rev. Biophys. Biomol. Struct. 2007, 36, 213-231, DOI 10. 1146/
annurev.biophys.36.040306.132646.

D. C. Leslie, C. J. Easley, E. Seker, J. M. Karlinsey, M. Utz, M. R. Begley, J. P. Landers, Nat.
Phys. 2009, 5, 231-235, DOI 10.1038/nphys1196.

T. S. Kaminski, O. Scheler, P. Garstecki, Lab. Chip 2016, 16, 2168-2187, DOI 10 . 1039 /
C6LCO0367B.

T. S. Kaminski, P. Garstecki, Chem. Soc. Rev. 2017, 46, 6210-6226, DOI 10.1039/C5CS00717H.

S. Abalde-Cela, P. Taladriz-Blanco, M. G. de Oliveira, C. Abell, Sci. Rep. 2018, 8, 2440, DOI
10.1038/s41598-018-20754-x.

Y. Ding, P. D. Howes, A. J. deMello, Anal. Chem. 2020, 92, 132-149, DOI 10 . 1021 /acs .
analchem.9b05047.

J. Nilsson, M. Evander, B. Hammarstrom, T. Laurell, Anal. Chim. Acta 2009, 649, 141-157, DOI
10.1016/j.aca.2009.07.017.

A. Lenshof, T. Laurell, Chem. Soc. Rev. 2010, 39, 12031217, DOI 10.1039/B915999C.
D. D. Carlo, Lab. Chip 2009, 9, 3038-3046, DOI 10.1039/B912547G.

J. M. Martel, M. Toner, Annu. Rev. Biomed. Eng. 2014, 16, 371-396, DOI 10.1146/annurev-
bioeng-121813-120704.

M. Antfolk, T. Laurell, Anal. Chim. Acta 2017, 965, 9-35, DOI 10.1016/j.aca.2017.02.017.

53


https://doi.org/10.1016/j.jplph.2016.06.004
https://doi.org/10.1021/acs.analchem.5b01603
https://doi.org/10.1021/acs.analchem.5b01603
https://doi.org/10.1038/s41598-020-79693-1
https://doi.org/10.1038/s41598-020-79693-1
https://doi.org/10.1002/(SICI)1522-2683(20000101)21:1<27::AID-ELPS27>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1522-2683(20000101)21:1<27::AID-ELPS27>3.0.CO;2-C
https://doi.org/10.1063/1.1387591
https://doi.org/10.1002/1522-2683(200210)23:20<3461::AID-ELPS3461>3.0.CO;2-8
https://doi.org/10.1146/annurev.biophys.36.040306.132646
https://doi.org/10.1146/annurev.biophys.36.040306.132646
https://doi.org/10.1038/nphys1196
https://doi.org/10.1039/C6LC00367B
https://doi.org/10.1039/C6LC00367B
https://doi.org/10.1039/C5CS00717H
https://doi.org/10.1038/s41598-018-20754-x
https://doi.org/10.1021/acs.analchem.9b05047
https://doi.org/10.1021/acs.analchem.9b05047
https://doi.org/10.1016/j.aca.2009.07.017
https://doi.org/10.1039/B915999C
https://doi.org/10.1039/B912547G
https://doi.org/10.1146/annurev-bioeng-121813-120704
https://doi.org/10.1146/annurev-bioeng-121813-120704
https://doi.org/10.1016/j.aca.2017.02.017

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

S. L. Stott, C.-H. Hsu, D. I. Tsukrov, M. Yu, D. T. Miyamoto, B. A. Waltman, S. M. Rothenberg,
A. M. Shah, M. E. Smas, G. K. Korir, F. P. Floyd, A. J. Gilman, J. B. Lord, D. Winokur, S.
Springer, D. Irimia, S. Nagrath, L. V. Sequist, R. J. Lee, K. J. Isselbacher, S. Maheswaran, D. A.
Haber, M. Toner, Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 18392-18397, DOI 10.1073/pnas.
1012539107.

M. Senel, E. Dervisevic, S. Alhassen, M. Dervisevic, A. Alachkar, V. J. Cadarso, N. H. Voelcker,
Anal. Chem. 2020, 92, 12347-12355, DOI 10.1021/acs.analchem.0c02032.

H. Hou, X. Bai, C. Xing, N. Gu, B. Zhang, J. Tang, Anal. Chem. 2013, 85, 2010-2014, DOI
10.1021/ac3037574.

M. Bowden, L. Song, D. R. Walt, Anal. Chem. 2005, 77, 5583-5588, DOI 10.1021/ac050503t.

N. Nesakumar, S. Kesavan, C.-Z. Li, S. Alwarappan, J. Anal. Test. 2019, 3, 3—18, DOI 10.1007/
s41664-019-0083-y.

M. R. de Eguilaz, L. R. Cumba, R. J. Forster, Electrochem. Commun. 2020, 116, 106762, DOI
10.1016/j.elecom.2020.106762.

A. K. Basu, A. Basu, S. Bhattacharya, Enzyme Microb. Technol. 2020, 139, 109558, DOI 10 .
1016/ j.enzmictec.2020.109558.

R. Mathew, A. Ravi Sankar, Nano-Micro Lett. 2018, 10, 35, DOI 10.1007/s40820-018-0189-
1.

B. O. Alunda, Y. J. Lee, Sensors 2020, 20, 4784, DOI 10.3390/s20174784.

I. J. Jahn, O. Zukovskaja, X.-S. Zheng, K. Weber, T. W. Bocklitz, D. Cialla-May, J. Popp, Analyst
2017, 142, 1022—-1047, DOI 10.1039/C7ANOO118E.

G. Ochoa-Vazquez, B. Kharisov, A. Arizmendi-Morquecho, A. Cario, C. Aymonier, S. Marre, 1.
Loépez, IEEE Trans. Nanobioscience 2019, 18, 558-566, DOI 10.1109/TNB.2019.2943078.

J. Li, H. gimek, D. Ilioae, N. Jung, S. Brise, H. Zappe, R. Dittmeyer, B. P. Ladewig, React. Chem.
Eng. 2021, Advance Article, DOI 10.1039/D1RE00038A.

F. B. Myers, L. P. Lee, Lab. Chip 2008, 8, 2015-2031, DOI 10.1039/B812343H.

Y. Tian, M. M. Martinez, D. Pappas, Appl. Spectrosc. 2011, 65, 115A-124A, DOI 10.1366/10-
06224.

Y. Zhao, X.-g. Hu, S. Hu, Y. Peng, Biosens. Bioelectron. 2020, 166, 112447, DOI 10. 1016/ .
bios.2020.112447.

54


https://doi.org/10.1073/pnas.1012539107
https://doi.org/10.1073/pnas.1012539107
https://doi.org/10.1021/acs.analchem.0c02032
https://doi.org/10.1021/ac3037574
https://doi.org/10.1021/ac050503t
https://doi.org/10.1007/s41664-019-0083-y
https://doi.org/10.1007/s41664-019-0083-y
https://doi.org/10.1016/j.elecom.2020.106762
https://doi.org/10.1016/j.enzmictec.2020.109558
https://doi.org/10.1016/j.enzmictec.2020.109558
https://doi.org/10.1007/s40820-018-0189-1
https://doi.org/10.1007/s40820-018-0189-1
https://doi.org/10.3390/s20174784
https://doi.org/10.1039/C7AN00118E
https://doi.org/10.1109/TNB.2019.2943078
https://doi.org/10.1039/D1RE00038A
https://doi.org/10.1039/B812343H
https://doi.org/10.1366/10-06224
https://doi.org/10.1366/10-06224
https://doi.org/10.1016/j.bios.2020.112447
https://doi.org/10.1016/j.bios.2020.112447

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

A. Dupré, K.-M. Lei, P-1. Mak, R. P. Martins, W. K. Peng, Microelectronic Engineering 2019,
209, 6674, DOI 10.1016/j .mee.2019.02.005.

