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Abstract
Solid-state NMR (ssNMR) can provide structural information at the most detailed
level and, at the same time, is applicable in highly heterogeneous and complex
molecular environments, largely irrespective of solubility or crystallinity. In the
following chapter, we discuss concepts to deal with the spectroscopic challenges
of applying ssNMR to complex biomolecular systems and how to place structural
information obtained from ssNMR in a (supra)molecular context. Applications
range from protein biopolymers and hydrogels to drug delivery systems,
biosilica, and other biomaterials.
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Introduction

Solid-state NMR (ssNMR) belongs to a small number of experimental methods that
can provide structural information at the most detailed level and, at the same time, is
applicable in highly heterogeneous and complex molecular environments largely
irrespective of solubility or crystallinity [1]. The main challenge associated with the
use of ssNMR in complex molecular systems refers to the ability to detect the molecule
of interest with adequate spectroscopic resolution and sensitivity. In the last years,
significant progress has been made in addressing both issues by advancements in the
field of ssNMR instrumentation and sample preparation as well as by implementing
novel pulse sequences and data acquisition schemes. At the same time, developments
in related fields such as electron and light microscopy as well as in computational
structural biology and theoretical chemistry have provided novel opportunities to
obtain a comprehensive, ssNMR-based view of the supramolecular arrangement of
complex molecular systems in both life and material science applications.

In the following chapter, we will discuss concepts to deal with the spectroscopic
challenges of ssNMR applied to complex biomolecular systems and how to place
structural information obtained from ssNMR in a (supra)molecular context. We will
give examples on how these approaches can be used to study complex biomolecular
systems ranging from amyloid proteins to drug delivery systems and biosilica. As an
example of the growing opportunities for in situ studies of ssNMR, we will highlight
preparative advancements in the field of cellular solid-state NMR to study functional
cell organelles such as bacterial cell envelopes and eukaryotic plasma membrane
vesicles. The interested reader is referred to additional studies of our group in which
ssNMR has been used in the context of membrane proteins and their complexes [2]
as well as in material science applications including catalyst materials [3] and
colloidal nanocrystals [4].

Methods

ssNMR Sample Preparation for Complex Biomolecules

Solid-state NMR provides increasing possibilities to study complex molecular
systems under “in situ” conditions. In the case of biomolecules, tailored isotope-
labeling approaches for pro- and eukaryotic systems are usually required. Virtually
all NMR studies conducted today on proteins or other biomolecules use isotope
labeling to enhance NMR signals and to allow for multidimensional ssNMR corre-
lation spectroscopy.

However, with increasing size and molecular complexity, isotope labeling and
protein overexpression may not be sufficient to detect ssNMR signals of a particular
protein in its natural biological environment. An example of such a situation refers to
the outer membrane of Gram-negative bacteria where endogenous protein expres-
sion levels of naturally highly abundant outer membrane proteins, i.e., OmpA and
OmpF, may be comparable to the membrane protein of interest, even under the
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conditions of overexpression. In this case, studies using cellular envelopes or whole
cells of Gram-negative bacteria are facilitated by the use of an E. coli deletion strain
to remove signals from naturally highly abundant outer MPs [5, 6]. In such prepa-
rations, signals from other cellular components including lipids, nucleotides, pepti-
doglycan, and lipopolysaccharides remain visible at intensities similar to the
(overexpressed) protein of interest. Another strategy to minimize background label-
ing refers and relates to adding rifampicin to the growth medium in order to
specifically label the target protein of interest by inhibiting expression of endoge-
nous proteins [5, 6]. Obviously, non-proteinaceous cell components such as nucle-
otides and lipids remain labeled. To further suppress such contributions, specific
editing methods such as discussed in Refs. [5, 7] can be used.

