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Abstract
Modern NMR spectroscopy has reached an unprecedented level of sophistication in the
determination of biomolecular structure and dynamics at atomic resolution in liquids. However,
the sensitivity of this technique is still too low to solve a variety of cutting-edge biological
problems in solution, especially those that involve viscous samples, very large biomolecules or
aggregation-prone systems that need to be kept at low concentration. Despite the challenges, a
variety of efforts have been carried out over the years to increase sensitivity of NMR spectroscopy
in liquids. This review discusses basic concepts, recent developments and future opportunities in
this exciting area of research.
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1. Basic concepts and well-established advances
Fundamental concepts

While early nuclear magnetic resonance observations were performed on bulk materials and
simple molecules such as paraffin and water [1], the technique has now become much more
sophisticated and NMR data are routinely collected in solution on dilute biological
macromolecules at concentrations typically ranging from 100 μM to 10 mM. The atomic
resolution of NMR spectroscopy and its high information content, which includes both
structure and dynamics in solution [2], render it an exceptional tool in biology. Yet the poor
sensitivity of NMR is still a challenge.

For spin-1/2 nuclei, the magnetization, which is proportional to the NMR resonance
intensity (i.e., the signal), can be generally defined as
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(1)

where γ denotes the nuclear gyromagnetic ratio, ħ is the Planck’s constant divided by 2π, N
is the total number of spins, and P is the nuclear polarization, defined as

(2)

where Nα and Nβ are the number of α and β spins, respectively. It is useful to keep in mind
that P is often expressed as a percent polarization P%, with P% = P × 100.

At thermal equilibrium, the Boltzmann distribution applies, and the above relations can be
expressed as

(3)

where T is the absolute temperature, B0 is the applied magnetic field and kB is the
Boltzmann constant [3]. At physiologically relevant temperatures, P% is extremely small
even at very high applied fields. For instance, the 1H percent polarization in a 1,000 MHz
NMR spectrometer is only 0.008% at room temperature.

Despite the small intrinsic polarization, spectroscopic sensitivity can be high if the noise
level is small. This concept follows from the definition of sensitivity [4] expressed as signal-
to-noise per unit time

(4)

In the above relation, S is the signal peak amplitude, t is the total NMR experimental time,
σN is the r.m.s. noise amplitude, and <Nptp> is the peak-to-peak noise amplitude within 100
zero crossings, where <Nptp> ≅ 5.0 σN [4]. Here, the term amplitude is regarded as
equivalent to height. Note that both S and σN are known to be intrinsically time-dependent
and to increase linearly with t and , respectively [4]. Therefore, dividing the signal-to-
noise ratio by  in eq. (4) renders the NMR sensitivity (S/N)t independent of the total
experiment time.

A more explicit description of the magnetic field (Bo) and gyromagnetic ratio (γ)
dependence of the signal-to-noise S/N can be obtained upon considering: 1) the relation M

∝ γ2Bo, which is evident from eqns (1) and (3) when ) the linear dependence of
the voltage measured across the NMR receiver coil on γBo, i.e., the magnetization
oscillation frequency, and 3) the noise dependence on (γBo)½. The combination of the above
effects yields [5–7]
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(5)

Note that, depending on different assumptions on noise level and instrumental factors,
slightly different Bo and γ power dependencies of S/N have in some cases been reported [8,
9].

Remarkably, a number of key advances in NMR over the last few decades led to remarkable
improvements in sensitivity. As a result, the current sensitivity of NMR spectroscopy is not
so different from that of other techniques characterized by much more favorable Boltzmann
factors (e.g., electron paramagnetic resonance, infrared spectroscopy). However, NMR
sensitivity is currently largely inferior to that of other spectroscopic techniques, e.g.,
fluorescence, whose detection limit has recently been stretched down to the single-molecule
level. This review documents ongoing efforts to render solution NMR a more sensitive
technique, with emphasis on biomolecular applications.

Some well-established advances
Given that the NMR signal-to-noise increases nonlinearly with magnetic field Bo (i.e.,
proportional to ~ Bo

3/2, see eqn (5)), high applied magnetic fields have been traditionally
recognized as the most straightforward means to enhance NMR sensitivity. The introduction
of superconducting magnets paved the way to enhanced spin polarization at very high fields,
nowadays reaching up to 23.5 T (corresponding to 1,000 MHz). In addition, Fourier-
transform pulsed NMR, delivering short radiofrequency pulses covering a wide range of
excitation frequencies at once, eliminated the need for frequency scanning and enabled the
fast accumulation of multiple transients in a short time, leading to a dramatic ≥ 100-fold
increase in sensitivity [4]. Receiver coils composed of materials with very small magnetic
susceptibility enabled minimal magnetic field distortions, improving lineshapes and signal-
to-noise. The active sample volume has also increased due to improvements in shimming
technology, leading to a larger number of detectable NMR-active nuclei [10]. The use of
analog filters in combination with time-domain oversampling followed by digital filtering
led to the elimination of aliased noise, contributing to improved sensitivity [3, 10]. Recently,
the introduction of cryogenic probes led to a significant reduction in noise level via cooling
of receiver coils and preamplifiers down to approximately 20 K and 80 K, respectively [11].

Heteronuclear NOE (Nuclear Overhauser Effect) [12] can be employed when sensitive and
insensitive nuclei are in close spatial proximity. For instance, 1H saturation, producing
steady-state NOE, leads to higher 13C sensitivity. In addition, INEPT (Insensitive Nuclei
Enhanced by Polarization Transfer) [13] pulse scheme can be used to transfer magnetization
from sensitive to insensitive nuclei in the presence of scalar coupling between the two. In
many heteronuclear pulse sequences, INEPT is followed by reverse INEPT (transfer of
magnetization back to the sensitive nuclei for detection). Here, the Preservation of
Equivalent Pathways (PEP) method [14] can be used to gain sensitivity improvements by
factors up to  relative to the typical reverse INEPT.

Various isotopic labeling strategies were recently developed to maximize NMR sensitivity
and resolution in large biomolecules or complex mixtures [15, 16]. 13C- and 15N-enriched
biomolecules are no longer limited by natural abundance, and 2H-enrichment leads to
reduced dipolar cross-relaxation and spin diffusion [17]. NMR pulse sequences tailored to
these isotope labeling schemes have rendered them maximally useful [2, 18]. In addition,
NMR tubes matching the susceptibility of the glass to that of water (e.g., Shigemi tubes) and
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specialized microcoil/small-volume sample-tube setups help maximizing NMR sensitivity in
experiments limited by small amounts of material [19, 20].

