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High-resolution investigation of cell wall materials has emerged as an important application of biomolec-
ular solid-state NMR (ssNMR). Multidimensional correlation experiments have become a standard
method for obtaining sufficient spectral resolution to determine the polymorphic structure of carbohy-
drates and address biochemical questions regarding the supramolecular organization of cell walls.
Using plant cellulose and matrix polysaccharides as examples, we will review how the multifaceted com-
plexity of polysaccharide structure is impeding the resonance assignment process and assess the avail-
able biochemical and spectroscopic approaches that could circumvent this barrier. We will emphasize
the ineffectiveness of the current methods in reconciling the ever-growing dataset and deriving struc-
tural information. We will evaluate the protocols for achieving efficient and homogeneous hyperpolariza-
tion across the cell wall material using magic-angle spinning dynamic nuclear polarization (MAS-DNP).
Critical questions regarding the line-broadening effects of cell wall molecules at cryogenic temperature
and by paramagnetic biradicals will be considered. Finally, the MAS-DNP method will be placed into a
broader context with other structural characterization techniques, such as cryo-electron microscopy,
to advance ssNMR research in carbohydrate and cell wall biomaterials.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Carbohydrates and glycoconjugates regulate cellular recogni-
tion and communication, serve as energy sources, and provide
structural support to the cells of many organisms [1]. These biolog-
ically important functions are often driven by the structural char-
acteristics of carbohydrate polymers, such as glycosidic linkages
and conformations. However, complex carbohydrates are difficult
to characterize in their native physical state and have remained
under-investigated, unlike proteins and nucleic acids. Solid-state
NMR (ssNMR) has a long history (approximately 50 years) of being
employed to characterize cellulose-based materials, such as fibers,
derivatives, and lignocellulosic biomass [2–4]. Early studies typi-
cally relied on the extensive use of 1D 13C spectra to resolve differ-
ent allomorphs, quantify their contents, and determine the
crystallinity of cellulosic materials. Another important application,
as summarized in a recent review [5], is to understand the
supramolecular organization of cell walls and biofilms in many
organisms across biological kingdoms. In these studies, multidi-
mensional (2D and 3D) correlation approaches are often required
to achieve sufficient resolution for investigating cellular samples
[5–8]. Because ssNMR can address questions of polymer structure
and packing on the angstrom-to-nanometer length scale, the
results complement the information provided by many diffraction
and imaging methods that focus on the nanoscale and mesoscale.

The high-resolution studies of cell wall materials were built on
a toolbox that combines ssNMR methods commonly used in both
structural biology and polymer research [9]. Unlike for purified
biomolecules, the complexity and heterogeneity of native biomate-
rials prevent the construction of atomistic models or of an ensem-
ble of interchanging structures [10]. As shown by multiple studies
of fungal and plant cell walls [11–13], only the model-based phys-
ical and structural principles that regulate the assembly and func-
tion of biomolecules can be obtained, similar to the outcomes
expected for polymer ssNMR. However, the ever-growing dataset
is evolving striking resemblance to that used in NMR structural
biology. For example, a recent study has compared the lignin-
carbohydrate packing interfaces in grasses, hardwoods, and soft-
woods, proposing structural models based on more than a thou-
sand site-specific data of polymer interactions and dynamics [11].

The goal of this review is to highlight the underexplored direc-
tions where method development is urgently needed. We will crit-
ically review the intrinsic structural complexity underlying the
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difficulty in analyzing carbohydrate polymers and recognize the
immediate need for calculation methods for converting under-
used structural constraints into atomistic models. We will then
selectively address questions regarding the applications of magic-
angle spinning dynamic nuclear polarization (MAS-DNP) in cell
wall research. Sections are also devoted to discussing the potential
opportunities opening up for each of the current limitations.

2. Overview of experimental approach

Typically, uniformly 13C/15N-labeled cell wall materials or
whole cells are measured using 2D and 3D correlation experiments
to examine biopolymer structure and cell wall assembly (Fig. 1)
[5]. The most useful experiments for resonance assignment are J-
or dipolar-based refocused INADEQUATE experiments, which
unambiguously display the carbon connectivity in each type of
sugar units. Cellular carbohydrates usually come with structural
polymorphism to a high extent; a phenomenon that can be closely
traced via peak multiplicity in 2D/3D 13C–13C/15N spectra. From the
peak intensities, which are represented as the peak volumes or
areas, the composition of the cell wall molecules can be quantified.
It is always beneficial to cross-compare these values with other
analytical methods such as chromatography and mass spectrome-
try (MS). To examine the sub-nanometer physical packing, ssNMR
offers a large collection of long-range correlation experiments,
including but not limited to PDSD, CORD, CHHC, and PAR [14–
16]. Molecular dynamics are examined using relaxation, dipolar
couplings, and exchange NMR, depending on the timescale of the
dynamics of interest. Spectral-editing techniques are effective for
selecting molecules with unique structural motifs (for example,
aromatics and nitrogen sites), rigidity or mobility, and water asso-
ciation, against the bulk of the cell wall [17–19].