B. P}, J. Jw, K. Ap, Analyst 2004, 129, 793-803, DOI 10.1039/b404497p.

N. M. M. Pires, T. Dong, U. Hanke, N. Hoivik, Sensors 2014, 14, 15458—-15479, DOI 10.3390/
s140815458.

D. I. Hoult, R. E. Richards, J. Magn. Reson. 1976, 24, 71-85, DOI 10.1016/0022-2364(76)
90233-X.

D. I. Hoult, J. Magn. Reson., Magnetic Moments 2011, 273, 344-346, DOI 10.1016/j . jmr.
2011.08.005.

N. Wu, T. L. Peck, A. G. Webb, R. L. Magin, J. V. Sweedler, Anal. Chem. 1994, 66, 3849-3857,
DOI 10.1021/ac000942a003.

N. Wu, T. L. Peck, A. G. Webb, R. L. Magin, J. V. Sweedler, J. Am. Chem. Soc. 1994, 116, 7929—
7930, DOI 10.1021/j200096a073.

D. L. Olson, T. L. Peck, A. G. Webb, R. L. Magin, J. V. Sweedler, Science 1995, 270, 1967-1970,
DOI 10.1126/science.270.5244 .1967.

M. E. Lacey, R. Subramanian, D. L. Olson, A. G. Webb, J. V. Sweedler, Chem. Rev. 1999, 99,
3133-3152, D01 10.1021/cr980140f.

M. E. Lacey, Z. J. Tan, A. G. Webb, J. V. Sweedler, J. Chromatogr. A 2001, 922, 139-149, DOI
10.1016/S0021-9673(01)00912-8.

D. A. Seeber, R. L. Cooper, L. Ciobanu, C. H. Pennington, Rev. Sci. Instrum. 2001, 72, 2171-
2179, DOI 10.1063/1.1359190.

J. Bart, A. J. Kolkman, A. J. Oosthoek-de Vries, K. Koch, P. J. Nieuwland, H. ( W. G. Janssen,
P. J. M. van Bentum, K. A. M. Ampt, FE. P. J. T. Rutjes, S. S. Wijmenga, H. ( G. E. Gardeniers,
A. P. M. Kentgens, J. Am. Chem. Soc. 2009, 131, 5014-5015, DOI 10.1021/ja900389x.

S. S. Zalesskiy, E. Danieli, B. Bliimich, V. P. Ananikov, Chem. Rev. 2014, 114, 5641-5694, DOI
10.1021/cr400063g.

G. Finch, A. Yilmaz, M. Utz, J. Magn. Reson. 2016, 262, 73-80, DOI 10.1016/j . jmr.2015.
11.011.

M. A. Macnaughtan, T. Hou, J. Xu, D. Raftery, Anal. Chem. 2003, 75,5116-5123, DOI 10.1021/
ac034400r.

55


https://doi.org/10.1016/j.mee.2019.02.005
https://doi.org/10.1039/b404497p
https://doi.org/10.3390/s140815458
https://doi.org/10.3390/s140815458
https://doi.org/10.1016/0022-2364(76)90233-X
https://doi.org/10.1016/0022-2364(76)90233-X
https://doi.org/10.1016/j.jmr.2011.08.005
https://doi.org/10.1016/j.jmr.2011.08.005
https://doi.org/10.1021/ac00094a003
https://doi.org/10.1021/ja00096a073
https://doi.org/10.1126/science.270.5244.1967
https://doi.org/10.1021/cr980140f
https://doi.org/10.1016/S0021-9673(01)00912-8
https://doi.org/10.1063/1.1359190
https://doi.org/10.1021/ja900389x
https://doi.org/10.1021/cr400063g
https://doi.org/10.1016/j.jmr.2015.11.011
https://doi.org/10.1016/j.jmr.2015.11.011
https://doi.org/10.1021/ac034400r
https://doi.org/10.1021/ac034400r

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]
[108]
[109]
[110]

[111]

[112]

[113]

[114]

[115]

K. Gobel, O. G. Gruschke, J. Leupold, Skin Res. Techn. 2015, 21, 61-68, DOI 10.1111/srt .
12157.

A. Causier, G. Carret, C. Boutin, T. Berthelot, P. Berthault, Lab Chip 20185, 15, 2049-2054, DOI
10.1039/C5LCO0193E.

D. J. Kennedy, S. J. Seltzer, R. Jiménez-Martinez, H. L. Ring, N. S. Malecek, S. Knappe, E. A.
Donley, J. Kitching, V. S. Bajaj, A. Pines, Sci. Rep. 2017, 7, 1-10, DOI 10.1038/srep43994.

M. Mompeén, R. M. Sdnchez-Donoso, A. de la Hoz, V. Saggiomo, A. H. Velders, M. V. Gomez,
Nat. Commun. 2018, 9, 1-8, DOI 10.1038/s41467-017-02575-0.

N. Sahin Solmaz, M. Grisi, A. V. Matheoud, G. Gualco, G. Boero, Anal. Chem. 2020, 92, 9782—
9789, DOI 10.1021/acs.analchem.0c01221.

H. Ryan, A. Smith, M. Utz, Lab Chip 2014, 14, 1678-1685, DOI 10.1039/C3LC51431E.

W. Hale, G. Rossetto, R. Greenhalgh, G. Finch, M. Utz, Lab Chip 2018, 18, 3018-3024, DOI
10.1039/C8LCO0712H.

U. L. Giinther in Modern NMR Methodology, (Eds.: H. Heise, S. Matthews), Topics in Current
Chemistry, Springer, Berlin, Heidelberg, 2013, pp. 23-69, DOI 10.1007/128_2011_229.

A. S. Lilly Thankamony, J. J. Wittmann, M. Kaushik, B. Corzilius, Prog. Nucl. Magn. Reson.
Spectrosc. 2017, 102-103, 120-195, DOI 10.1016/j . pnmrs.2017.06.002.

A. W. Overhauser, Phys. Rev. 1953, 92, 411-415, DOI 10.1103/PhysRev.92.411.

T. R. Carver, C. P. Slichter, Phys. Rev. 1953, 92, 212-213, DOI 10.1103/PhysRev.92.212.2.
I. Solomon, Phys. Rev. 1955, 99, 559-565, DOI 10.1103/PhysRev.99.559.

B. D. Armstrong, S. Han, J. Chem. Phys. 2007, 127, 104508, DOI 10.1063/1.2770465.

H. C. Dorn, R. Gitti, K. H. Tsai, T. E. Glass, Chem. Phys. Lett. 1989, 155, 227-232, DOI 10 .
1016/0009-2614(89)85354-0.

K. H. Tsai, H. C. Dorn, Appl. Magn. Reson. 1990, 1,231, DOI 10.1007/BF03166157.

H. C. Dorn, T. E. Glass, R. Gitti, K. H. Tsai, Appl. Magn. Reson. 1991, 2, 9, DOI 10 . 1007/
BF03166265.

S. Stevenson, H. C. Dorn, Anal. Chem. 1994, 66, 2993-2999, DOI 10.1021/ac00091a003.

S. Han, E. R. McCarney, B. D. Armstrong, M. D. Lingwood in Magnetic Resonance Microscopy,
John Wiley & Sons, Ltd, 2009, Chapter 11, pp. 161-176, DOI 10.1002/9783527626052.ch11.