2. Methods taking advantage of relaxation rates and chemical shift
evolution
Sensitivity enhancement via fast pulsing techniques

Reduction of data collection time to achieve a given S/N is a powerful strategy to enhance
NMR sensitivity. Pulse sequences belonging to the SOFAST HMQC class [21, 22] enable
fast pulsing by combining multiple strategies to shorten experiment time without significant
losses in S/N. First, selective excitation of amide protons leads to fast 1HN T1 relaxation
since auto-relaxation is not efficiently compensated by cross-relaxation for slow-tumbling
biomolecules in the ωoτc≫1 regime [23, 24], where ωo is the Larmor frequency and τc is
the rotational correlation time. Second, Ernst-angle excitation is employed to maximize
signal-to-noise per unit time [4]. Both of the above strategies enable dramatic reductions in
recycle delay duration. Lastly, the HMQC pulse sequence [25] is employed to minimize the
number of selective pulses.

Sensitivity enhancement by attenuation of T2 relaxation
As seen in eqn. (4), the NMR sensitivity (S/N)t is directly proportional to signal peak height.
Thus, efforts to sharpen NMR resonances by decreasing linewidths (and consequently
increasing peak heights) can be regarded as NMR sensitivity enhancement tools. This topic
becomes particularly pressing in the case of large biomolecules, characterized by extensive
resonance linebroadening.

Linebroadening resulting from large molecular size can be mitigated by Transverse
Relaxation Optimized SpectroscopY (TROSY). This method increases the effective spin-
spin relaxation time T2 by selecting the longest-lived coherences resulting from the mutual
cancellation of chemical shift anisotropy (CSA) and dipolar relaxation effects [26] or
between 1H–1H and 1H–13C dipolar relaxation mechanisms [27]. For instance, when
sequential backbone assignments were carried out on the octameric 110 kDa protein 7,8-
dihydroneopterin aldolase with both conventional HNCA and [15N,1H]-TROSY-HNCA, a
20- to 50-fold higher sensitivity was achieved with the TROSY-type experiment [28].

In case linebroadening is caused by conformational exchange, “chemical shift scaling” [29]
can be used to shift the exchange regime from intermediate to fast on the NMR chemical
shift timescale, leading to sharper linewidths [30, 31]. This concept can be implemented by
applying the CPMG [32] or WAHUHA [33] based four-pulse trains during the chemical
shift evolution time.

The methods described so far start from a Boltzmann distribution of nuclear spin states. In
contrast, methods able to shift the thermal nuclear spin populations, illustrated in Figure 1
and compared in Table 1, provide an alternative avenue to enhance NMR sensitivity. It is
important to note that strategies to increase NMR sensitivity usually add up in a cumulative
fashion, leading to the current state-of-the-art. This idea suggests that further advances,
including those outlined in the following sections, will not replace but rather improve the
current status quo.
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3. Dissolution dynamic nuclear polarization
Basic concepts

A recently developed approach known as dissolution DNP creatively exploits dynamic
nuclear polarization (DNP), a well-known phenomenon leading to hyperpolarized NMR-
active nuclei in the solid state. Given that dissolution DNP involves NMR analysis of
liquids, this technique is suitable to study water-soluble biologically relevant samples. This
method has become quite popular over the last few years, and dissolution DNP setups are
now commercially available (e.g. HyperSense from Oxford Instruments).

In short, a solid, frozen-solution sample at very low temperature (typically 1.1–1.5 K) is
polarized in the presence of a radical, e.g. tris {8-carboxyl-2,2,6,6-tetra[2-(1-hydroxyethyl)]-
benzo(1,2-d:4,5-d′)bis(1,3)dithiole-4-yl} methyl sodium salt (Trityl OX063) or nitroxide-
based 2,2,6,6-tetramethylpiperidine N-oxide (TEMPO) [34] with microwave irradiation.
Dynamic nuclear polarization (DNP) [35, 36] transfers polarization from electrons to nuclei
upon microwave irradiation at or near the electron Larmor frequency. The sample is then
rapidly melted and dissolved in a suitable hot solvent. The dissolved hyperpolarized sample
is then rapidly transferred to a conventional liquid-state NMR setup for detection (Fig. 2A)
[37, 38].

Ardenkjær-Larsen, Golman and coworkers first examined the polarization of 13C-urea in
glycerol with OX063 as a trityl radical (15 mM, at 1.1K, 94 GHz and 100 mW microwave
source). They achieved a 13C polarization up to 42% with a build-up time constant τDNP =
4,900 s in the solid state. Hot water was then rapidly injected into the sample, and the liquid
mixture was then transferred within 6 s to a 9.4T NMR magnet for detection. A remarkable
fraction of the original 13C polarization was preserved, with a net 13C polarization of 37%
observed after dissolution. This amounts to a 13C S/N 44,400-fold larger than that of a
reference 13C NMR experiment conducted at 9.4T and at room temperature in the absence
of prior hyperpolarization (ignoring the hyperpolarization build-up time) (Fig. 2B and 2C)
[37].

In solids, DNP is known to occur via a number of mechanisms known as the solid effect,
thermal mixing and the cross effect [36]. The dependence of the observed polarization on
microwave frequency led the authors to propose thermal mixing as the operating DNP
mechanism, though contributions from Solid Effect could not be ruled out [37, 38].

Relaxation and voyage times
The T1 relaxation rate of the hyperpolarized nuclei is crucial in dissolution DNP. To
preserve the nuclear polarization acquired in the solid state, polarized samples need to be
thawed and transferred to the NMR spectrometer faster than the nuclear T1 relaxation time
[37]. Typical dissolution DNP samples experience a ‘voyage time’ as they are transferred
from the polarizing magnet to the liquid state NMR magnet. During the voyage time, the
sample is exposed to low fields (outside the magnets) of the order of 0.5 mT. T1 is shorter at
low field and even more so in the presence of the paramagnetic polarizing agent. Hence,
short and fast voyages as well as removal of the stable free radical are crucial to minimize
polarization losses [39].

Addition of the radical scavenger sodium ascorbate during the dissolution step alleviates
polarization decays during and after the transfer. This process leads to a ~2-fold extension of
the 13C T1 of acetate (from 40.1 to 72 s) [40]. Attempts to shorten the voyage time included
building a special spectrometer consisting of a single dual-isocentre superconducting magnet
with 3.35 and 9.4T polarizing and NMR-dedicated regions, respectively, separated by 83
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cm. This system allows transferring the polarized sample to the NMR detection region
within 2.9 s, i.e., ca. half of the time taken by conventional dissolution DNP systems [41].

In systems with nuclear spin states delocalized over two or more spins, long-lived nuclear
spin states can be generated [42–45]. Now, the intramolecular dipole-dipole interaction is
symmetric with respect to spin exchange, while the singlet and triplet spin states are
antisymmetric and symmetric, respectively. Therefore, the dipole-dipole interaction can’t
mediate symmetry-breaking singlet-to-triplet transitions [46]. While triplet states are able to
relax via intramolecular dipole-dipole interactions within the triplet manifold, singlet nuclear
spin states are unable to undergo intramolecular dipole-dipole relaxation and display
remarkably long T1 values, typically ranging between a few tens of seconds and several
minutes [46, 47]. Methods relying on this property were able to generated long-lived singlet
spin states in the context of dissolution DNP, and thus improve the effectiveness of this
approach. For instance, the lifetimes of the Ala-Gly dipeptide Hα protons were increased by
7-fold (over the regular T1) [47], rendering this peptide suitable for dissolution DNP.