Depending on the growth condition, plants can be grown in
solution media containing 13C-glucose or chambers containing
13CO2 [20]. The former is usually limited to young seedlings grown
in dark to avoid isotope dilution by 12C, while the latter has a
broader range of applications regarding the plant species and
developmental stages. Well-established protocols are also avail-
able for labeling other organisms such as fungi, bacteria, and algae.
Sample handling should be carefully designed to minimize struc-
Fig. 1. Schematic representation of ssNMR studies of cell wall materials. Plants are take
illustration. Some panels of the figure are adapted from reference [25].
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tural perturbation, notably by avoiding chemical treatment and
harsh physical processing techniques such as ball-milling. Typi-
cally, a razor blade is used to cut the tissues into millimetric pieces
to allow for an even distribution of weight in the rotor during
magic-angle spinning (MAS). The native hydration status is
another crucial consideration in biomolecular ssNMR. Because
the hydroxyl groups of carbohydrates efficiently associate with
water molecules, it is not surprising that highly similar spectral
features were found in both never-dried cell walls and in samples
submitted a dehydration-rehydration cycle. This has been
observed in the primary cell walls of Arabidopsis, the secondary cell
walls of spruce and eucalyptus, and microalgae named Parachlor-
ella [11,21,22]. However, moderate irreversible alternations
induced by dehydration have been detected in sorghum and pine.
The changes mainly happen to the hemicellulose (xylan and man-
nan) located on the packing interface with other polymers (lignin
and cellulose) [23,24]. Native and fresh cells or tissues are recom-
mended whenever available.

3. Resonance assignment impeded by structural complexity

Like protein structural determination by ssNMR, analysis of a
13C-labeled cell wall sample begins with resonance assignment,
which also turned out to be the most challenging step. The cell wall
is typically the most rigid component and can be selected against
intracellular molecules using experimental schemes based on
cross-polarization (CP). However, the spectrum is still over-
crowded due to the coexistence of a large variety of carbohydrates
in the cell wall. The structural polymorphism of carbohydrate poly-
mer further leads to peak multiplicity. Over the past decade, we
have progressively uncovered the link between the structural
and spectroscopic characteristics, which are summarized in Fig. 2
and detailed below.

First, non-cellulosic polysaccharides have highly diverse pat-
terns of covalent linkages. When a linkage occurs to a carbon site,
its 13C isotropic chemical shift becomes larger by several ppm (also
called downfield shift). In solids, this principle was demonstrated
by systematically tracking the signals of matrix polysaccharides
in the model grass Brachypodium distachyon [26]. Fig. 2a shows
an example of arabinose, which is a monosaccharide unit com-
n as an example, and only cell wall polysaccharides and lignin are shown here for



Fig. 2. Structural complexity and peak multiplicity of plant carbohydrates. (a) Linkage diversity demonstrated on the arabinose (Ara) unit. The C5 and C2 regions of Ara are
shown using a 2D refocused J-INADEQUATE spectrum measured on Brachypodium. The key linkage sites are labeled in the structure, with the corresponding NMR signals
color-coded in the spectra. (b) Simplified examples of arabinoxylan and glucuronoxylan containing arabinose and glucuronic acid (GlcA) sidechains. Note that the two-fold
and three-fold helical screw symmetries of the xylan backbone have been observed for both arabinoxylan and glucuronoxylan. The C4 region of xyloses differentiates signals
from two-fold and three-fold xylan in spruce. (c) The interior (yellow) and surface (cyan) glucan chains of cellulose have distinct hydroxymethyl conformation and NMR
signals (from eucalyptus). The cross-section view of a hypothetical 18-chain model for an elementary cellulose fibril is shown. (d) Scheme of a large bundle formed by three
elementary cellulose microfibrils. The high-order assembly forms the basis for many different structural environments for the glucose residues. (e) Acetylation and methyl-
esterification change the 13C chemical shifts of the carbonyl group (measured on Arabidopsis). The structures of three galacturonic acid residues, a component commonly
found in pectin, are shown to match the NMR peaks. These panels are reconstituted from three previous publications [11,26,27].
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monly found in hemicellulose and pectin. Arabinose can accommo-
date linkages at carbons 1, 2, 3, and 5. The 1,5-linked arabinose
(also named 5-Ara) is featured with a uniquely large C5 chemical
shift of 68–70 ppm, instead of the regular 62–63 ppm value for
the terminal arabinose residues (t-Ara). Similarly, an additional
linkage at carbon 2 will change the isotropic 13C chemical shifts
of C2 from 80–82 ppm to 88–90 ppm.