56


https://doi.org/10.1111/srt.12157
https://doi.org/10.1111/srt.12157
https://doi.org/10.1039/C5LC00193E
https://doi.org/10.1038/srep43994
https://doi.org/10.1038/s41467-017-02575-0
https://doi.org/10.1021/acs.analchem.0c01221
https://doi.org/10.1039/C3LC51431E
https://doi.org/10.1039/C8LC00712H
https://doi.org/10.1007/128_2011_229
https://doi.org/10.1016/j.pnmrs.2017.06.002
https://doi.org/10.1103/PhysRev.92.411
https://doi.org/10.1103/PhysRev.92.212.2
https://doi.org/10.1103/PhysRev.99.559
https://doi.org/10.1063/1.2770465
https://doi.org/10.1016/0009-2614(89)85354-0
https://doi.org/10.1016/0009-2614(89)85354-0
https://doi.org/10.1007/BF03166157
https://doi.org/10.1007/BF03166265
https://doi.org/10.1007/BF03166265
https://doi.org/10.1021/ac00091a003
https://doi.org/10.1002/9783527626052.ch11

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

E. R. McCarney, B. D. Armstrong, M. D. Lingwood, S. Han, Proc. Natl. Acad. Sci. U. S. A. 2007,
104, 1754-1759, DOI 10.1073/pnas.0610540104.

M. D. Lingwood, T. A. Siaw, N. Sailasuta, B. D. Ross, P. Bhattacharya, S. Han, J. Magn. Reson.
2010, 205, 247-254, DOI 10. 1016/j .jmr.2010.05.008.

J. G. Krummenacker, V. P. Denysenkov, M. Terekhov, L. M. Schreiber, T. F. Prisner, J. Magn.
Reson. 2012, 215, 94-99, DOI 10.1016/j . jmr.2011.12.015.

V. Denysenkov, M. Terekhov, R. Maeder, S. Fischer, S. Zangos, T. Vogl, T. F. Prisner, Sci. Rep.
2017, 7, 1-10, DOI 10.1038/srep44010.

M. D. Lingwood, A. J. Sederman, M. D. Mantle, L. F. Gladden, S. Han, J. Magn. Reson. 2012,
216, 94-100, DOI 10. 1016/j .jmr.2012.01.007.

R. G. Griffin, T. F. Prisner, Phys Chem Chem Phys 2010, 12, 5737-5740, DOI 10 . 1039 /
c0cp90019b.

J. G. Krummenacker, V. P. Denysenkov, T. F. Prisner, Appl. Magn. Reson. 2012, 43, 139-146,
DOI 10.1007/s00723-012-0351-8.

M. Levien, M. Hiller, I. Tkach, M. Bennati, T. Orlando, J. Phys. Chem. Lett. 2020, 11, 1629-1635,
DOI 10.1021/acs. jpclett.0c00270.

G. Liu, M. Levien, N. Karschin, G. Parigi, C. Luchinat, M. Bennati, Nat. Chem. 2017, 9, 676-680,
DOI 10.1038/nchem.2723.

N. M. Loening, M. Rosay, V. Weis, R. G. Griffin, J. Am. Chem. Soc. 2002, 124, 8808-8809, DOI
10.1021/j2026660g.

P. Neugebauer, J. G. Krummenacker, V. P. Denysenkov, C. Helmling, C. Luchinat, G. Parigi, T.
F. Prisner, Phys. Chem. Chem. Phys. 2014, 16, 18781-18787, DOI 10.1039/C4ACP02451F.

T. Orlando, R. Dervisouglu, M. Levien, 1. Tkach, T. F. Prisner, L. B. Andreas, V. P. Denysenkov,
M. Bennati, Angew. Chem. Int. Ed. 2019, 58, 1402—-1406, DOI 10.1002/anie.201811892.

T. Dubroca, A. N. Smith, K. J. Pike, S. Froud, R. Wylde, B. Trociewitz, J. McKay, F. Mentink-
Vigier, J. van Tol, S. Wi, W. Brey, J. R. Long, L. Frydman, S. Hill, J. Magn. Reson. 2018, 289,
35-44,DOI 10.1016/j . jmr.2018.01.015.

D. Yoon, A. I. Dimitriadis, M. Soundararajan, C. Caspers, J. Genoud, S. Alberti, E. de Rijk, J.-P.
Ansermet, Anal. Chem. 2018, 90, 5620-5626, DOI 10.1021/acs.analchem.7b04700.

V. Denysenkov, M. J. Prandolini, M. Gafurov, D. Sezer, B. Endeward, T. F. Prisner, Phys. Chem.
Chem. Phys. 2010, 12, 5786-5790, DOI 10.1039/C003697H.

57


https://doi.org/10.1073/pnas.0610540104
https://doi.org/10.1016/j.jmr.2010.05.008
https://doi.org/10.1016/j.jmr.2011.12.015
https://doi.org/10.1038/srep44010
https://doi.org/10.1016/j.jmr.2012.01.007
https://doi.org/10.1039/c0cp90019b
https://doi.org/10.1039/c0cp90019b
https://doi.org/10.1007/s00723-012-0351-8
https://doi.org/10.1021/acs.jpclett.0c00270
https://doi.org/10.1038/nchem.2723
https://doi.org/10.1021/ja026660g
https://doi.org/10.1039/C4CP02451F
https://doi.org/10.1002/anie.201811892
https://doi.org/10.1016/j.jmr.2018.01.015
https://doi.org/10.1021/acs.analchem.7b04700
https://doi.org/10.1039/C003697H

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

V. Denysenkov, T. Prisner, J. Magn. Reson. 2012, 217,1-5,DOI 10.1016/j . jmr.2012.01.014.

P. Neugebauer, J. G. Krummenacker, V. P. Denysenkov, G. Parigi, C. Luchinat, T. F. Prisner, Phys.
Chem. Chem. Phys. 2013, 15, 6049-6056, DOI 10.1039/C3CP44461A.

J. A. Villanueva-Garibay, G. Annino, P. J. M. van Bentum, A. P. M. Kentgens, Phys. Chem. Chem.
Phys. 2010, 12, 5846-5849, DOI 10.1039/C002554M.

M. C. D. Tayler, S. B. G. J. van Meerten, A. P. M. Kentgens, P. J. M. van Bentum, Analyst 20185,
140, 6217-6221, DOI 10.1039/C5AN0O0772K.

S. G. J. van Meerten, M. C. D. Tayler, A. P. M. Kentgens, P. J. M. van Bentum, J. Magn. Reson.
2016, 267, 30-36, DOl 10.1016/j . jmr.2016.04.002.

B. D. Armstrong, M. D. Lingwood, E. R. McCarney, E. R. Brown, P. Bliimler, S. Han, J. Magn.
Reson. 2008, 191, 273-281, DOI 10.1016/j . jmr.2008.01.004.