Escherichia coli is a well-established host for protein expression using minimal
media. However, high-quality functional expression of proteins from higher organ-
isms often requires a eukaryotic host system to ensure proper protein folding,
posttranslational modification, and membrane insertion. A way to circumvent the
problem of protein production in higher organisms and still achieve posttranslational
modifications concerns the use of specific enzymes during the protein production for
NMR purposes. For example, the O-GlcNAc transferase (OGT) transfers GlcNAc
moieties from UDP-GlcNAc to serines and threonines of numerous target proteins,
including those produced in E. coli. We utilized the latter aspect to produce 13C, 15N-
labeled nucleoporins (Nups) that are natively heavily modified by O-linked
β-N-acetylglucosamines [8]. In addition, significant progress has been made in the
last years to express and purify proteins from eukaryotic cells. Fully and specifically
13C, 15N-labeled proteins suitable for NMR studies were produced from different
eukaryotic cell types (see, e.g., Ref. [2] for a recent review). Yet, the costs for
producing such samples can still be prohibitive.

In our laboratory, we [9] could recently produce fully and specifically labeled
membrane vesicles derived from A431 cells (human cancer cells), which are known
to express high levels of the epidermal growth factor receptor (EGFR) allowing us to
perform ssNMR studies on functional EGF receptors in the natural membrane
environment. For isotope labeling, we adapted published procedures using a com-
bination of dialyzed fetal calf serum and labeled amino acid mixtures obtained from
algae extracts to produce a 13C, 15N-enriched medium. While NMR has been readily
used to study soluble proteins associated with entire bacterial or eukaryotic cells
(see, e.g., [10]), producing specific organelles offers a means to study molecular
components such as membrane proteins in their native cell environment at enhanced
spectroscopy sensitivity. For example, we produced [9] plasma membrane vesicles
from lysed A431 cells that contain an increased level of functional receptor and, at
the same time, reflect vesicles that are about an order of magnitude smaller than
eukaryotic cells (Fig. 1), thereby enhancing signal to noise for ssNMR studies
significantly.

Finally, novel preparative and labeling routes are also needed for proton-detected
ssNMR experiments in complex biomolecular systems. 1H-detection in solid-state
NMR can much improve spectral sensitivity and resolution. However, 1H-detection
has thus far much relied on perdeuteration, which prevents detection of nonexchangeable
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protons such as side-chain protons. To overcome this limitation, we have recently
introduced several approaches that make nonexchangeable protons amenable to 1H-
detection at high spectral resolution (vide infra, section “1H-Detection”).

Solid-State NMR Methodology for Complex Systems

Dynamic Nuclear Polarization (DNP)
A critical parameter for studying complex molecular systems refers to spectroscopic
sensitivity. This challenge has been addressed in the field of ssNMR by the advent of
commercial DNP (dynamic nuclear polarization, Ref. [11]) NMR instruments that
currently can operate at 400 MHz, 600 MHz, and up to 800 MHz NMR frequency.
High-field conditions [12] are particularly attractive for complex molecular systems
including membrane proteins [6, 9, 13] or intact biomaterials [14, 15]. Yet, recent
work has shown that DNP enhancements can significantly vary and generally reduce
with increasing magnetic field in the case of biradicals that utilize the cross effect [2].
Mance et al. have recently examined [16] the magnetic field dependence of
biradicals including AMUPol [17]. These studies suggested an approximately
1/B0

2 dependence of cross-effect DNP that is governed by a relative weak effective
hyperfine coupling that describes the initial electron-nuclear polarization transfer
step. The corresponding distance amounts to approximately 10 Å which is line with
experimentally observed paramagnetic relaxation enhancement (PRE) effects under
low-temperature DNP conditions [12, 18]. Since the polarization in DNP is usually
distributed by spin-diffusion processes among protons, this observation suggests that
core protons near the biradical act as a “polarization sink” since they do not
contribute in the spin-diffusion process but could still get polarized. Recently, this
effect has been observed experimentally [19] using various deuterated biradicals,
where after deuteration of the core protons, a beneficial effect on the DNP enhance-
ment was detected. Moreover, recent studies [20] as well as ongoing work in our
laboratory suggest that trityl-based biradicals may be better suited for ultrahigh-field
DNP studies in the future.

Next to sensitivity, spectroscopic resolution is another critical factor for DNP
applications on complex (bio)molecules. This parameter was recently examined by
comparing two-dimensional (13C,13C) and (15N,13C) correlation data sets on fully
13C, 15N-labeled variants of the KcsA potassium channel at 800 MHz DNP condi-
tions using soluble [12] and tagged [18] AMUPol variants to data obtained at
ambient temperatures. In line with previous low-temperature ssNMR studies work
on unfolded [21] proteins, it was found that local protein motion represents an
important factor in determining the experimentally observed line width under
LT-DNP conditions [22].