Hyperpolarizing agents
In addition to the TEMPO-like or trityl radicals, alternative hyperpolarizing agents like 1,3-
bisdiphenylene-2-phenylallyl (BDPA) have recently been proposed [48]. Hyperpolarized
[1-13C]pyruvic acid in sulfolane yielded a 14,000 (P%,13C = 11%) and 12,000 (P%,13C =
9.7%) sensitivity enhancement (298K, Bo = 9.4T) in the presence of BDPA and trityl
OX063, respectively. The polarization build-up time was not taken into account when
computing sensitivities. Unlike trityl radicals, BDPA is water-insoluble. Hence it can be
conveniently removed from the hyperpolarized solution by filtration during the dissolution
step.

Cross-polarization enhancement of low-γ nuclei
High-γ nuclei like 1H polarize fast and efficiently, yet have short T1, hence they tend to
depolarize fast during transfer to the NMR magnet. Jannin et al. carried out experiments
showing that cross polarization (CP) from 1H to 13C leads to rapid and significant increase
in 13C polarization under typical dissolution DNP conditions [49]. Batel et al. went further
and showed that, after CP in the solid state, 13C polarization is mostly preserved upon
dissolution and detection [50]. These researchers employed 4.5M 13C-urea doped with
30mM TEMPO. The sample was first hyperpolarized (build-up time constants: τ1H = 580 s
and τ13C = 1014 s) followed by CP, which doubled 13C polarization, ending up with a final
solid-state polarization of 14% achieved within half of the regular build-up time. The 13C
polarization after dissolution was retained to a significant level (8.8%). Even higher 13C
polarization levels (P%,13C ≈ 45% in the solid state and P%,13C ≈ 40% in solution at 300K)
were achieved by performing CP at the higher polarizing field of 6.7 T [51].

Additional hyperpolarization enhancers
Addition of lanthanide ions like gadolinium (Gd3+) and holmium (Ho3+) was shown to
further enhance the 13C polarization of pyruvate in the solid state. Unfortunately,
lanthanides also reduce 13C T1 values in the liquid state, preventing the use of this strategy
in dissolution DNP. However, it was recently shown that addition of chelating agents such
as diethylenetriamine pentaacetate (DTPA) during the dissolution process drastically
reduces the liquid-state relaxivity of Gd3+, thus minimizing liquid-state relaxation [52].
Hence this method is potentially useful for further increases in NMR sensitivity by
dissolution DNP.
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2D experiments
An unavoidable drawback of dissolution DNP is the inability to perform iterative DNP,
freeze-thaw and transfer steps, limiting multidimensional NMR applications.

Yet, a variety of methods to collect 2D NMR data have recently been developed. These
include small-tip-angle excitation [53], spatially encoded ultrafast 2D NMR [54], scaling of
heteronuclear coupling by optimal tracking (SHOT) [55], hyper single-point amplitude-
separated multi-dimensional (SPASM) NMR [56] and hyperpolarized Hadamard
spectroscopy [57].

In situ temperature jump DNP
Griffin et al. developed an alternative approach to hyperpolarize samples in the liquid state.
The sample is frozen at 90K and 1H is polarized with a biradical polarizing agent (5T,
140GHz microwave source). Polarization is then transferred to low-γ spins via cross
polarization. The sample is then melted by irradiation with an infrared pulsed laser, followed
by NMR detection (with 1H decoupling) within the same device. An advantage of this
method is that it enables iterative hyperpolarization cycles, given that sample melting and
NMR spectroscopy are performed in situ. Therefore, the entire cycle can be repeated and
signal averaging can be performed [58].

Additional applications
Extensive dissolution DNP investigations have been carried out to probe the metabolic
activity of tissues (e.g. heart, liver, tumor cells) [38]. For instance, hyperpolarized
[1-13C]pyruvate is used as a clinical diagnostic tool in metabolic imaging to characterize
differences between normal and tumorigenic cells [59]. Additional applications of more
biophysical nature include real-time enzyme kinetics [60], studies of biosynthetic pathways
[60], detection of poorly-populated reaction intermediates [61], and ligand-detected protein-
ligand interactions [62]. Recently, the pH-jump-induced refolding of the hyperpolarized
ribosomal protein L23 was studied in real time by monitoring the time course of the 13C
NMR signal intensities [63].

4. Overhauser dynamic nuclear polarization
Unlike the dramatic polarization enhancements achieved in solid-state DNP, which are close
to the theoretical limit, smaller enhancements are typically observed in liquid-state
Overhauser DNP. Here we briefly review the origin of the Overhauser DNP enhancement
(Fig. 3A and 3B), recent efforts to increase them, and some representative applications.

Polarization transfer can occur in solution via the well-known Overhauser effect, which was
first observed by Albert Overhauser in 1953 [35] and proceeds via dipolar and scalar
interactions between an unpaired electrons and a nearby NMR-active nucleus [64]. The
Overhauser enhancement factor, which expresses the enhancement of nuclear polarization in
the presence of nearby saturated electrons, is expressed as [64]

(6)

where <Iz> is the longitudinal magnetization, Ieq is the equilibrium magnetization, ξ is the
coupling factor, f is the leakage factor, s is the saturation factor, γe is the gyromagnetic ratio
of the electron, and γn is the gyromagnetic ratio of the nucleus. The coupling factor (ξ)
represents the efficiency of electron-nucleus cross-relaxation, the leakage factor (f) describes
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the portion of nuclear relaxation due to the electron, and the saturation factor (s) reflects the
efficiency of microwave pumping. The main challenges to the study of biomolecules via
Overhauser DNP are discussed below. First, the coupling factor ξ decreases with magnetic
field and molecular size in liquids, where the dipolar contribution to ξ dominates over the
scalar contribution [64, 65]. Second, high-power microwave irradiation is necessary to
achieve high saturation factors, and this often results in sample heating, especially at high
polarizing fields. Third, performing the experiment at physiologically relevant temperatures
limits the maximum achievable electron and nuclear polarization to a few percent even with
modern superconducting magnets as shown in eqn (3) and discussed by Günther [38].

Regardless of the initially prepared nuclear polarization, the NMR S/N increases with Bo, as
shown in eqn (5). In addition, spectral resolution increases at high field [3]. Thus, high fields
are generally desirable in liquid-state NMR. Therefore, a major challenge of Overhauser
DNP as an NMR sensitivity-enhancement tool is the decrease in coupling factor ξ at high
applied fields. Specifically, ξ is proportional to Bo

−2 for rotational-diffusion-mediated
relaxation, and to Bo

−3/2 for translational-diffusion-mediated relaxation. The coupling factor
ξ becomes proportional to Bo

−1 in molecular dynamics (MD) simulations that take into
account the complex solute-solvent dynamics at atomic detail over a wide range of
timescales [66]. Computational predictions on the field dependence of ξ via MD simulations
agree well with experimental results [67], as illustrated in Figure 3C. This figure also shows
good agreement between experimental data and theoretical predictions obtained from a
force-free model. In both cases, translational and rotational correlation times from
experimental NMR relaxation dispersion measurements were employed as input parameters.