Second, from plant to plant, the composition of cell walls and
even the composition of monosaccharide units within the same
type of polysaccharide (e.g., xylan) can differ dramatically. For
instance, the sidechain residue in the hemicellulose xylan is mainly
arabinose (thus named arabinoxylan) in the softwood spruce, but
changes to glucuronic acid (thus named glucuronoxylan) in the
hardwood eucalyptus [11] (Fig. 2b). Fortunately, the signals of
these sidechains can be differentiated (spectra available in ref.
[11]).

Third, the next factor is the broad distribution of conformations
in native polysaccharides. The hemicellulose xylan is typically
found in two-fold (flat-ribbon) or three-fold (non-flat) helical
screw conformations [11,28–30], which can be resolved using the
signals of C4 and C1, the two important carbon sites for the glyco-
sidic bond along the xylan backbone (Fig. 2b). Moreover, a contin-
uous band of xylose C4 signals has also been observed in dried
stems of Arabidopsis and the hydrated stems of hardwoods (euca-
lyptus and poplar) [11,29], as a result of the coexistence of many
intermediate conformations between the two-fold and three-fold
conformers. For cellulose, the surface and interior glucan chains
have distinct hydroxymethyl conformations and resolvable signals
(Fig. 2c). The dominant conformation is gauche-trans (gt) for sur-
face chains and trans-gauche (tg) for interior chains, as recently
determined using 1H–1H distance measurement [31].
3

Fourth, the high-order assembly of macromolecules also con-
tributes to peak multiplicity. Since 2016, we have been consis-
tently observing 7 major types of glucose units (namely types a-
g) for the cellulose in the native cell walls of Arabidopsis, Brachy-
podium, maize, switchgrass, rice, spruce, eucalyptus, and poplar
(see the representative spectrum in Fig. 2c). In the cross-section
of a cellulose microfibril, the outer layer contains two types of sur-
face chains (types f and g) with differentiable levels of water asso-
ciation, which has been examined using the water-edited 1H
polarization transfer method [31]. As a result, connections have
been made between these two types of glucan chains with the con-
cepts of hydrophobic and hydrophilic surfaces widely used in cel-
lulose research, but further investigations are needed to assess this
hypothesis. Types a and b are directly underneath the surface layer
and exhibit strong cross peaks with surface chains [32,33]. The ori-
gin of type-c has remained vague for long. Type-c chains failed to
show strong cross peaks with surface chains; therefore, it is sup-
posed to be deeply embedded in the core so that it is separated
from the surface chains by an intermediate layer (types a and b).
However, the prevalent 18-chain model of a cellulose microfibril
(as shown in Fig. 2c) could not accommodate such structural com-
plexity. The presence of type-c chains can be better justified by the
existence of larger bundles formed by multiple microfibrils as
shown in Fig. 2d. The other two forms (d and e) have noticeably
weaker signals. In addition, there are ongoing efforts using density
functional theory calculations to connect structural variables, such
as hydrogen bonds and other torsional angles, to the observed 13C
chemical shifts of cellulose [34,35].

Finally, chemical modifications, primarily acetylation and
methyl esterification, are carried out by corresponding enzymes.
The well-resolved carbonyl peaks (Fig. 2e) and methyl signals
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can be used for distinguishing these functional groups and identi-
fying their occurrence sites in cell wall polysaccharides
[27,29,36,37]. The connection between the NMR fingerprint and
the structural complexity is exemplified using plant carbohydrates
but the five general principles are appliable to polysaccharides in
other organisms.
4. Biochemical and ssNMR strategies to facilitate resonance
assignment

Nowadays, resonance assignment is no longer a barrier for well-
studied materials (e.g., bacteria and plants), but additional caution
should be taken when dealing with uncharted biosystems. In this
scenario, the best strategy is to combine ssNMR with chemical
and genomics approaches. Chemical assays, such as compositional
and linkage analyses, should be conducted to guide and validate
the NMR assignment. When ambiguity arises, the ssNMR assign-
ment can be validated by either generating mutant lines or using
chemical extracts that selectively deplete the carbohydrate compo-
nent of interest, thus rendering the corresponding signals absent in
the spectra. An alternative is to compare with other species that
are known to lack such molecules. When Arabidopsis thaliana was
first studied using 2D and 3D ssNMR, a xyloglucan-deficient
mutant and a pectin-depleted cell wall were compared with the
wild-type plant [38,39]. A similar strategy was applied to the
model fungus Aspergillus fumigatus, for which a collection of
mutants depleting chitin, a-1,3-glucan, galactomannan, and galac-
tosaminogalactan were generated [13].

A carbohydrate platform, complex carbohydrate magnetic reso-
nance database (CCMRD), was created in 2019 to index the results
from publications containing high-resolution ssNMR spectra and
well-validated assignments [40]. Started from the 450 entries
available in 2019 [40], the number of entries has increased to
720 as of Spring 2022. The database was designed to accommodate
the prolific growth of datasets in upcoming years, in preparation
for implementing automated approaches to encourage more
ssNMR studies of carbohydrate systems [41,42].