Because the resulting DNP signal enhancement is dictated by spin-diffusion
processes, the relative DNP enhancement of locally separated molecular subsystems
can report on supramolecular structure. For example, in the case of biosilica (see
section “Biosilica”), which consists of different molecular layers, i.e., polysaccha-
rides, peptides, polyamines, and silica, the DNP biradical will be confined to the
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surface. As a result, polarization created from water-soluble biradicals will be spread
to the inner molecular layers by spin diffusion that can be treated classically using
Fick’s law. In this formalism, the longitudinal nuclear relaxation time (T1n) and the
diffusion constant (which depends on the average 1H-1H distance) will ultimately
determine the local DNP enhancement. Since biosilica consist of different molecular
layers (determined by specific diffusion constants and T1n parameters), theoretical
models can be compared to the measured enhancements to estimate the thickness of
each layer (see section “Biosilica” and Ref. [15]).

Such considerations can also be extended to predict the effect of variations in
proton density on the resulting DNP enhancement for a wide range of molecular
sizes. In Fig. 1a, a small protein with a dimension of approximately 5 nm dimension
is compared to plasma membrane vesicles [9] (about 200 nm’s, Fig. 1b) and entire
eukaryotic cells (Fig. 1c, 15 μm). As visible in Fig. 1 (lower panel), DNP enhance-
ments are largely constant in small proteins, unless high levels of proton dilution
(such as fractional deuteration or perdeuteration; see section “1H-Detection”) are
used and, at the same time, short T1n relaxation times are active. This situation
significantly changes in the case of plasma membrane vesicles where only full
protonation allows for relatively constant DNP enhancement factors across each
vesicle. Finally, sizable DNP enhancements are largely confined to approximately a
micrometer ring on the outside of mammalian cells when soluble DNP radicals are
added. In summary, a nonuniform distribution of the polarization can be created by
using larger molecular dimensions or by chemically modulating spin-diffusion as
well as relaxation parameters.

1H-Detection
Another means to enhance spectral sensitivity in solid-state NMR is by detecting
protons. Spectral sensitivity is proportional to γ3/2, i.e., the detection of 1H instead of
15N can potentially increase spectral sensitivity by a factor of ~30. Yet, while 1H has
been the detection nuclei of choice in biological solution NMR ever since, 1H-
detection in biological solids has been prevented by the presence of strong and time-
dependent homonuclear proton couplings that largely broaden the 1H linewidth.
Fortunately, the advents of fast (>50 kHz) MAS probeheads and dilution of the
proton network with perdeuteration labeling have provided the tools to detect pro-
tons in the solid state. This is a big advantage for biological solid-state NMR studies.
Next to gains in sensitivity, which enable the use of submicrogram quantities of
labeled proteins, 1H-detection also adds another spectral dimension to the usual 13C
and 15N dimensions and thereby improves spectral resolution. The perdeuteration
approach has been successfully applied to globular proteins and amyloid fibrils as
well as water-exposed regions of membrane proteins (see, e.g., Refs. [23–26]).

However, perdeuteration, based on protein expression in fully deuterated media,
only allows access to exchangeable amino protons. This prevents 1H-detection of
side-chain 1H, which is crucial for structure determination, as well as access to
water-inaccessible protein regions such as the transmembrane domains (TMs) of
membrane proteins. Weingarth et al. have recently introduced three labeling schemes
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that overcome these problems: (1) 1H-cloud labeling, which incorporates fully
protonated types of amino acids (referred to as “1H-clouds”) in a perdeuterated
protein matrix [27]. This strategy provides well-resolved aliphatic side-chain 1H
resonances and enables the measurement of inter-residual proton-proton contacts
between 1H side chains, which was demonstrated in ubiquitin and in beta-barrel
membrane protein BamA. (2) Another approach refers to fractional deuteration,
which is based on protein growth in D2O (100%) and fully protonated glucose [28].
This labeling scheme yields labeled proteins that feature many carbons, such as the
alpha-carbons, that are virtually devoid of protons, while other carbons retain a
sizable proton density. This labeling scheme allows both assigning side-chain 1H and
harnessing side-chain 1H for structural studies, which was demonstrated in ubiquitin
and applied to the K+ channel KcsA (Fig. 2). Moreover, this labeling scheme allows
for the direct detection of functionally important structural water molecules [28].
(3) In addition, Weingarth et al. introduced another labeling scheme, named inverse
fractional deuteration (iFD, Ref. [29]), which is based on using H2O in the growth
medium and hence allows for the detection of water-inaccessible proteins, even in
situ. This labeling strategy was successfully used to study the slow 15N T1ρ dynamics
of the water-inaccessible selectivity filter of a membrane-embedded K+ channel.