To overcome the unfavorable magnetic field dependence, shuttle-DNP spectrometers (Fig.
3A) have recently been developed so that nuclei are first polarized by microwave irradiation
upon saturation of the EPR transitions at low magnetic field, followed by sample or probe
transfer to high field for detection [67]. Note, however, that since initial nuclear polarization
increases with applied magnetic field, larger net nuclear polarization can be observed at high
fields despite the relatively small coupling and enhancement factors. The use of pulsed
microwave sources for coherent polarization transfer provides another potential avenue to
overcome the unfavorable field dependence of DNP polarization [67].

Another concern in Overhauser DNP is sample heating due to microwave irradiation. This
issue is particularly relevant when irradiation is performed at high magnetic field, where the
limited penetration depth necessarily confines sample volumes to a few nanoliters [67]. The
shuttle-DNP approach helps overcoming this challenge since at low polarizing field
relatively low-frequency microwaves can be employed, enabling the use of more
conventional NMR sample volumes (e.g. 0.3 ml) [67]. In addition, the microwave resonant
cavities are designed such that the microwave magnetic field component is maximized while
the corresponding electric field component is minimized at the sample location [68]. In this
way, electron spin transitions are saturated and sample heating is reduced. Pulsed
microwave sources can also be employed to achieve a high saturation factor with minimal
sample heating [69]. By applying a train of high-power π microwave pulses, similar
enhancements to CW-DNP can be achieved at much lower average power, hence producing
less overall heating [67].

In liquids, the Overhauser DNP enhancement decreases in the presence of slow molecular
diffusion (i.e., when translational correlation times are larger than ~ ns), posing challenges
to the application of liquid-state Overhauser DNP to large molecules of biological interest
[64, 65]. For instance, when the diffusion of water is slow, a dramatic decrease in water
DNP efficiency is observed [70]. The feasibility of studying ubiquitin or even larger
biomolecules has been proposed [67], based on the shuttle-DNP polarization of the fast-
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rotating methyl groups, whose importance in NMR macromolecular characterization has
been established [27].

Water is one of the most popular Overhauser DNP substrates since it gives high DNP
polarization enhancements due to its fast rotational and translational diffusion. The absolute
value of the water 1H polarization reaches 0.26% at 260 GHz microwave irradiation in a 9.2
T magnet (in high-field DNP experiments) in the presence of the 14N-TEMPOL nitroxide
radical (1 M) at 160°C (Fig. 3D) [71]. This high temperature results from sample heating at
high microwave power. On the other hand, 0.04% was obtained for the absolute value of the
Overhauser DNP polarization at 45°C [71], in the presence of lower-power microwave
irradiation. The high Overhauser DNP enhancement of small molecules, including water,
has been exploited in many applications. For instance, polarization-enhanced water has
served as MRI contrast agent [72], and water dynamics has been site-specifically probed
near proteins (e.g., myoglobin) in different folding states [70] and in the vicinity of lipid
membranes [73] and membrane-protein interfaces [74].

5. Photochemically induced dynamic nuclear polarization
In 1967, a surprising case of NMR-detected nuclear polarization induced by a chemical
reaction was originally observed in organic polymerizations promoted by free radical
initiators [75] and in halogen-metal exchange processes [76]. Soon thereafter it was
discovered that nuclear polarization could also be generated upon photo-excitation of a
redox-competent dye in the presence of a biomolecule of interest [77]. This phenomenon,
known as photochemically induced dynamic nuclear polarization (photo-CIDNP), has
mainly been exploited to study processes such as protein folding and biomolecular
interactions, which involve variations in the solvent exposure of specific amino acids since
the photo-CIDNP mechanism involves the direct interaction between the photo-excited dye
and the substrate of interest [78, 79]. Recent developments, however, have begun to explore
the photo-CIDNP effect for NMR sensitivity enhancement purposes in liquid solutions
containing biological molecules.

A typical photo-CIDNP sample contains a biomolecule of interest in a liquid solution in the
presence of a photoexcitable dye, such as flavin mononucleotide (FMN) or 2,2′-dipyridyl.
Sample photo-irradiation (e.g. by an argon ion or a frequency-tripled Nd:YAG laser)
directly in the NMR spectrometer may be facilitated by routing the light to the NMR sample
tube via an optical fiber (Fig. 4A) [80, 81]. Pulse sequences can be designed to control the
relative timing of both the UV-VIS irradiation (to generate photo-CIDNP polarization) and
the radio-frequency pulses (to perform the NMR experiment). Present implementations of
photo-CIDNP enhance the polarization of nuclei belonging primarily to the Trp, His and Tyr
amino acids and all nucleotide bases [79]. Other molecules can potentially be photo-CIDNP-
active as long as they (a) are capable of being transiently oxidized by the photoexcited dye
and (b) give rise to a radical cation whose EPR g factor bears an appropriate difference with
the g factor of the transiently reduced radical anion dye [79].

According to the radical pair mechanism of photo-CIDNP [82, 83], the dye is photoexcited
to generate a long-lived (μs – ms) triplet state. Upon encounter of the triplet excited dye with
the molecule of interest, one electron (or H•) is transiently transferred from the target
molecule to the dye, giving rise to a triplet radical pair (Fig. 4B). This radical pair then
undergoes either one of two pathways, depending on the nuclear spin state of the molecule
of interest.

In the first-case scenario, i.e., when the molecule of interest is in its α nuclear spin state, the
radical pair may undergo fast triplet-to-singlet intersystem crossing (TS-ISC). Then, TS-ISC
followed by recombination via back-electron transfer produces the original target molecule
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with spin preservation in the α state (Fig. 4B). We denote this process as the recombination
route. Note that only a singlet radical pair is allowed to undergo recombination.
Alternatively, i.e., when the molecule of interest is in its β nuclear spin state, the radical pair
may undergo a slower TS-ISC. Then the ion pair is more likely to dissociate before
undergoing TS-ISC, and the target molecule would undergo paramagnetic nuclear relaxation
to produce comparable populations of α and β spins (Fig. 4B). We denote this process as the
escape route. Note that the specific route followed by the α and β spins switches, when the
sign of either the hyperfine coupling constant A or Δg changes (see eqn (10)). Importantly,
the actual difference between the TS-ISC rates of the α and β spins determines the relative
flux through the recombination and escape routes and is, in turn, proportional to the extent
of photo-CIDNP.