Sequential assignment experiments (e.g., NCACX and NCOCX)
have been extensively employed in protein ssNMR, but there are
no equivalent methods for carbohydrates. This is partially due to
the high degree of polymerization and the lack of nitrogen sites
in most carbohydrates. However, novel carbohydrate sequencing
strategies, analogous to those used in solution NMR [44], might
Fig. 3. 3D correlation experiments for resonance assignment and structural determinatio
spruce (with CORD recoupling turned off). (b) 2D F2-F3 plane of spruce extracted from
interactions in spruce cellulose highlighted using dash line circles. The F2-F3 planes (F1
mixing periods were compared to uncover low-intensity but highly relevant cross peak
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be promising in solids for small polysaccharides with highly vari-
able monosaccharide structures or with nitrogenated sugar units.
This possibility needs to be explored.

3D 13C correlation experiments provide additional spectral res-
olution over the 2D spectra and have been applied to biomass char-
acterization [29,38]. Recently, a 3D 13C DQ-SQ-SQ correlation
experiment has been successfully employed to resolve the polysac-
charide signals in the never-dried stems of spruce [43]. This exper-
iment is free of the cube’s body-diagonal, and the involvement of
the DQ chemical shifts in the F1 dimension allows simultaneous
observation of two parallel lines of signals in the F2-F3 planes for
each coupled spin pair, e.g., s5-s6 and i5-i6 shown in Fig. 3a, b.
The experiment is also useful for identifying long-range correlation
cross peaks when a long-mixing 13C–13C mixing was implemented
(Fig. 3c). Novel 3D experiments, such as those involving underex-
plored nuclei (e.g. 1H and 17O for carbohydrates) [45–47], should
be developed to counterbalance the lack of nitrogen sites in regard
to proteins.
5. Underutilized structural data for determining the packing
interface

The ssNMR technique also provides information on the spatial
proximities of biopolymers, which is its most appreciated capabil-
ity, besides quantification, for investigating cell wall materials. A
recent study of the plant secondary cell walls has proposed three
comparative models for the secondary cell wall organization and
the lignin-carbohydrate interface in the grass, hardwood, and soft-
wood (Fig. 4) [11]. The function of hemicellulose xylan is found to
be conformation-dependent: coating the even surface of cellulose
via its flat-ribbon structure and primarily binding lignin domains
via its non-flat conformation using preferential surface contacts
stabilized by numerous electrostatic interactions. However, this
selectivity is partially compromised in the stems of woody plants,
with some of the lignin particles closely packed with the flat-
ribbon part of xylan as well as the surface of cellulose fibrils, which
is likely forced by molecular crowding in the densely packed stems
of trees. Finally, the softwood spruce has the best molecular mixing
of biopolymers on the nanoscale, with lignin adapting a dispersive
distribution instead of forming nanoparticles.

Although over-simplified, these cartoon illustrations were built
on the structural concepts derived from more than 1,172 site-
specific ssNMR data [11,30]. The constantly improving resolution
n. (a) Representative F1-F3 plane of a 3D refocused-INADEQUATE-CORD spectrum of
a 3D spectrum (with 53 ms CORD) at F1 = 138 ppm. (c) Long-range inter-chain
= 138 ppm) of 3D spectra measured with short (53 ms) and long (300 ms) CORD

s reporting intermolecular interactions. (Adapted from Shekar et al.) [43].
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allows us to differentiate more carbon sites, and naturally a larger
number of long-range cross peaks between these carbons. The
complete dataset includes 508 intermolecular cross peaks (272
cross peaks in woody plants and 234 cross peaks in model plants),
475 13C-T1 and 1H-T1q relaxation time constants, and 189 water-
edited intensities for various carbon sites. Nowadays, each pair of
2D 13C–13C correlation spectra (with long and short mixing times
as contrast) allow the identification of 90–100 intermolecular cross
peaks in a plant sample (Fig. 5a).

As shown in polymer contact maps (Fig. 5b), intermolecular
cross peaks are categorized by their intensities following different
chemical or structural motifs, such as the acetyl (Ac) and furanose
ring of xylan (Xn) in two-fold or three-fold (2f/3f) screw conforma-
tions, the interior (i) and surface (s) chains in cellulose, as well as
the ring carbons of guaiacyl (G) and syringyl (S) monolignol units,
and the methoxyl (OMe) groups of lignin. In this way it is straight-
forward to recognize the structure selectivity of molecules in form-
ing physical contacts: lignin primarily interacts with xylan instead
of the other carbohydrate component (i.e., cellulose), and the S-
residue contributes more to lignin-carbohydrate packing in poplar
when compared with the G-residue. In particular, numerous strong
cross peaks were identified in spruce, revealing the unique archi-
Fig. 4. Illustrative cartoons of biopolymer packing in different plant species restrained b
site-specific data regarding lignin (yellow), cellulose (white), xylan in two-fold (red, fla
(GGM, green). The structures of polymers are shown for seven regions. Figure adapted f