Fig. 2 1H-detected solid-state NMR experiments in fractionally deuterated ubiquitin. This labeling
scheme provides a very good 1H-resolution well below 0.1 ppm for both (a) exchangeable amino
protons and the (b) nonexchangeable side-chain protons (Adapted from Ref. [28])
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Furthermore and for the first time ever, protein detection could be used to obtain a
high-resolution spectrum of a membrane protein in a native bacterial cell membrane.

Finally, 1H-detection using fully protonated proteins also provides the potential to
measure water-inaccessible proteins, such as in a membrane protein [30]. This
approach bears even more potential for applications using MAS frequencies above
100 kHz where spectral resolution is further improved [31].

Combining ssNMR and Computational Approaches
Integrating solid-state NMR data with computational methods offers very attractive
means to improve the structural interpretation of NMR data. While this approach has
long been employed for 3D structure determination in NMR, it also allows translat-
ing relaxation rates in motional modes, chemical shifts in structural data, or water
exposure into molecular topology. For example, the water exposure of biomolecules,
as measured by T2-edited 2D H(H)C experiments, can be quantitatively back-
calculated over long atomistic molecular dynamics (MD) simulations, which allows
probing peptide topology and insertion depth in a membrane setting [32].

A particularly interesting approach is the integration of solid-state NMR with
mesoscopic coarse-grained simulations, which can, for example, be performed with
the MARTINI force field [33]. Such force fields allow for computations of large
systems (millions of beads) over large timescales (microsecond to milliseconds). It
was shown that these simulations, in combination with solid-state NMR data, allow
probing peptide assembling [34], membrane remodeling [14], and specific lipid
binding to membrane proteins [35]. Van der Cruijsen et al. also demonstrated on
the example of K+ channels that specific lipid binding predicted by atomistic MD
simulations can be experimentally validated with frequency-selectivity solid-state
NMR experiments [36]. Finally, the analysis of solid-state NMR spectra can also be
simplified via computational programs such as FANDAS [37], which provides a
convenient means to predict multidimensional NMR spectra, thereby supporting
spectral assignments.

Applications

The use of ssNMR-based concepts discussed in section “Methods” for studies on
membrane proteins, their complexes, and cellular preparations has already been
discussed in the literature [2, 38]. In the following, examples are given for applica-
tions to protein assemblies and a variety of biomaterials and drug delivery systems.

Fibrils and Other Protein Assemblies

Solid-state NMR has become the leading method to obtain structural and dynamics
information on amyloid fibrils [39] including those formed by α-synuclein [40], tau
[41, 42], and polyglutamine [43] (Fig. 3a, lower panel). Combining dipolar and
scalar-based experiments (see, e.g., Ref. [40]) allows to identify core fibril residues
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and dynamic, surface-exposed segments, respectively. In the case of α-synuclein, it
was also observed that β-strand regions identified from ssNMR in fibrils may already
form transiently in protein monomers [44].