At a more quantitative level, the TS ISC rate (ωTS) can be expressed as [79, 84]

(7)

where ωM and ωD are the unpaired electron EPR precession frequencies of the radical cation
state of the target molecule M+• and the radical anion state of the dye D−•, respectively. In
the simple case of a target molecule carrying only one NMR-active spin ½ nucleus, we have

(8)

where gM and gD are the g-factors of M+• and D−•, respectively, μB is the Bohr magneton,
Bo is the applied magnetic field, and A is the hyperfine coupling constant between the
unpaired electron and the unique NMR-active nucleus in M+•. The + and − signs apply to
the α and β nuclear spin states, respectively. It follows from eqns. (7) and (8) that, for radical
pairs containing a spin ½ nucleus, the TS-ISC rate is

(9)

where Δg is the difference between the g factors of M+• and D−•. The TS-ISC probability for
the α and β spins is given by

(10)

The photo-CIDNP signal intensity increases with |PTS,α − PTS,β|. Hence, as evident from the
above relation, the efficiency of photo-CIDNP depends critically on the hyperfine coupling
constant A, the applied field, and the Δg value, in addition to other factors including the
redox properties of the dye, the molecule of interest and the accessibility of the molecule of
interest to physical collision with the dye.

The effect of magnetic field strength on photo-CIDNP is highlighted by the following
experiments [85–87]. The applied magnetic field was varied between 0 and 7 Tesla to
monitor His, Tyr and Trp photo-CIDNP in the presence of the 2,2′-dipyridyl dye. For Tyr,
His and Trp the maximum net photo-CIDNP (longitudinal one-spin order) was observed at
ca. 2, 7 and >7 Tesla, respectively. The origin of the observed variation in maximum photo-
CIDNP response is likely due to the g-factor difference between amino acid and dye.

Lee et al. Page 10

J Magn Reson. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



As previously mentioned, photo-CIDNP has recently been developed into a promising NMR
sensitivity enhancement tool. 1H CIDNP and 1H CIDNP followed by 1H-15N HSQC (light)
on Trp indole NH were shown to provide ~ 6.5-fold higher enhancement than corresponding
dark experiments acquired in the absence of laser irradiation [88]. This result corresponds to
a ~ 0.03% 1H polarization, assuming that resonance intensity is proportional to polarization.
Photo-CIDNP-enhanced versions of the 1H-15N HMQC and SOFAST-HMQC pulse
sequences were also developed [89].

As originally shown by Hore and coworkers [88], 15N photo-CIDNP followed by 1H
detection provides another convenient route to enhance NMR sensitivity. This approach
exploits the high hyperfine coupling between the Trp unpaired electron and the indole
nitrogen together with the sensitivity of 1H NMR to provide 100-fold higher sensitivity than
a reference dark experiment. While this effect corresponds to only a moderate ~ 0.05% 15N
polarization, it leads to a ~ 10-fold higher sensitivity than a reference pulse-field-gradient
sensitivity-enhanced 1H-15N HSQC experiment. In addition, advanced pulse schemes
exploiting both 1H and 15N photo-CIDNP in the context of 1H-detected heteronuclear
correlation have also been developed [90].

The high 13C hyperfine coupling constants and the presence of several CH bonds in
aromatic amino acids led to the development of 1H-detected 13C CIDNP in the context of
heteronuclear correlation spectroscopy [91]. Up to 16-fold higher sensitivity than a reference
sensitivity-enhanced HSQC was achieved, corresponding to ~ 0.08% 13C polarization.
Several CH bonds of Trp, Tyr and Trp were enhanced in this experiment, including αCH
bonds.

In addition to the high photo-CIDNP effect of the 13C and 15N heteronuclei, engineering
amino acids containing other heteronuclei with potentially high hyperfine coupling constants
provides another route to enhance photo-CIDNP sensitivity. For instance, up to 40-fold
sensitivity enhancement (~ 0.18% polarization) was observed for the 19F nucleus (in the 3-
fluorotyrosine - FMN pair), which has a high gyromagnetic ratio and a high hyperfine
coupling constant upon transient 3-fluorotyrosine oxidation [92].

One major advantage of photo-CIDNP is that it can be performed under mild solution
conditions, given that no freeze-thaw cycles or extrinsic stable radicals are required. This
feature enables multiple transients to be collected within short time spans, providing the
opportunity to increase S/N by signal averaging and/or acquire multidimensional photo-
CIDNP data. In practice, however, dye photoreduction (typically FMN to FMNH2) and
sample photodegradation mediated by singlet oxygen impose severe limitations on sample
integrity and prevent prolonged photo-CIDNP data collection.

In order to promote the necessary reoxidation of FMNH2 to FMN, two strategies have been
employed. First, mechanical mixing of the NMR sample between scans served to facilitate
oxidation of FMNH2 by ambient oxygen [93]. Alternatively, hydrogen peroxide was added
to the sample as an FMNH2 oxidant [93]. In addition, the effect oxygen level on photo-
CIDNP was monitored [94]. Saturation of ambient oxygen to facilitate FMNH2 reoxidation
caused quenching of triplet-excited dyes, eliminating photo-CIDNP. Likewise, depletion of
ambient oxygen to prevent O2-dependent sample photodegradation caused inefficient
reoxidation of FMNH2. More recently, simultaneous prevention of sample photodegradation
and dye photoreduction has been achieved by the development of a tailored additive known
as the NR-GO-CAT tri-enzyme system [95]. This trio of commercially available enzymes,
added to NMR samples in minute catalytic amounts, prevents oxygen-mediated sample
degradation and facilitates the efficient and specific reoxidation of FMNH2 in photo-CIDNP
experiments. This strategy enabled prolonged photo-CIDNP on amino acids, the σ32 peptide
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and the drkN SH3 protein at micromolar concentrations, and led to 48-fold greater NMR
sensitivity than the reference HSQC experiment.

The latter experiment leads to ~ 0.23% 13C polarization, corresponding to a ~190-fold 13C
polarization enhancement relative to the Boltzmann distribution. This result paves the way
to long-term photo-CIDNP data collection, which was impossible before. Thanks to the tri-
enzyme system, the photo-CIDNP polarization enhancement is achieved iteratively within
an experiment, and complex biomolecules can be analyzed in solution at low micromolar
concentrations.

Photo-CIDNP experiments at low magnetic field directly (de)populate singlet nuclear spin
states of His β H’s with long-lived (ca. 1 min) longitudinal magnetization, suggesting
promising in vivo applications [96].

A pulse sequence for iteratively accumulating photo-CIDNP within a spin system before
readout was developed [97]. This strategy is helpful when periodic pulsed laser light sources
are employed. Finally, a remarkable ~ 4% 13C polarization, corresponding to a ~10,000-
fold 13C NMR sensitivity enhancement, was recently achieved via photo-CIDNP for a
bacterial photosynthetic reaction center [98]. The high polarization, which is currently the
highest achieved via photo-CIDNP in liquids and is specific to this system, stems from the
persistence of large anisotropic components in the hyperfine coupling, within the electron-
donor chlorophyll radical. Three photo-CIDNP mechanisms, denoted as three-spin mixing,
differential decay and differential relaxation were shown to prevail when the electron donor
and acceptor members of the radical pair tumble very slowly and are at a nearly invariant
relative distance and orientation [99, 100].