S. Z. Kiss, N. MacKinnon, J. G. Korvink, Sci. Rep. 2021, 11,4671, DOI 10.1038/s41598-021~
83625-y.

T. Yalcin, G. Boero, Rev. Sci. Instrum. 2008, 79, 094105, DOI 10.1063/1.2969657.

J. Anders, A. Angerhofer, G. Boero, J. Magn. Reson. 2012, 217, 19-26, DOI 10.1016/j. jmr.
2012.02.003.

S. Kiinstner, A. Chu, K.-P. Dinse, A. Schnegg, J. E. McPeak, B. Naydenov, J. Anders, K. Lips,
Magn. Reson. Discuss. 2021, 1-16, DOI 10.5194/mr-2021-40.

G. Boero, G. Gualco, R. Lisowski, J. Anders, D. Suter, J. Brugger, J. Magn. Reson. 2013, 231,
133-140, DOI 10.1016/j . jmr.2013.04.004.

J. Handwerker, B. Schlecker, U. Wachter, P. Radermacher, M. Ortmanns, J. Anders in 2016
IEEE International Solid-State Circuits Conference (ISSCC), 2016, pp. 476-477, DOI 10.1109/
ISSCC.2016.7418114.

G. Gualco, J. Anders, A. Sienkiewicz, S. Alberti, L. Forrd, G. Boero, J. Magn. Reson. 2014, 247,
96-103, DOI 10. 1016/j .jmr.2014.08.013.

Y. Lee, Appl. Spectrosc. Rev. 2016, 51, 210-226, DOI 10.1080/05704928.2015.1116078.

K. V. Kovtunov, E. V. Pokochueva, O. G. Salnikov, S. F. Cousin, D. Kurzbach, B. Vuichoud, S.
Jannin, E. Y. Chekmenev, B. M. Goodson, D. A. Barskiy, I. V. Koptyug, Chem. Asian J. 2018, 13,
1857-1871, DOI 10.1002/asia.201800551.

A. C. Pinon, A. Capozzi, J. H. Ardenkjer-Larsen, Magn Reson Mater Phy 2021, 34, 5-23, DOI
10.1007/s10334-020-00894-w.

58


https://doi.org/10.1016/j.jmr.2012.01.014
https://doi.org/10.1039/C3CP44461A
https://doi.org/10.1039/C002554M
https://doi.org/10.1039/C5AN00772K
https://doi.org/10.1016/j.jmr.2016.04.002
https://doi.org/10.1016/j.jmr.2008.01.004
https://doi.org/10.1038/s41598-021-83625-y
https://doi.org/10.1038/s41598-021-83625-y
https://doi.org/10.1063/1.2969657
https://doi.org/10.1016/j.jmr.2012.02.003
https://doi.org/10.1016/j.jmr.2012.02.003
https://doi.org/10.5194/mr-2021-40
https://doi.org/10.1016/j.jmr.2013.04.004
https://doi.org/10.1109/ISSCC.2016.7418114
https://doi.org/10.1109/ISSCC.2016.7418114
https://doi.org/10.1016/j.jmr.2014.08.013
https://doi.org/10.1080/05704928.2015.1116078
https://doi.org/10.1002/asia.201800551
https://doi.org/10.1007/s10334-020-00894-w

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

K. Kouril, H. Koufilova, S. Bartram, M. H. Levitt, B. Meier, Nat. Commun. 2019, 10, 1-6, DOI
10.1038/s41467-019-09726-5.

J. Milani, B. Vuichoud, A. Bornet, P. Miéville, R. Mottier, S. Jannin, G. Bodenhausen, Rev. Sci.
Instrum. 2015, 86, 024101, DOI 10.1063/1.4908196.

B. Vuichoud, A. Bornet, F. de Nanteuil, J. Milani, E. Canet, X. Ji, P. Miéville, E. Weber, D.
Kurzbach, A. Flamm, R. Konrat, A. D. Gossert, S. Jannin, G. Bodenhausen, Chem. Eur. J. 2016,
22, 14696-14700, DOI 10.1002/chem.201602506.

T. Harris, C. Bretschneider, L. Frydman, J. Magn. Reson. 2011, 211, 96-100, DOI 10.1016/j .
jmr.2011.04.001.

P. Miéville, P. Ahuja, R. Sarkar, S. Jannin, P. R. Vasos, S. Gerber-Lemaire, M. Mishkovsky, A.
Comment, R. Gruetter, O. Ouari, P. Tordo, G. Bodenhausen, Angew. Chem. Int. Ed. 2010, 49,
6182-6185, DOI 10.1002/anie.201000934.

T. R. Eichhorn, Y. Takado, N. Salameh, A. Capozzi, T. Cheng, J.-N. Hyacinthe, M. Mishkovsky,
C. Roussel, A. Comment, Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 18064-18069, DOI 10.1073/
pnas.1314928110.

S. Jeong, R. Eskandari, S. M. Park, J. Alvarez, S. S. Tee, R. Weissleder, M. G. Kharas, H. Lee,
K. R. Keshari, Sci. Adv. 2017, 3, €1700341, DOI 10.1126/sciadv.1700341.

M. Sharma, G. Janssen, J. Leggett, A. P. M. Kentgens, P. J. M. van Bentum, J. Magn. Reson. 20185,
258,40-48, D01 10.1016/j. jmr.2015.06.007.

S. G. J. van Meerten, G. E. Janssen, A. P. M. Kentgens, J. Magn. Reson. 2020, 310, 106656, DOI
10. 1016/j .jmr.2019.106656.

A. Kastler, JOSA 1957, 47, 460—465, DOI 10.1364/J0SA.47.000460.

P. Nikolaou, A. M. Coffey, L. L. Walkup, B. M. Gust, N. Whiting, H. Newton, S. Barcus, L.
Muradyan, M. Dabaghyan, G. D. Moroz, M. S. Rosen, S. Patz, M. J. Barlow, E. Y. Chekmenev,
B. M. Goodson, Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 14150-14155, DOI 10.1073/pnas.
1306586110.

M. E. Limes, Z. L. Ma, E. G. Sorte, B. Saam, Phys. Rev. B 2016, 94, 094309, DOI 10 . 1103/
PhysRevB.94.094309.

A.J. Moulé, M. M. Spence, S.-1. Han, J. A. Seeley, K. L. Pierce, S. Saxena, A. Pines, Proc. Natl.
Acad. Sci. U. S. A. 2003, 100, 9122-9127, DOI 10.1073/pnas . 1133497100.

59


https://doi.org/10.1038/s41467-019-09726-5
https://doi.org/10.1063/1.4908196
https://doi.org/10.1002/chem.201602506
https://doi.org/10.1016/j.jmr.2011.04.001
https://doi.org/10.1016/j.jmr.2011.04.001
https://doi.org/10.1002/anie.201000934
https://doi.org/10.1073/pnas.1314928110
https://doi.org/10.1073/pnas.1314928110
https://doi.org/10.1126/sciadv.1700341
https://doi.org/10.1016/j.jmr.2015.06.007
https://doi.org/10.1016/j.jmr.2019.106656
https://doi.org/10.1364/JOSA.47.000460
https://doi.org/10.1073/pnas.1306586110
https://doi.org/10.1073/pnas.1306586110
https://doi.org/10.1103/PhysRevB.94.094309
https://doi.org/10.1103/PhysRevB.94.094309
https://doi.org/10.1073/pnas.1133497100

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

J. A. Seeley, S.-1. Han, A. Pines, J. Magn. Reson. 2004, 167, 282-290, DOI 10.1016/j . jmr .
2003.12.018.

K. Knagge, J. R. Smith, L. J. Smith, J. Buriak, D. Raftery, Solid State Nucl. Magn. Reson., Special
Issue Honouring Prof. Alexander Pines on His 60th Birthday 2006, 29, 85-89, DOI 10.1016/j .
ssnmr.2005.10.001.