While a structural hallmark of amyloid fibrils is the beta-strand-rich fold, protein
can also oligomerize or polymerize in other folds. For example, ssNMR data
previously showed that protein needles formed in vitro by the type III secretion
system protein undergo a conformational change upon needle formation [45] that
leaves large portions of the monomer structure intact. Another example of protein
polymerization refers to the polymerization of αβ-tubulin into microtubules (MTs).
MTs exist in a dynamic equilibrium with the nonpolymerized form, tubulin, a
heterodimeric protein consisting of one α-tubulin subunit and one β-tubulin subunit.
The dynamic behavior of MTs plays a crucial role in cell division making MTs an
important target for anticancer drug design. It was previously shown [46] that
ssNMR can be a powerful tool to study ligand binding to MTs (Fig. 3b). In particular,
Kumar et al. compared 2D ssNMR data on free isotope-labeled epothilone B (Epo B)
which belongs to a new class of anticancer compounds from the myxobacterium
Sorangium cellulosum to data obtained after binding to MTs. Significant chemical
shift changes were observed providing insight into possible binding modes of Epo B
to MTs (Fig. 3b, lower panel). This study and work from Polenova et al. [47]
underlines the potential of ssNMR to obtain information about binding to MTs by
ssNMR.

Finally, there is an increasing number of protein-rich assemblies that contain
intrinsically disordered protein domains and yet can form stable molecular networks
in vitro and in vivo. In the latter case, such molecular assemblies have been termed
signalosomes, granules, foci, or puncta which have recently received significant
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a b c
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AsnSer
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Fig. 3 (a) Solid-state NMR has become the leading method to obtain structural and dynamics
information on amyloid fibrils such as polyglutamine fibrils where ssNMR provided insight into the
side-chain packing (lower panel, adapted from [43]). In addition, it can be used to study ligand
binding such as epothilone B (lower panel) to microtubules (b, adapted from Ref. [46]). Finally,
ssNMR also provides a unique tool to study networking in protein hydrogels such as those obtained
for proteins of the nuclear pore complex (c) (Lower panel adapted from Ref. [49])
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attention [48]. Using proteins related to the nuclear pore complex that form
hydrogels under in vitro conditions, we could previously demonstrate the power of
ssNMR to study structural organization and dynamics of such assemblies, namely, of
so-called NUPs comprising several hundred amino acids [8, 49]. In particular, it was
shown for the case of the 62 kDa FG repeat domain of the nucleoporin Nsp1p that
transient hydrophobic interactions between Phe and methyl side chains and
intermolecular beta-sheets between the Asn-rich spacer regions (Fig. 3c, lower
panel) are responsible for stabilization of the hydrogel. The data, therefore,
suggested a fully unexpected cellular function of such interchain β-structures in
maintaining the permeability barrier of nuclear pores.

Biomaterials

Lipid-Anchored Peptides
The phenomenon of protein aggregation in amyloid proteins also triggered the
development of novel pharmaceutical and hybrid biomaterials, including lipid-
anchored peptides, that may potentially be of pharmacological use in the context
of immunotherapy-based approaches against neurodegenerative disorders such as
Alzheimer’s disease. Such preparations usually exhibit low peptide concentrations,
and isotope labeling for NMR studies is costly. For these reasons, dynamic nuclear
polarization NMR spectroscopy can provide an efficient means to obtain structural
information on liposomal vaccines targeting Alzheimer’s disease. Indeed, it was
shown [14] that 2D double-quantum-filtered (2Q/1Q) 13C correlation spectroscopy
provides under DNP conditions (Fig. 4a) a powerful means to infer the structural
organization of (N-terminal, selectively isotope-labeled) Aβ peptides in different
lipid formulations. In particular, we found that DMPC/DMPG/cholesterol mainly
stabilizes extended structures of the lipid-anchored peptide (Fig. 4b), while in
DMTAP/cholesterol liposomes, the peptide adopts a multitude of conformations
including random-coil and extended structures. In this study, we also successfully
combined scarce ssNMR data (i.e., secondary chemical shifts) with mesoscopic
coarse-grained molecular dynamics (CGMD) simulations to obtain a model of
peptide association in vesicles.