6. Parahydrogen-induced polarization
Molecular hydrogen comes in two isomers, ortho and para, which have symmetric (triplet)
and antisymmetric (singlet) nuclear spin states, respectively. The ortho and para isomers are
populated as a 3:1 ratio at room temperature, with the ortho isomer being more populated
[101]. Interconversion between the two isomers is symmetry forbidden and occurs very
slowly. Thus, when hydrogen is flowed through an appropriate paramagnetic catalyst,
especially at low temperature (~ 20 K) where parahydrogen is much more stable than
orthohydrogen, close to 100% parahydrogen population can be achieved and exploited at
ambient temperature [102]. In para-hydrogen-induced polarization (PHIP), nuclear
polarization is attained by transferring the high spin order of parahydrogen to the molecule
of interest [101] (Fig. 5A).

Typically, PHIP applications involve the direct incorporation of parahydrogen into
unsaturated organic molecules via hydrogenation. The new chemical environment
experienced by the two protons upon hydrogenation breaks the singlet symmetry and
renders the spin system detectable by NMR. Depending on whether hydrogenation is carried
out at high or low magnetic field (followed by sample transfer and detection at high
magnetic field), the PHIP methods are known as PASADENA [103] or ALTADENA [104],
respectively (Fig. 5A). In PASADENA (Parahydrogen and Synthesis Allow Dramatically
Enhanced Nuclear Alignment), the parahydrogen singlet symmetry is immediately broken
upon hydrogenation due to the distinct chemical shift environment of the two incorporated

protons at high magnetic field, and the singlet  parahydrogen is collapsed
into two eigenstates, |αβ〉 and |βα〉. Thus the NMR spectrum shows two antiphase multiplets.
In ALTADENA (Adiabatic Longitudinal Transport after Dissociation Engenders Net
Alignment), since the chemical shifts are essentially the same when parahydrogen is
incorporated into the substrate at low magnetic field, the singlet state becomes selectively
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polarized as |αβ〉 or |βα〉 upon adiabatic transfer to high magnetic field. In this case the NMR
spectrum is characterized by two hyperpolarized resonances of opposite sign. In case there
are other nuclei in the substrate, NOE, scalar and dipolar coupling can cause spin order to
spread throughout the substrate during the initial low-field step [101]. Nuclear polarizations
of ~ 100% were observed [105] and 0.1 μM concentrations of pyridine [106] were
monitored via inorganic-complex-based PHIP.

Despite the high polarization achieved by PHIP, the method is not generally applicable to
biomolecules due to the necessary covalent sample modifications. Recently, a very
interesting related methodology known as Signal Amplification by Reversible Exchange
(SABRE, or Non-Hydrogenative Parahydrogen-Induced Polarization; NH-PHIP; Fig. 5)
[107] was developed to polarize substrates in the absence of hydrogenation. In the SABRE
experiment, substrate and parahydrogen establish transient contacts via a metal center.
While the complex is formed, nuclear polarization is transferred from the 1H nuclei derived
from parahydrogen to the molecule of interest. After the polarization transfer, the highly
polarized intact substrate is released. Pyridine has been the most popular substrate for
SABRE and up to ~11.5 % 1H polarization has been achieved [108]. Remarkably, SABRE
shows promise to extend its substrate to other small molecules including short polypeptides
[109].

The SABRE approach is similar to ALTADENA in that polarization by parahydrogen
occurs at low magnetic field. Interestingly, the magnetic field dependence of the SABRE
signal changes very little with substrate type or proton position [110]. This result is in line
with the theoretical prediction that the extent of polarization depends primarily on the scalar
coupling between two parahydrogen-derived protons but not on the scalar coupling between
parahydrogen-derived and substrate protons, within the metal complex [111]. Unlike
ALTADENA, however, SABRE does not necessarily involve adiabatic sample transfer to
high magnetic field for detection, and optical atomic magnetometer or SQUID devices can
be employed for detection even at low magnetic fields [112].

7. Optical pumping
Optical pumping utilizes the ability of circularly polarized light to selectively excite a
specific quantum state of an alkali metal, typically Rubidium (Rb). Excellent reviews are
available on this topic [113] and we will limit our survey to the basic principles and most
exciting applications relevant to the quest for high NMR sensitivity within the biological
context. For instance [113], if right (with respect to an external magnetic field) circularly
polarized light σ+ is applied to the 2S1/2 ground state of Rb vapor, the Rb atoms carrying a
total electron azimuthal angular momentum quantum number mJ = −1/2 are selectively
excited to the 2P1/2 state with mJ = +1/2. Note that this discussion neglects the Rb electron-
nucleus hyperfine coupling, for simplicity. The above photo-excitation process is usually
carried out in a N2 gas atmosphere to promote nonradiative relaxation and prevent
deleterious radiation trapping [113, 114]. Indeed, collision of gaseous N2 with the excited
alkali-metal promotes nonradiative conversion to the 2S1/2 ground states that have either mJ
= +1/2 or mJ = −1/2. Because the right polarized light is unable to excite 2S1/2 Rb with mJ =
+1/2, this state will not get depopulated. As a result of continuous light absorption and
subsequent relaxation, including spontaneous emission and collision-induced nonradiative
relaxation, a large number of atoms accumulate in the 2S1/2 state with mJ = +1/2 (Fig. 6A).

After the above electron polarization step, spin-exchange between the polarized Rb and a
noble gas takes place (Fig. 6B). This process is mediated by the hyperfine interaction, which
enables the transfer of electron spin polarization of Rb to the nuclear spin of the noble gas
[113]. As a result, enhanced nuclear spin polarization is observed for the noble gas.
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Polarizations greater than 50% (Fig. 6C and 6D) and about 80% have been reported
for 129Xe [115, 116] and 3He, respectively [117]. The polarization build-up time depends on
experimental conditions. For instance, 7.5% of the xenon polarization is achieved in 5 min at
2.2 atm pressure [118].

3He and 129Xe are the most commonly used noble gases for spin-exchange optical pumping
(SEOP). 129Xe, whose natural abundance is 26%, is particularly useful in the context of
biology because, in addition to its chemical inertness, it is highly polarizable due to its large
electron cloud. Hence 129Xe NMR is extremely sensitive to the surrounding environment
and can be used at low concentrations, despite the moderately small value of this nucleus’
gyromagnetic ratio (ca. 3.8 times smaller than 1H) [119, 120]. For instance, xenon dissolves
in water up to 190 μM at 310 K and 0.058 atm partial pressure [121]. In addition, 129Xe is
one order of magnitude more soluble than 3He in biologically relevant fluids such as water
and blood at room temperature [122].