E. Weiland, M.-A. Springuel-Huet, A. Nossov, A. Gédéon, Microporous and Mesoporous Mate-
rials 2016, 225, 41-65, DOI 10.1016/j .micromeso.2015.11.025.

T. M. Tierney, N. Holmes, S. Mellor, J. D. Lépez, G. Roberts, R. M. Hill, E. Boto, J. Leggett, V.
Shah, M. J. Brookes, R. Bowtell, G. R. Barnes, Neurolmage 2019, 199, 598-608, DOI 10.1016/
j.neuroimage.2019.05.063.

J. W. Blanchard, D. Budker in eMagRes, 2016, pp. 1395-1410, DOI 10.1002/9780470034590.

emrstm1369.

J. W. Blanchard, T. Wu, J. Eills, Y. Hu, D. Budker, J. Magn. Reson. 2020, 314, 106723, DOI
10.1016/3 . jmr.2020.106723.

R. Jiménez-Martinez, D. J. Kennedy, M. Rosenbluh, E. A. Donley, S. Knappe, S. J. Seltzer, H. L.
Ring, V. S. Bajaj, J. Kitching, Nat. Commun. 2014, 5, 3908, DOI 10.1038/ncomms4908.

B. C. Grover, Phys. Rev. Lett. 1978, 40, 391-392, DOI 10.1103/PhysRevLett.40.391.

R. Straessle, M. Pellaton, C. Affolderbach, Y. Pétremand, D. Briand, G. Mileti, N. F. de Rooij,
Appl. Phys. Lett. 2014, 105, 043502, DOI 10.1063/1.4891248.

L. Schroder, Physica Medica 2013, 29, 3—16, DOI 10.1016/j.ejmp.2011.11.001.

P. Berthault, C. Boutin, C. Martineau-Corcos, G. Carret, Prog. Nucl. Magn. Reson. Spectrosc.
2020, /718-119,74-90, DOI 10.1016/j .pnmrs.2020.03.002.

D. Baumer, E. Brunner, P. Bliimler, P. P. Zanker, H. W. Spiess, Angew. Chem. Int. Ed. 2006, 45,
7282-7284, DOI 10.1002/anie.200601008.

Z. 1. Cleveland, H. E. Moller, L. W. Hedlund, B. Driehuys, J. Phys. Chem. B 2009, 113, 12489—
12499, DOI 10.1021/jp9049582.

N. Amor, K. Hamilton, M. Kiippers, U. Steinseifer, S. Appelt, B. Bliimich, T. Schmitz-Rode,
ChemPhysChem 2011, 12, 2941-2947, DOI 10.1002/cphc.201100446.

A. E. Truxal, C. C. Slack, M. D. Gomes, C. C. Vassiliou, D. E. Wemmer, A. Pines, Angew. Chem.
Int. Ed. 2016, 55, 4666—4670, DOI 10.1002/anie.201511539.

60


https://doi.org/10.1016/j.jmr.2003.12.018
https://doi.org/10.1016/j.jmr.2003.12.018
https://doi.org/10.1016/j.ssnmr.2005.10.001
https://doi.org/10.1016/j.ssnmr.2005.10.001
https://doi.org/10.1016/j.micromeso.2015.11.025
https://doi.org/10.1016/j.neuroimage.2019.05.063
https://doi.org/10.1016/j.neuroimage.2019.05.063
https://doi.org/10.1002/9780470034590.emrstm1369
https://doi.org/10.1002/9780470034590.emrstm1369
https://doi.org/10.1016/j.jmr.2020.106723
https://doi.org/10.1038/ncomms4908
https://doi.org/10.1103/PhysRevLett.40.391
https://doi.org/10.1063/1.4891248
https://doi.org/10.1016/j.ejmp.2011.11.001
https://doi.org/10.1016/j.pnmrs.2020.03.002
https://doi.org/10.1002/anie.200601008
https://doi.org/10.1021/jp9049582
https://doi.org/10.1002/cphc.201100446
https://doi.org/10.1002/anie.201511539

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

S. Wagner, Magn Reson Mater Phy 2014, 27, 195-199, DOI 10.1007/s10334-013-0399-y.

C. R. Bowers, D. P. Weitekamp, J. Am. Chem. Soc. 1987, 109, 5541-5542, DOI 10 . 1021/
j2002522a049.

T. C. Eisenschmid, R. U. Kirss, P. P. Deutsch, S. I. Hommeltoft, R. Eisenberg, J. Bargon, R. G.
Lawler, A. L. Balch, J. Am. Chem. Soc. 1987, 109, 8089-8091, DOI 10.1021/j2a00260a026.

R. A. Green, R. W. Adams, S. B. Duckett, R. E. Mewis, D. C. Williamson, G. G. R. Green, Prog.
Nucl. Magn. Reson. Spectrosc. 2012, 67, 1-48, DOI 10.1016/j .pnmrs.2012.03.001.

S. B. Duckett, R. E. Mewis in Hyperpolarization Methods in NMR Spectroscopy, (Ed.: L. T.
Kuhn), Topics in Current Chemistry, Springer, Berlin, Heidelberg, 2013, pp. 75-103, DOI 10 .
1007/128_2012_388.

F. Reineri, A. Viale, W. Dastru, R. Gobetto, S. Aime, Contrast Media Mol. Imaging 2011, 6, 77—
84, DOI 10.1002/cmmi . 407.

S. Gloggler, J. Colell, S. Appelt, J. Magn. Reson. 2013, 235, 130-142, DOI 10.1016/j . jmr.
2013.07.010.

E. V. Pokochueva, D. B. Burueva, O. G. Salnikov, I. V. Koptyug, ChemPhysChem, n/a, DOI
10.1002/cphc.202100153.

G. Stevanato in Long-Lived Nuclear Spin Order, 2020, pp. 209-225, DOI 10.1039/9781788019972~
00209.

A.B. Permin, R. Eisenberg, J. Am. Chem. Soc. 2002, 124, 1240612407, DOI 10.1021/ja026698t.

C. Godard, S. B. Duckett, C. Henry, S. Polas, R. Toose, A. C. Whitwood, Chem. Commun. 2004,
1826-1827, DOI 10.1039/B404547E.

A. Harthun, R. Selke, J. Bargon, Angew. Chem. Int. Ed. 1996, 35, 2505-2507, DOI 10 . 1002/
anie.199625051.

L. Dagys, B. Ripka, M. Leutzsch, G. A. I. Moustafa, J. Eills, J. F. P. Colell, M. H. Levitt, Magn.
Reson. 2020, 1, 175-186, DOI 10.5194/mr-1-175-2020.

J. Eills, G. Stevanato, C. Bengs, S. Gloggler, S. J. Elliott, J. Alonso-Valdesueiro, G. Pileio, M. H.
Levitt, J. Magn. Reson. 2017, 274, 163172, DOI 10.1016/j . jmr.2016.11.010.