Fig. 5. Structural restraints on polymer packing. (a) Overlay of 2D dipolar-gated PDSD
intermolecular cross peaks in eucalyptus. (b) Polymer contact map summarizing 272 in
lignin (lime/yellow), cellulose (red), mannan (light orange), and mixed sugars (purple). A
dash lines) following their intensities. Pictures of the samples used for NMR characteriz
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tecture of softwood and the homogeneous mixing of biopolymers
happening on the nanoscale [11]. This systemic treatment of data
allowed us to efficiently summarize the principal interactions sta-
bilizing the polymer interface, but we still lack a method of con-
verting the overwhelmingly abundant spectroscopic data into
structurally meaningful physical models.

Unfortunately, the analyses of water-association and motional
dynamics are even cruder. We rely on these data to distinguish
the rigid and mobile domains of polymers, and to differentiate
the hydrophilic matrix from the hydrophobic centers of the cell
walls. Two polymers tightly packed to form larger aggregates are
expected to show reduced mobility and water permeability, in
addition to strong intermolecular cross peaks. These features were
spotted for the chitin-a-glucan cores in the fungal cell wall of
Aspergillus fumigatus [12,13] and the cellulose-two-fold-xylan core
in plant secondary cell walls [11,30]. In contrast, molecules well
dispersed in the matrix should be better solvated and more
dynamic, expecting fewer and weaker cross peaks with other com-
ponents. This trend has been observed in the b-glucan matrix of
fungi and the hemicellulose-pectin matrix of plants. A complica-
tion arises as a single polysaccharide may have multiple domains
with distinct dynamics. For instance, the pectin in Arabidopsis has
y ssNMR. The scheme summarizes the structural concepts summarized from 1,172
t-ribbon) and three-fold (blue, twisted bands) screw conformations, and mannan
rom reference [11].

spectra with short (0.1 s; orange) and long (1.0 s; cyan) mixing times resolving 98
termolecular cross peaks arising among different structural units of xylan (cyan),
ll cross peaks are categorized as strong (blue), medium (magenta), and weak (black
ation are shown. Figures adapted from reference [11].
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a mobile domain forming the matrix that is prone to alkali extrac-
tion as well as an alkali-resistant and stiff domain that is packed
with cellulose microfibrils [21].

Data analysis in this polymer/residue-specific manner has made
it straightforward to cross-inspect different samples (e.g., from dif-
ferent species or mutant lines), but it has compromised the advan-
tage of high-resolution site-specific data. We are facing the
challenge of converting structural restraints into an energy-
minimized ensemble of macromolecular structures. Inputs from
experts in modeling and structural calculation will be highly
valued.

6. Critical factors of MAS-DNP on cell wall samples

Nowadays, MAS-DNP is regularly used for characterizing cell
walls by providing the needed sensitivity for visualizing the inter-
face between lowly-populated polymers (compared to the bulk of
the cell wall) and by enabling high-resolution characterization of
unlabeled materials using 2D 13C correlation experiments at natu-
ral isotopic abundance (1.1%) [48–52]. These applications have
been reviewed recently [53]. Here we will mainly address two fre-
quently asked questions regarding 1) how to ensure homogeneous
hyperpolarization throughout the biomaterial being studied, and
2) how to mitigate the line-broadening effect due to the low tem-
perature of the sample (e.g., �100 K for MAS-DNP) and the param-
agnetic effect from the radicals.

It is expected that samples with homogenous hyperpolarization
should show comparable patterns in 1D 13C spectra measured with
and without microwave (MW) irradiation (Fig. 6a). Occasionally,
lipid polymers and membranes may be poorly polarized. Lipid
polymers mostly form separated domains and their signals are dis-
tinguishable from carbohydrate peaks, thus alleviating the inter-
ference. Cell walls are porous layers on the surface of the cell
that can be freely accessed and easily penetrated by the biradicals
dissolved in solution [54], which are small molecules only 2–3 nm
across [55,56]. The polarization of electron spins will be first trans-
Fig. 6. Evaluation of sample and biradical conditions for MAS-DNP. (a) Uniform hyperpo
signals in the microwave-on (MW on) and microwave-off (MW off) spectra when norm
polarized. (b) Time saving and improved signal-to-noise ratios of DNP over room-temper
rice stems broadened by the cryogenic temperature of DNP. (c) 13C spectra of extrac
Room temperature EPR spectra of AMUPol at 9.6 GHz in four rice stem samples (enhancem
solvents and procedures. The figures are remade from references [50,61].
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ferred to the 1H in the biradical [57–59], and then to those in the
solvent, and finally spread over a very long range via 1H–1H spin
diffusion, which ensures homogeneous hyperpolarization, for
example, across at least tens of nanometers as estimated using
wood fibers [60]. This is the case for carbohydrates as the nuclear
relaxation times are long enough at low temperature, unlike the
lipids that still relax quickly.