Among the numerous 129Xe applications reported so far [123, 124], those based on the spin-
induced nuclear Overhauser effect (SPINOE) are particularly promising. SPINOE takes
advantage of the cross-relaxation between hyperpolarized 129Xe and neighboring 1H spins to
accomplish polarization transfer to the protons. Hence, this effect enhances NMR sensitivity
for the detection of protons in solution [122, 125]. SPINOE was used primarily to study
organic molecules containing xenon-accessible cavities such as α-cyclodextrin and
cryptophane-A [123] as well as in the context of proteins larger than 100 amino acids [126].
The hydrophobic cavity of the 10 kDa protein β-cryptogein was studied by SPINOE at 1.6
mM in the presence of 5.2 mM ~15% hyperpolarized xenon. A small but clearly
distinguishable increase in 1H resonance intensity (by ~1%) was observed in the inner core
of the protein [127]. Additional details about SPINOE can be found elsewhere [122].

Xenon has also been used as a biosensor so that the presence of certain molecules, rather
than their conformational features, can be detected at high sensitivity. Xe-based molecular
sensors consist of three parts: a cage containing hyperpolarized 129Xe, a ligand head
designed to bind the chosen target with high affinity, and a tether linking the above
components. Binding of the ligand head to the target molecule is sensed via 129Xe NMR
chemical shifts, so that quantitative information on the amount of bound protein ligand can
be gained [123, 128]. One of the most commonly used cages is cryptophane-A, and various
cryptophane derivatives as well as other potential cages (e.g., cucurbit[6]uril and
cucurbit[5]uril derivatives) have also been explored [120, 129].

To further increase NMR sensitivity, 129Xe hyperpolarization and chemical exchange
saturation transfer (CEST) were combined in Hyper-CEST [130]. The spin pool of Xe atoms
encapsulated in the cage is saturated by frequency-selective radiofrequency pulses and
transferred by chemical exchange to the larger free Xe spin pool in solution. This results in a
decrease in signal by the free bulk hyperpolarized Xe. This effect is indicative of the
presence of caged Xe, hence it reports on the presence of the target molecule.

A 129Xe NMR experiment with direct (5 %) Xe hyperpolarization provides ~104 higher
sensitivity than a reference experiment with unpolarized Xe, disregarding the polarization
buildup time. Hyper-CEST provides a further ~4000-fold sensitivity enhancement relative to
the direct-hyperpolarized Xe experiment [121]. Hence, hyper-CEST achieves an
unprecedented overall increase in sensitivity by seven-orders of magnitude relative to the
unpolarized Xe experiment, disregarding the Xe hyperpolarization build-up time [120].
Finally, a newly developed 129Xe Hyper-CEST agent based on readily prepared
perfluorocarbon (PFC) nanoemulsion droplets shows great promise for easily accessible
future applications [131].
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8. When sensitivity is not a top priority: rapid data collection schemes
In NMR applications monitoring kinetics in real time and in experiments that require high-
dimensionality (≥ 2D), a reduction of the total experiment time can be critically important,
even in the case of concentrated samples.

The total data collection time of multidimensional NMR experiments can be significantly
shortened by a suite of approaches known as reduced sampling techniques. Hence, in terms
of amount of useful data collected per unit time, reduced sampling techniques can be
regarded as powerful tools. These approaches include non-uniform sampling (NUS) [132–
134] [135], knowledge-based optimized data undersampling [136], and non-Fourier methods
like Hadamard spectroscopy [137].

Interestingly, some studies reported that, depending on the sampling strategy and
reconstruction method, NUS may give rise to an actual increase in the S/N ratio and
“detection sensitivity”, i.e., the probability of detecting weak peaks, compared to uniformly
sampled experiments with an identical total data collection time [138]. However, it needs to
be noted that NUS often involves reconstruction procedures that require cautious monitoring
of the reliability of the output spectral features [139].

In addition, spatially encoded ultrafast nD NMR methods take advantage of parallel data
collection in multiple regions of the sample in the presence of fast-switching pulse field
gradients. Ultrafast nD NMR enables the acquisition of complete multidimensional NMR
spectra within a single scan [140]. This creative technique is capable of yielding rapid
spectral output at the cost of a lower sensitivity than the corresponding conventional
experiment. On the other hand, the rapid acquisition of multidimensional data renders it
ideal for fast kinetic studies on systems that are not concentration-limited [141].

Importantly, the combination of hyperpolarization methods outlined in sections 3–7 with the
fast data collection approaches described here is a powerful tool, and has already yielded
intriguing results [142]. This strategy bears unique promise for future synergistic
improvements in resolution, sensitivity and data collection speed.

9. Additional techniques of potential future relevance
The NMR analysis of liquids is sometimes preceded by a spin hyperpolarization step in the
solid or gas phase, as in the dissolution DNP and optical pumping approaches. Thus it is
conceivable to anticipate that additional methods, presently employed to hyperpolarize non-
liquid samples, may in the future gain additional ground and become amenable to the
analysis of more wide-ranging classes of molecules by liquid-state NMR. These
methodologies include solid-state photo-CIDNP [99], solid-state DNP [36], the Haupt
effect[143], transfer of rotational to nuclear spin polarization [144] and microwave-induced
optical nuclear polarization (MIONP) [145].

In addition, nontraditional detection schemes have already succeeded or bear future promise
to enhance NMR sensitivity in liquids. In optical magnetometry, for instance, the precession
of laser-polarized alkali atoms is probed by laser light to detect small local magnetic fields
below femtotesla arising from the NMR samples [146, 147]. Alternatively, superconducting
quantum interference devices (SQUID) are able to detect magnetic flux, rather than the rates
of magnetic flux change [148]. Both optical magnetometry and SQUID detection are
actively used in zero-field and low-field NMR of liquids [112, 149].

In addition, nuclear spin-induced optical rotation (NSOR) has been used to measure
variations in the degree of light polarization to detect nuclear spins of liquid water or
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liquid 129Xe [150]. Lastly, remote-detection schemes where the spectral information is
encoded in one coil and detected in a different coil with optimized filling factor can
potentially provide large signal enhancements for 129Xe in liquids [151].

Remarkably, magnetic resonance force microscopy [152] can detect less than 100 nuclear
spins of biologically relevant solids by sensing the forces generated by the nuclear magnetic
moments of the sample. Finally, the influence of microwave irradiation (which saturates the
Tx↔Tz and Ty↔Tz triplet-sublevel transitions) on single-molecule fluorescence enables the
indirect detection of the nuclear magnetic moments of the sample at the single-molecule
level [153, 154]. The nuclear magnetic moments are coupled to the photoexcited electronic
states via the hyperfine interaction, which enables the indirect detection of magnetic
resonance by fluorescence.

10. Conclusions
In summary, as shown in the side-by-side comparisons provided in Table 1, the leading
techniques capable of improving NMR sensitivity in solution have been able to reach
amazing results over the last few years, and have several clear advantages. On the other
hand, a lot of work still needs to be done, given the few disadvantages. The shortcomings of
the methods pose some limits to their applicability to a wide number of NMR-active nuclei
and complex biomolecules as well as, in some cases, to long-term data collection. Despite
these undeniable challenges, however, progress is happening fast and we anticipate many
further exciting advances in future years.
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Highlights

• We discuss recent developments and emerging techniques to increase NMR
sensitivity in liquids.