Y. Zhang, P. C. Soon, A. Jerschow, J. W. Canary, Angew. Chem. Int. Ed. 2014, 53, 33963399,
DOI 10.1002/anie.201310284.

61


https://doi.org/10.1007/s10334-013-0399-y
https://doi.org/10.1021/ja00252a049
https://doi.org/10.1021/ja00252a049
https://doi.org/10.1021/ja00260a026
https://doi.org/10.1016/j.pnmrs.2012.03.001
https://doi.org/10.1007/128_2012_388
https://doi.org/10.1007/128_2012_388
https://doi.org/10.1002/cmmi.407
https://doi.org/10.1016/j.jmr.2013.07.010
https://doi.org/10.1016/j.jmr.2013.07.010
https://doi.org/10.1002/cphc.202100153
https://doi.org/10.1039/9781788019972-00209
https://doi.org/10.1039/9781788019972-00209
https://doi.org/10.1021/ja026698t
https://doi.org/10.1039/B404547E
https://doi.org/10.1002/anie.199625051
https://doi.org/10.1002/anie.199625051
https://doi.org/10.5194/mr-1-175-2020
https://doi.org/10.1016/j.jmr.2016.11.010
https://doi.org/10.1002/anie.201310284

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

J. Eills, E. Cavallari, R. Kircher, G. D. Matteo, C. Carrera, L. Dagys, M. H. Levitt, K. L. Ivanov,
S. Aime, F. Reineri, K. Miinnemann, D. Budker, G. Buntkowsky, S. Knecht, Angew. Chem. Int.
Ed. 2021, 60, 6791-6798, DOI 10.1002/anie.202014933.

M. Emondsts, J. F. P. Colell, B. Bliimich, P. P. M. Schleker, Phys. Chem. Chem. Phys. 2017, 19,
2193321937, DOI 10.1039/C7CP04296E.

M. Itoda, Y. Naganawa, M. Ito, H. Nonaka, S. Sando, RSC Adv. 2019, 9, 18183-18190, DOI
10.1039/C9RA02580D.

V. V. Zhivonitko, K. V. Kovtunov, I. V. Skovpin, D. A. Barskiy, O. G. Salnikov, I. V. Koptyug
in Understanding Organometallic Reaction Mechanisms and Catalysis, John Wiley & Sons, Ltd,
2014, Chapter 7, pp. 145-186, DOI 10.1002/9783527678211 . ch7.

P. Hiibler, R. Giernoth, G. Kiimmerle, J. Bargon, J. Am. Chem. Soc. 1999, 121, 5311-5318, DOI
10.1021/ja984353y.

L. Buljubasich, M. B. Franzoni, K. Miinnemann in Hyperpolarization Methods in NMR Spec-
troscopy, (Ed.: L. T. Kuhn), Topics in Current Chemistry, Springer, Berlin, Heidelberg, 2013,
pp- 33-74, DOI 10.1007/128_2013_420.

K. Tokmic, R. B. Greer, L. Zhu, A. R. Fout, J. Am. Chem. Soc. 2018, 140, 14844-14850, DOI
10.1021/jacs.8b08614.

I. V. Skovpin, V. V. Zhivonitko, 1. V. Koptyug, Appl. Magn. Reson. 2011, 41, 393-410, DOI
10.1007/s00723-011-0255-z.

K. V. Kovtunov, O. G. Salnikov, V. V. Zhivonitko, I. V. Skovpin, V. I. Bukhtiyarov, I. V. Koptyug,
Top. Catal. 2016, 59, 1686—1699, DOI 10.1007/s11244-016-0688-6.

M. Roth, P. Kindervater, H.-P. Raich, J. Bargon, H. W. Spiess, K. Miinnemann, Angew. Chem. Int.
Ed. 2010, 49, 8358-8362, DOI 10.1002/anie.201002725.

S. Lehmkuhl, M. Wiese, L. Schubert, M. Held, M. Kiippers, M. Wessling, B. Bliimich, J. Magn.
Reson. 2018, 291, 8-13, DOI 10.1016/j . jmr.2018.03.012.

L. Bordonali, N. Nordin, E. Fuhrer, N. MacKinnon, J. G. Korvink, Lab Chip 2019, 19, 503-512,
DOI 10.1039/C8LC0O1259H.

K. V. Kovtunov, V. V. Zhivonitko, I. V. Skovpin, D. A. Barskiy, I. V. Koptyug in Hyperpolarization
Methods in NMR Spectroscopy, (Ed.: L. T. Kuhn), Topics in Current Chemistry, Springer, Berlin,
Heidelberg, 2013, pp. 123-180, DOI 10.1007/128_2012_371.

R. Sharma, L.-S. Bouchard, Sci. Rep. 2012, 2, 277, DOI 10.1038/srep00277.

62


https://doi.org/10.1002/anie.202014933
https://doi.org/10.1039/C7CP04296E
https://doi.org/10.1039/C9RA02580D
https://doi.org/10.1002/9783527678211.ch7
https://doi.org/10.1021/ja984353y
https://doi.org/10.1007/128_2013_420
https://doi.org/10.1021/jacs.8b08614
https://doi.org/10.1007/s00723-011-0255-z
https://doi.org/10.1007/s11244-016-0688-6
https://doi.org/10.1002/anie.201002725
https://doi.org/10.1016/j.jmr.2018.03.012
https://doi.org/10.1039/C8LC01259H
https://doi.org/10.1007/128_2012_371
https://doi.org/10.1038/srep00277

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

K. V. Kovtunov, V. V. Zhivonitko, L. Kiwi-Minsker, I. V. Koptyug, Chem. Commun. 2010, 46,
5764-5766, DOI 10.1039/C0CC01411G.

S. Gloggler, A. M. Grunfeld, Y. N. Ertas, J. McCormick, S. Wagner, P. P. M. Schleker, L.-S.
Bouchard, Angew. Chem. Int. Ed. 2015, 54, 2452-2456, DOI 10.1002/anie.201409027.

F. Reineri, T. Boi, S. Aime, Nat. Commun. 2015, 6, 5858, DOI 10.1038/ncomms6858.

R. W. Adams, J. A. Aguilar, K. D. Atkinson, M. J. Cowley, P. 1. P. Elliott, S. B. Duckett, G. G. R.
Green, 1. G. Khazal, J. Lépez-Serrano, D. C. Williamson, Science 2009, 323, 1708-1711, DOI
10.1126/science.1168877.

D. A. Barskiy, S. Knecht, A. V. Yurkovskaya, K. L. Ivanov, Prog. Nucl. Magn. Reson. Spectrosc.
2019, /714-115,33-70,DOI 10.1016/j .pnmrs.2019.05.005.

R. V. Shchepin, J. R. Birchall, N. V. Chukanov, K. V. Kovtunov, I. V. Koptyug, T. Theis, W. S.
Warren, J. G. Gelovani, B. M. Goodson, S. Shokouhi, M. S. Rosen, Y.-F. Yen, W. Pham, E. Y.
Chekmenev, Chem. Eur. J. 2019, 25, 8829-8836, DOI 10.1002/chem.201901192.

P. M. Richardson, R. O. John, A. J. Parrott, P. J. Rayner, W. Iali, A. Nordon, M. E. Halse, S. B.
Duckett, Phys. Chem. Chem. Phys. 2018, 20, 26362-26371, DOI 10.1039/C8CP05473H.