Cellulose can largely retain its linewidth at the cryogenic tem-
perature of DNP due to its high crystallinity (Fig. 6b, c) [50,61].
Indeed, we have observed impressively narrow full width at half
maximum (FWHM) linewidths of 0.9–1.0 ppm for cotton cellulose
on a 600 MHz/395 GHz MAS-DNP, which allowed us to track the
glucose units in the Ia and Ib model allomorphs frequently
observed in model cellulosic materials [49]. The C-H dipolar order
parameters are typically larger than 0.85 for cellulose; therefore,
motion is not a major factor to consider for these fibrils. In contrast,
hemicellulose and pectin are highly dynamic, and their signals are
broadened out at a low temperature as shown in Fig. 6b. The
resulting structure contains conformers with different isotropic
chemical shifts, which inhomogeneously broaden the NMR lines.
Despite this limitation, some peaks of these mobile components
have been recently resolved in 2D 13C–13C correlation MAS-DNP
spectra [50]. Under most circumstances, biradicals mainly stay in
the solvent instead of being packed with biomolecules. Therefore,
the paramagnetic relaxation enhancement effect from the biradi-
cals is neither pronounced nor an issue for biomaterial DNP
(Fig. 6c), especially for the solutions with a low concentration
(5–10 mM) of radicals [62].

7. Expanding the application of MAS-DNP in carbohydrate
research

For most cell wall molecules in rice stems, it has been shown
that the linewidths in 2D 13C correlation spectra collected on a
600 MHz/395 GHz MAS-DNP were comparable to those collected
on a 400 MHz conventional ssNMR [50]. This is observed not only
larization across the cell wall confirmed by the consistent patterns of carbohydrate
alized by the interior cellulose carbon 4 peaks (i4). Lipid components are not well
ature NMR (RT-NMR). Blue dash lines indicate the signals of mobile components of
ted Arabidopsis cell walls at different temperatures and biradical conditions. (d)
ent factor eon/off of 38–57 on 600 MHz/395 GHz MAS-DNP) prepared using different
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for cellulose but also for some rigid portions of matrix polymers,
such as the backbone of xylan. However, the most dynamic compo-
nents, such as the arabinose sidechains of xylan, still evades DNP
detection. The current resolution allowed for resonance assign-
ment and compositional analysis of unlabeled cell wall materials.
In the same study, the MAS-DNP analysis was further combined
with room-temperature measurements (by conventional ssNMR)
of relaxation and dipolar order parameters, providing a more com-
plete assessment of these unlabeled samples [50]. However, an
unaccomplished task is to develop methods that can efficiently
detect intermolecular cross peaks under natural isotopic abun-
dance [63].

Further questions include whether we can better handle matrix
polysaccharides and other mobile components such as intracellular
molecules. Finding answers to these questions might introduce
new applications of MAS-DNP to biomaterial characterization. It
is also unclear though if MAS-DNP at higher fields would help
resolve the resolution issues. If the line-broadening is inhomoge-
neous, higher fields will not help, otherwise higher magnetic fields
are desirable. However, in most cases, MAS-DNP at
800 MHz/527 GHz or higher generates lower enhancement in gen-
eral. Ongoing progress notably in biradical design might improve
MAS-DNP at high field [56,64,65]. It should be noted that smaller
rotors (e.g., 1.3 mm) [66,67] are needed to improve the enhance-
ment, but the use of a small rotor sacrifices the absolute sensitivity
during 13C detection as compared to the conventional 3.2 mm
rotors. Overall, high-field DNP bears some promises but still pre-
sents major challenges and may not surpass the sensitivity pro-
vided by the lower-field DNP setups used today.

Unexpectedly, optimizing DNP samples, especially for the mix-
ing protocol of biradical (in the solvent) and the cell wall mate-
rial, is still fully empirical at this stage. Typically, the most
limiting step of a MAS-DNP project is finding a sample prepara-
tion maximizing the sensitivity by both a great enhancement fac-
tor and a relatively short DNP buildup time. This often requires
re-processing the samples with solvents and radicals for multiple
cycles, by trial and error. Recently, a benchtop EPR was used to
examine a collection of rice samples before subjection to MAS-
DNP measurements (Fig. 6d). The EPR spectra suggest that the
biradicals are favorably partitioning into the solvent in the sam-
ples with good sensitivity enhancement (eon/off of 38–57). It will
be beneficial if a protocol could be developed to rapidly screen
the condition of radicals in the samples and pick up the most
promising ones. This thematic is presently becoming even more
relevant with the introduction of new radicals to the commer-
cially available library.