• General concepts underlying the determinants of NMR sensitivity and
polarization enhancement are discussed.

• Main approaches covered: Fast NMR, dissolution DNP, Overhauser DNP,
PHIP, spin- exchange optical pumping, photo-CIDNP.
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Fig. 1.
Overview of methods that perturb the longitudinal magnetization of nuclear spins in
solution.
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Fig. 2.
A) Schematic diagram illustrating the basic features of a dissolution DNP experiment. After
hyperpolarization at low temperature by microwave (mw) irradiation, the sample is rapidly
thawed and transferred to an NMR magnet for detection. B) Reference 13C NMR spectrum
of liquid urea (natural isotopic abundance, 59.6 mM, 232,128 scans) with no prior
hyperpolarization and data collection under Ernst-angle conditions. C) 13C NMR spectrum
of liquid hyperpolarized urea (natural isotopic abundance, final concentration 59.6 mM, 1
scan) obtained via dissolution DNP in a 9.4T NMR magnet with final P%13C = 20%. (Panels
B and C were reprinted from Ref [37].)
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Fig. 3.
Schematic representation of the main aspects of Overhauser DNP. A) Single-Bo and shuttle
Overhauser DNP methods. B) Energy level diagram illustrating the Overhauser DNP
mechanism. EPR transitions are saturated (red-double-headed arrows), causing an increase
in double (W2) and zero (W0) quantum relaxation rates and an enhanced nuclear
polarization. W1S and W1I denote single quantum transitions for electrons and nuclei,
respectively. C) Experimental and predicted magnetic field dependence of Overhauser DNP
enhancement of water relative to an unpolarized sample [66, 67]. Experimental DNP data
are denoted as black dots. The theoretical field dependence of the coupling factor (assuming
leakage and saturation factors to be 1) based on a force-free model is shown in yellow. MD
simulations are shown in red. (Reprinted from Ref [67].) D) 1H Overhauser DNP spectrum
of water following high-power 260 GHz microwave irradiation at 9.2 T, leading to a >80-
fold polarization enhancement relative to a nonpolarized control, corresponding to an
Overhauser enhancement of −83 [71]. The change in chemical shift is due to sample heating.
(Reprinted from Ref [71].)
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Fig. 4.
Overview of photo-CIDNP. A) Instrumental setup. B) Radical pair mechanism of photo-
CIDNP in liquids. M* denotes the spin-polarized molecule of interest. C) 2D 13C-PRINT
photo-CIDNP spectra of the σ32 peptide (13-amino acids, 20 μM, 600 MHz spectrometer) in
the absence and presence of catalytic amounts of the photo-CIDNP-enhancing NR-GO-CAT
tri-enzyme system [95]. (Reprinted from [95].)
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Fig. 5.
Schematic representation of PHIP. A) Overall mechanistic schemes for hydrogenative and
non-hydrogenative PHIP. B) Non-hyperpolarized control (top) and SABRE-polarized
(bottom) 1H spectra of 6 nanomoles of pyridine [107]. The top spectrum is a 128-fold
vertical expansion of the bottom spectrum. (Reprinted from [107].) C) Magnetic-field
dependence of the SABRE PHIP enhancement factor for the proton linked to the pyridine
C4. Black and red dots denote regular pyridine and a 10:1 mixture of deuterated/protonated
pyridine, respectively. Enhancement factors denote the ratio between the polarized and
unpolarized signals. (Reprinted from [110].)
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Fig. 6.
Overview of Optical pumping. A) Scheme illustrating the optical pumping of an alkali metal
upon irradiation with right circularly polarized σ+ light (the hyperfine coupling between
electronic and nuclear spins is ignored). The process leads to an enriched population of the
alkali metal in the mJ = +1/2 ground electronic state (yellow circles). B) Polarization transfer
via spin exchange between the electron spin of an alkali-metal atom (e.g. Rb) and the
nuclear spin of a noble gas (e.g. 129Xe). C) Reference 1D 129Xe NMR spectrum of 5 × 1019

gaseous Xe atoms in the absence of optical pumping. D) 1D 129Xe NMR spectrum of 2 ×
1017gaseous Xe atoms (1 scan) polarized by optical pumping (P%,129Xe = 37%). (Panels C
and D were reprinted from [155].)
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Table 1

Method Absolute value of
percent
polarization P%

Advantages Disadvantages

Optical Pumping up to 90%a (129Xe)
[115, 118]

• High 129Xe polarization values

• 129Xe is chemically inert and very
sensitive to chemical environment

• 129Xe is soluble in water and
biological fluids (e.g. liver, brain,
blood)

• Excellent tool as a biosensor to
detect the presence of a target
molecule

• Application to protein studies in
solution is mostly limited to Xe-
binding proteins or engineered
biosensors due to the low
solubility of 129Xe in water

• Detection is mostly limited
to 129Xe NMR

• Direct detection of protein
resonances by SPINOE is modest
to date

Dissolution DNP up to 40%b (13C)
[37, 51]

• High polarization can be achieved
for low-γ nuclei

• Several biologically relevant
molecules and different nuclei have
been tested

• Biomolecules often do not
respond well to the fast thawing
process

• Significant sample dilution upon
thawing

• Usually only one polarization step
is possible due to large dilution
upon thawing

• Long prepolarization times (min-
hrs) are often necessary

• Due to fast T1 relaxation, only few
transients can be acquired

Overhauser DNP up to 0.26% (1H)
[71]

• Direct polarization in liquid phase

• Useful to study water dynamics

• Lower enhancements at high field

• Sample heating

• Current applications are confined
to water and small molecules

Photo-CIDNP up to 0.23%
(1H, 15N, 13C, amino
acids, peptides and
proteins)
[95]
4% (1H, large
photosynthetic
reaction center)
[98]

• Direct polarization in liquid phase

• Applicable to free amino acids,
peptides, proteins and nucleic acids

• Wide range of sample concentration
can be used (≥ 5μM)

• Tri-enzyme additive prevents sample
photodegradation and promotes dye
recycling, supporting long-term data
collection and 2D NMR

• Observed enhancements increase
with laser power

• Very quick polarization buildup
times (~ 0.1s)

• Relatively small enhancements

• Only solvent-exposed aromatic
amino acids undergo photo-
CIDNP

• Samples eventually degrade after
very long exposure to high-power
lasers

PHIP ~100% (1H,
hydrogenative PHIP)
[105]
~11.5% (1H, non-
hydrogenative
SABRE PHIP)
[108]

• High polarization values

• Effective at low sample
concentrations (~ pmol)

• SABRE approach can be applied to
a variety of molecules

• SABRE works only at ~ mT
magnetic fields

• Current applications are mostly
confined to small molecules

a
Reported values refer to 129Xe polarization achieved in the gas phase.

b
Reported values refer to polarization achieved after transfer to the liquid phase.
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