S. S. Roy, K. M. Appleby, E. J. Fear, S. B. Duckett, J. Phys. Chem. Lett. 2018, 9, 1112-1117,
DOI 10.1021/acs. jpclett.7b03026.

W. Iali, P. J. Rayner, S. B. Duckett, Sci. Adv. 2018, 4, eaa06250, DO1 10.1126/sciadv.aa06250.

E. Cavallari, C. Carrera, S. Aime, F. Reineri, ChemPhysChem 2019, 20, 318-325, DOI 10.1002/
cphc.201800652.

A. N. Pravdivtsev, A. V. Yurkovskaya, H.-M. Vieth, K. L. Ivanov, J. Phys. Chem. B 2015, 119,
13619-13629, DOI 10.1021/acs. jpcb.5b03032.

S. Knecht, A. S. Kiryutin, A. V. Yurkovskaya, K. L. Ivanov, Mol. Phys. 2019, 117, 2762-2771,
DOI 10.1080/00268976.2018.1515999.

S. J. Ostrowska, A. Rana, M. Utz, ChemPhysChem, Early view, DOl 10.1002/cphc.202100135.

S. Knecht, J. W. Blanchard, D. Barskiy, E. Cavallari, L. Dagys, E. V. Dyke, M. Tsukanov, B.
Bliemel, K. Miinnemann, S. Aime, F. Reineri, M. H. Levitt, G. Buntkowsky, A. Pines, P. Bliimler,
D. Budker, J. Eills, Proc. Natl. Acad. Sci. U. S. A. 2021, 118, DOI 10.1073/pnas.2025383118.

D. B. Burueva, L. M. Kovtunova, V. I. Bukhtiyarov, K. V. Kovtunov, I. V. Koptyug, Chem. Eur. J.
2019, 25, 1420-1431, DOI 10.1002/chem.201803515.

63


https://doi.org/10.1039/C0CC01411G
https://doi.org/10.1002/anie.201409027
https://doi.org/10.1038/ncomms6858
https://doi.org/10.1126/science.1168877
https://doi.org/10.1016/j.pnmrs.2019.05.005
https://doi.org/10.1002/chem.201901192
https://doi.org/10.1039/C8CP05473H
https://doi.org/10.1021/acs.jpclett.7b03026
https://doi.org/10.1126/sciadv.aao6250
https://doi.org/10.1002/cphc.201800652
https://doi.org/10.1002/cphc.201800652
https://doi.org/10.1021/acs.jpcb.5b03032
https://doi.org/10.1080/00268976.2018.1515999
https://doi.org/10.1002/cphc.202100135
https://doi.org/10.1073/pnas.2025383118
https://doi.org/10.1002/chem.201803515

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

J. Li, M. E. Stephanopoulos, Y. Xia, Chem. Rev. 2020, 120, 11699-11702, DOI 10.1021/acs.
chemrev.0c01097.

L.-S. Bouchard, S. R. Burt, M. S. Anwar, K. V. Kovtunov, I. V. Koptyug, A. Pines, Science 2008,
319, 442-445,DOI 10.1126/science.1151787.

V.-V. Telkki, V. V. Zhivonitko, S. Ahola, K. V. Kovtunov, J. Jokisaari, I. V. Koptyug, Angew.
Chem. Int. Ed. 2010, 49, 8363-8366, DOI 10.1002/anie.201002685.

V. V. Zhivonitko, V.-V. Telkki, I. V. Koptyug, Angew 2012, 124, 8178-8182, DOI 10.1002/ange .
201202967.

V. V. Zhivonitko, V.-V. Telkki, J. Leppédniemi, G. Scotti, S. Franssila, I. V. Koptyug, Lab Chip
2013, /3, 1554-1561, DOI 10.1039/C3LC41309H.

X. Zeng, E. Miron, W. A. Van Wijngaarden, D. Schreiber, W. Happer, Phys. Lett. A 1983, 96,
191-194, DOI 10.1016/0375-9601(83)90702-8.

E. E. McDonnell, S. Han, C. Hilty, K. L. Pierce, A. Pines, Anal. Chem. 2005, 77, 8109-8114,
DOI 10.1021/ac051320+.

C. Hilty, E. E. McDonnell, J. Granwehr, K. L. Pierce, S.-1. Han, A. Pines, Proc. Natl. Acad. Sci.
U. S. A. 2005, 102, 14960-14963, DOI 10.1073/pnas.0507566102.

S. Han, J. Granwehr, S. Garcia, E. E. McDonnell, A. Pines, J. Magn. Reson. 2006, 182, 260-272,
DOI 10.1016/j. jmr.2006.06.024.

V. S. Bajaj, J. Paulsen, E. Harel, A. Pines, Science 2010, 330, 1078-1081, DOI 10 . 1126/
science.1192313.

R. Kaptein, J. L. Oosterhoft, Chem. Phys. Lett. 1969, 4, 195-197, DOI 10.1016/0009-2614(69)
80098-9.

G. L. Closs, J. Am. Chem. Soc. 1969, 91, 45524554, DOI 10.1021/3ja01044a043.

Y. Okuno, M. F. Mecha, H. Yang, L. Zhu, C. G. Fry, S. Cavagnero, Proc. Natl. Acad. Sci. U. S. A.
2019, 116, 11602—-11611, DOI 10.1073/pnas.1820573116.

A. M. R. Hall, R. Broomfield-Tagg, M. Camilleri, D. R. Carbery, A. Codina, D. T. E. Whit-
taker, S. Coombes, J. P. Lowe, U. Hintermair, Chem. Commun. 2017, 54, 30-33, DOI 10.1039/
C7CCO7059D.

D. Cambié, C. Bottecchia, N. J. W. Straathof, V. Hessel, T. Noél, Chem. Rev. 2016, 116, 10276—
10341, DOI 10.1021/acs.chemrev.5b00707.

64


https://doi.org/10.1021/acs.chemrev.0c01097
https://doi.org/10.1021/acs.chemrev.0c01097
https://doi.org/10.1126/science.1151787
https://doi.org/10.1002/anie.201002685
https://doi.org/10.1002/ange.201202967
https://doi.org/10.1002/ange.201202967
https://doi.org/10.1039/C3LC41309H
https://doi.org/10.1016/0375-9601(83)90702-8
https://doi.org/10.1021/ac051320+
https://doi.org/10.1073/pnas.0507566102
https://doi.org/10.1016/j.jmr.2006.06.024
https://doi.org/10.1126/science.1192313
https://doi.org/10.1126/science.1192313
https://doi.org/10.1016/0009-2614(69)80098-9
https://doi.org/10.1016/0009-2614(69)80098-9
https://doi.org/10.1021/ja01044a043
https://doi.org/10.1073/pnas.1820573116
https://doi.org/10.1039/C7CC07059D
https://doi.org/10.1039/C7CC07059D
https://doi.org/10.1021/acs.chemrev.5b00707

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

P. J. Hore, S. L. Winder, C. H. Roberts, C. M. Dobson, J. Am. Chem. Soc. 1997, 119, 5049-5050,
DOI 10.1021/ja9644135.

K. H. Mok, T. Nagashima, 1. J. Day, J. A. Jones, C. J. V. Jones, C. M. Dobson, P. J. Hore, J. Am.
Chem. Soc. 2003, 125, 12484—-12492, DOI 10.1021/ja036357v.