The next question is how to place MAS-DNP into the context of
other structural and biophysical techniques. Cryo-EM has estab-
lished a leading role in protein structure determination and viral
research but is not frequently used for carbohydrates or biomate-
rials. We have developed a strategy for analyzing the structures
of unlabeled biomaterials by combining the nanoscale resolution
of cryo-electron tomography (CET) with the atomic-level informa-
tion provided by MAS-DNP (Fig. 7) [68]. CET of a cellulose fibril
(cross-sectional FWHM width of 5.2–5.7 nm) revealed periodic
structure along the fibril axis formed by two wrapped, yet not
twisted filaments, each of which generally agrees with an 18-
chain model for elementary cellulose microfibril. MAS-DNP
resolved the carbon sites of interior and surface glucan chains,
and intensity quantification supports the 18-chain arrangement
with a relatively low extent of fibrillar bundling. The sample used
was cellulose fibrils synthesized in vitro by protein machinery iso-
lated from moss, which provided a simplified target for this suc-
cessful attempt. It remains to be seen if DNP has synergism with
cryo-EM for investigating more sophisticated polysaccharides and
biopolymer complexes such as cell walls.
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8. Conclusion

Over the last decade, significant advances have been made in
the structural characterization of cell walls and carbohydrate-
based biomaterials. However, due to the high heterogeneity of
these cellular samples and the unique structural complexity of car-
bohydrates, the tools currently available for polymer research and
protein structural biology are not fully applicable here. Develop-
ment of semi-automatic tools for facilitating resonance assign-
ment, novel pulse sequences and structural calculation methods
for carbohydrate structural determination, as well as new radicals
and optimized protocols for the application of high-field MAS-DNP
may lead to breakthroughs in carbohydrate and biomaterial
research.
9. Questions and Answers

(1) The authors note that ssNMR resonance assignments for fungal
and plant cells are complicated by a plethora of polysaccharide
types, polymorphs of a given polysaccharide, covalent linkage
patterns, and chemical modifications. Among the strategies
used by the authors to resolve the resulting ambiguities are
compositional and linkage analyses of smaller carbohydrate
structures, but these options would seem to be precluded for
recalcitrant materials such as lignified wood or melanized fun-
gal cell walls. How serious is that limitation?

Answer: Analyses of the carbohydrate components in woody
materials have been reported in literature, for example, from MS
and chromatography methods [69]. The analysis of lignin mainly
relies on solution NMR methods [70]. These assays, though being
destructive and requiring solubilization and chemical reactions
before analysis, provide the knowledge needed for assigning the
signals observed in solid-state NMR spectra. For melanized fungi,
these biochemical assays involving the digestion and solubilization
of the carbohydrate components should still be feasible [71]. For
example, the structural concept of the conidium cell walls of A.
fumigatus, which has melanin and rodlet layers outside the cell
walls, have been summarized based on several decades of studies
of carbohydrate linkage and composition [72].

(2) In DNP-enhanced experiments, what are the best approaches to
optimize hyperpolarization of composite materials that typi-
cally display a range of hydrophilic characters, cross polariza-
tion capabilities, or other physicochemical attributes? Are
there good criteria for choosing particular biradical types with-
out empirical optimization?

Answer: It is difficult to derive universal principles as the
biopolymers themselves and the composites they formed exist
as highly heterogeneous and variable structures and carry diverse
properties. However, a general expectation is that homogeneous
distribution of biradicals to the porous biomaterial is key to
achieving satisfactory hyperpolarization. Therefore, materials
with a higher degree of polymer aggregation, higher hydrophobic-
ity, and reduced porosity should be processed more thorough to
better mix with the radicals. This has been sensed during the
studies of secondary plant cell walls, which are significantly stif-
fer and denser than the primary cell walls. Still, systematic exper-
imental validations are needed to establish correlations between
preparation procedures, sample properties, as well as DNP
enhancement and buildup times. The new families of radicals,
such as the computationally designed AsymPolPOK and the Tiny-
Pol designed for high-field DNP, have shown significant improve-
ment over AMUPol.



Fig. 7. Synergism of Cryo-EM and DNP for carbohydrate characterization. Subtomogram averages of in vitro fibers and isosurface rendering of the density map (left) reveal a
fibril structure formed by two wrapped filaments. Each filament fibril can be fit to an 18-chain cellulose model, where the conformational distribution of glucan chains and
the surface-to-interior ratio are analyzed by MAS-DNP (right). A 2D 13C�13C CHHC spectrum is included here to show the spectral resolution. Adapted from Deligey et al. [68].
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(3) The authors acknowledge the incompletely fulfilled promise of
ssNMR-derived structural data to constrain detailed models of
how the various biopolymers pack together to form a function-
ally versatile biomaterial in plants, animals, or fungi. The car-
toons drawn from NMR-derived spatial proximities reveal, for
instance, that lignin interacts primarily with xylan rather than
cellulose and the syringyl residues of lignin monolignols con-
tribute more than guaiacyl residues to intercomponent packing.
What specific types of computational assistance would be useful
for developing more definitive models of macromolecular struc-
ture based on constraints from ssNMR?