J. Hore, R. W. Broadhurst, Prog. Nucl. Magn. Reson. Spectrosc. 1993, 25, 345-402, DOI 10 .
1016/0079-6565(93)80002-B.

L. T. Kuhn in Hyperpolarization Methods in NMR Spectroscopy, (Ed.: L. T. Kuhn), Topics in
Current Chemistry, Springer, Berlin, Heidelberg, 2013, pp. 229-300, DOI 10.1007/128_2013_
427.

L. Basso, M. Cazzanelli, M. Orlandi, A. Miotello, Appl Sci 2020, 10, 4094, DOI 10 . 3390/
app10124094.

D. Suter, F. Jelezko, Progress in Nuclear Magnetic Resonance Spectroscopy 2017, 98-99, 50-62,
DOI 10.1016/j .pnmrs.2016.12.001.

L. Robledo, H. Bernien, T. van der Sar, R. Hanson, New J. Phys. 2011, 13, 025013, DOI 10 .
1088/1367-2630/13/2/025013.

G. Chatzidrosos, A. Wickenbrock, L. Bougas, N. Leefer, T. Wu, K. Jensen, Y. Dumeige, D. Bud-
ker, Phys. Rev. Appl. 2017, 8, 044019, DOI 10.1103/PhysRevApplied.8.044019.

G. A. Alvarez, C. O. Bretschneider, R. Fischer, P. London, H. Kanda, S. Onoda, J. Isoya, D.
Gershoni, L. Frydman, Nat. Commun. 2015, 6, 8456, DOI 10.1038/ncomms9456.

K. Jeong, 2016, DOI 10.6564/JKMRS .2016.20.4.114.

A. Ajoy, K. Liu, R. Nazaryan, X. Lv, P. R. Zangara, B. Safvati, G. Wang, D. Arnold, G. Li, A. Lin,
P. Raghavan, E. Druga, S. Dhomkar, D. Pagliero, J. A. Reimer, D. Suter, C. A. Meriles, A. Pines,
Sci. Adv. 2018, 4, eaar5492, DOI 10.1126/sciadv.aar5492.

D. E. J. Waddington, T. Boele, E. Rej, D. R. McCamey, N. J. C. King, T. Gaebel, D. J. Reilly, Sci.
Rep. 2019, 9, 5950, DOI 10.1038/s41598-019-42373-w.

D. Abrams, M. E. Trusheim, D. R. Englund, M. D. Shattuck, C. A. Meriles, Nano Lett. 2014, 14,
2471-2478, DOI 10.1021/n1500147b.

J.-P. Tetienne, L. T. Hall, A. J. Healey, G. A. L. White, M.-A. Sani, F. Separovic, L. C. L. Hollen-
berg, Phys. Rev. B 2021, 103, 014434, DOI 10.1103/PhysRevB.103.014434,

D. A. Broadway, J.-P. Tetienne, A. Stacey, J. D. A. Wood, D. A. Simpson, L. T. Hall, L. C. L.
Hollenberg, Nat. Commun. 2018, 9, 1-8, DOI 10.1038/s41467-018-03578-1.

65


https://doi.org/10.1021/ja9644135
https://doi.org/10.1021/ja036357v
https://doi.org/10.1016/0079-6565(93)80002-B
https://doi.org/10.1016/0079-6565(93)80002-B
https://doi.org/10.1007/128_2013_427
https://doi.org/10.1007/128_2013_427
https://doi.org/10.3390/app10124094
https://doi.org/10.3390/app10124094
https://doi.org/10.1016/j.pnmrs.2016.12.001
https://doi.org/10.1088/1367-2630/13/2/025013
https://doi.org/10.1088/1367-2630/13/2/025013
https://doi.org/10.1103/PhysRevApplied.8.044019
https://doi.org/10.1038/ncomms9456
https://doi.org/10.6564/JKMRS.2016.20.4.114
https://doi.org/10.1126/sciadv.aar5492
https://doi.org/10.1038/s41598-019-42373-w
https://doi.org/10.1021/nl500147b
https://doi.org/10.1103/PhysRevB.103.014434
https://doi.org/10.1038/s41467-018-03578-1

[249]

[250]

[251]

[252]

[253]

F. Shagieva, S. Zaiser, P. Neumann, D. B. R. Dasari, R. Stohr, A. Denisenko, R. Reuter, C. A. Mer-
iles, J. Wrachtrup, Nano Lett. 2018, 18, 3731-3737, DOI 10.1021/acs .nanolett.8b00925.

A. Henstra, P. Dirksen, J. Schmidt, W. T. Wenckebach, J. Magn. Reson. 1988, 77, 389-393, DOI
10.1016/0022-2364(88)90190-4.

D. E. J. Waddington, M. Sarracanie, H. Zhang, N. Salameh, D. R. Glenn, E. Rej, T. Gaebel, T.
Boele, R. L. Walsworth, D. J. Reilly, M. S. Rosen, Nat. Commun. 2017, 8, 1-8, DOI 10.1038/

ncomms15118.

F. C.Ziem, N. S. Gotz, A. Zappe, S. Steinert, J. Wrachtrup, Nano Lett. 2013, 13, 40934098, DOI
10.1021/n1401522a

J. Smits, J. T. Damron, P. Kehayias, A. F. McDowell, N. Mosavian, 1. Fescenko, N. Ristoff,
A. Laraoui, A. Jarmola, V. M. Acosta, Sci. Adv. 2019, 5, eaaw7895, DOI 10 . 1126 /sciadv .
aaw73895.

10 Glossary

AVAM: Alkali vapour atomic magnetometer

CIDNP: Chemically-induced dynamic nuclear polarization
cLOD:  Concentration limit of detection

COSY: Correlation Spectroscopy

D-DNP: Dissolution dynamic nuclear polarization

dc: Direct current DNA:  Deoxyribonucleic acid

DNP:  Dynamic nuclear polarization

EPR: Electron paramagnetic resonance

ESLAC: Excited-state level anti-crossing

GSLAC:  Ground-state level anti-crossing

HPLC: High-performance liquid chromatography

HSQC: Heteronuclear single quantum correlation

LD.: Inner diameter

LC-NMR: Liquid chromatography nuclear magnetic resonance
MRI: Magnetic resonance imaging

UTAS: Miniaturized total analysis system

nLOD:  Number limit of detection

NMR: Nuclear magnetic resonance
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Figure 22: TOC Figure: Hyperpolarization techniques are used to boost the intensity of selected NMR
signals.

NOVEL:  Nuclear spin orientation via electron spin locking

NV: Nitrogen vacancy

NV-DNP:  Nitrogen vacancy dynamic nuclear polarization

OPM: Optically-pumped magnetometer

PASADENA:  Parahydrogen and synthesis allow dramatically-enhanced nuclear alignment
PCR:  Polymerase chain reaction

PDMS: Polydimethylsiloxane

PHIP:  Parahydrogen-induced polarization

photo-CIDNP: Photo-chemically induced dynamic nuclear polarization

PMMA:  Poly(methyl methacrylate)

rf: Radiofrequency

RF-SABRE:  Radiofrequency signal amplification by reversible exchange

SABRE: Signal amplification by reversible exchange

SEOP: Spin-exchange optical pumping

SLIC-SABRE: Spin-lock induced crossing signal amplification by reversible exchange
TEMPO: (2,2,6,6-tetramethylpiperidin-1-yl)oxyl

TEMPOL:  4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl

TOF:  Time-of-flight

ZULF:  Zero- to ultralow-field
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