Answer: There are several computational methods that could
build physical models on different length scales that could help
the interpretation and/or validation of ssNMR data. Atomistic
molecular dynamics modeling with inputs from ssNMR constraints
might be of the highest priority [73,74]. Ensemble averaged struc-
tures of lignocellulosic composites and the key thermodynamic
parameters should deepen our understanding of the cell wall
materials. DFT calculation might be used to assist the interpreta-
tion of observed NMR chemical shifts and visualize the local inter-
face of polymer packing [35,76]. To further bridge the gaps
between the NMR-derived structural concepts and the mechanical
properties of bio-composites, coarse-grain modeling might be used
[75]. The combination of ssNMR experimental data with assorted
modeling and calculation approaches have the great potential of
advancing the research of biomaterials.

(4) What types of experiments were used to assign 13C signals sep-
arately to surface and interior glucan chains, as shown in
Fig. 2c? Please provide additional information about the details
of the assignment approach for this specific case.

Answer: The attributions of the surface and interior chains were
determined by the spatial proximities of these glucan chains with
matrix polymers (through proton-driven spin diffusion) and exter-
nal water molecules (through water-edited 1H polarization trans-
fer). First, surface chains dominate the interactions of cellulose
with matrix polymers. This was evidenced by their high equilib-
8

rium intensities analyzed using the build-up curves of cellulose-
pectin cross-peak intensities as extracted from a series of 2D
proton-driven spin diffusion spectra measured with varied mixing
times up to 1.5 s [77]. Second, the surface chains have shown sub-
stantially faster 1H polarization transfer from water molecules
when compared to the internal chains [31].

(5) In MAS NMR experiments near room temperature, do specific
components of plant cell wall materials become visible under
‘‘solution NMR” measurement conditions (e.g., low-power
decoupling, polarization transfers driven by scalar couplings)?
Do other components have intermediate motional characteris-
tics, for example as indicated by short T1q values or weak
13C–13C cross peaks in 2D or 3D spectra with dipolar-
coupling-based mixing periods? Which components?

Answer: At ambient temperature and low MAS frequencies
(e.g., 10–20 kHz), the most mobile and highly solvated molecules
or polymer domains could be detected using ‘‘solution NMR” con-
ditions. A notable example is arabinose, which can be efficiently
detected using the refocused INEPT experiment that relies on sca-
lar couplings for polarization transfer. Arabinose units form the
branched sidechains of pectic polymers, being the most mobile
component of the primary plant cell walls. Also, the backbones of
pectic polymers (homogalacturonan and rhamnogalacturonan)
have also been observed in refocused INEPT spectra, but with con-
siderably lower intensities as they are only intermediately mobile.
As a result, homogalacturonan and rhamnogalacturonan also suffer
significantly from long dipolar-coupling-based mixing periods. To
compensate for this effect, moderately low temperature is thus
required to partially immobilize these two polymers in order to
observe their intermolecular cross peaks with other cell wall com-
ponents such as cellulose.

When extending to moderately fast MAS (e.g. 50 kHz), the
dynamic nature of pectic polymers permit the detection of their
1H signals with narrow linewidths, without the requirement of
deuteration or ultrafast MAS (e.g., above 100 kHz). This strategy
has been demonstrated recently by Phyo and Hong [45], presenting
a promising direction for plant solid-state NMR.
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(6) Approximately how many research labs are currently using
NMR to characterize plant cell wall materials? In which coun-
tries are they located? Are they supported exclusively by gov-
ernment agencies, or are some of these labs supported by
industry or located within commercial entities?

Answer: We have been keeping close track of the studies from
45 research labs using NMR to characterize plant cell wall materi-
als, which have inspired our research program and have been fre-
quently cited in our recent publications. These labs are distributed
worldwide, including USA, France, UK, Sweden, Finland, Spain,
Italy, Japan, China, India, Australia, New Zealand, Brazil, etc. A list
of the principal investigators is provided in the response letter to
the reviewers’ comments but will not be included here due to
the limited space. Most of these groups are in universities and
national laboratories, but we are also aware of several labs in the
industry of wood, pulp, and bioenergy. Due to our limited knowl-
edge, we believe there are many more research groups, especially
for the field of solution NMR research. Indeed, we recently indexed
the annual number of plant NMR publications between 1991 and
2020 registered onWeb of Science. There are around 1200 publica-
tions, 90% of which were studies conducted using solution NMR
methods.
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