Biosilica
Diatom biosilica is an inorganic/organic hybrid with interesting properties. The
molecular architecture of the organic material at the atomic and nanometer scale
has so far remained unknown, in particular for intact biosilica. The combination of
DNP experiments with microscopy, mass spectrometry (MS), and molecular dynam-
ics (MD) simulations recently [15] provided insight into the structural characteriza-
tion of such systems. In line with our discussion in section “Dynamic Nuclear
Polarization (DNP),” DNP resulted in the selective enhancement of protein back-
bone nitrogen signals at 120 ppm in the 15N direct excitation (DE) MAS NMR
spectra. In contrast, signals from LCPAs or lysine side chains remained absent even
in the DNP-enhanced 15N DE MAS NMR spectrum and were only detectable in the
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15N CP MAS NMR spectrum. These results can be explained by the assumption that
LCPAs are embedded into the silica and thus not accessible for the radicals – in
contrast to the peptides. Moreover, the measured DNP signal enhancement factors
can be well described by the assumption that the silica-embedded LCPAs are spread
over the entire silica phase, whereas the peptides are preferentially found at the
surface of the biosilica (see section “Dynamic Nuclear Polarization (DNP)”). Fur-
thermore, based on the considerable signal enhancements provided by DNP solid-
state NMR, we were for the first time able to obtain in situ insight into the secondary
structure elements of tightly biosilica-associated native proteins in fully [13C,15N,29Si]

Fig. 4 2D ssNMR data provide unique insight into the molecular structure of complex biomaterials
such as liposomal vaccines? (a, b) and diatom biosilica (c, d). In the case of (N-terminal, selectively
isotope-labeled) Aβ peptides in different lipid formulations, 2Q/1Q correlation experiments (a)
provided dihedral angle restraints to model their structural organization in liposomes (b, adapted
from Ref.[14]). In c, results of two-dimensional 15N-edited proton-driven spin-diffusion (PDSD)
experiments (upper panel) as well as 2D 15N-13C correlation experiments (such as shown in the
lower panel) could be used to identify the prevalent types of amino acids as well as their
secondary structure fold of diatom biosilica. This information could be used to build, in combina-
tion with the DNP results, a model of the supramolecular arrangement of diatom biosilica (d,
adapted from Ref. [15])
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enriched intact diatom biosilica as is demonstrated in Fig. 4c. Here, results of
two-dimensional 15N-edited proton-driven spin-diffusion (PDSD) experiments (upper
panel) as well as 2D 15N-13C correlation experiments (such as shown in the lower panel)
could be used to identify the prevalent types of amino acids as well as their secondary
structure fold. This information could be used to build, in combination with the DNP
results, a model of the supramolecular arrangement of diatom biosilica (Fig. 4d).

Drug Delivery Systems
Supramolecular peptide-based carrier systems offer an attractive means to deliver
drugs into cells. Weingarth et al. have shown that the integration of solid-state NMR
measurements with large- and multi-scale molecular dynamics simulations allows,
for the first time, access to the supramolecular structures of a complex peptide-based
drug delivery system [34] (Fig. 5). The investigated drug delivery system was
assembled from the amphipathic SA2 peptide that is composed of a hydrophobic
N-terminal part and a highly negatively charged C-terminus. We first performed 13C-
and 15N-detected solid-state measurements with specifically labeled SA2 peptides.
Importantly, the solid-state NMR measurements were carried out with a colloidal
suspension of specifically labeled peptides, just enough concentrated to form nano-
carriers. With the obtained assignments, a beta-strand secondary structure for the
hydrophobic peptide part could be readily derived, while the anionic C-terminus
could not be detected in dipolar-based experiments. Afterward the secondary struc-
ture information was used to perform large-scale coarse-grained simulations, in
which we probed the assembly of 2500 SA2 peptides over 54 μs at dilute experi-
mental concentrations (~10 mM). These simulations revealed that the peptide
assembled to strongly interdigitated and antiparallel beta-sheets, an arrangement
that we could validate experimentally with FTIR measurements. Finally, the
coarse-grained particles were fine-grained and subjected to a 1 μs long all-atoms
simulation, which we validated with several experimental techniques (cryo-EM,
AFM, light scattering) and which were very well in agreement with our solid-state

Fig. 5 The integration of solid-state NMR data with large- and multi-scale MD simulations
allowed to derive a supramolecular model of a multi-megadalton-sized peptide-based drug delivery
system (Adapted from Ref. [34])
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NMR data. These simulations also confirmed that the anionic C-termini are very
mobile, explaining why they are not visible in dipolar-based NMR experiments.

In cases where the intrinsic viscosity of the sample approaches soluble molecules,
isotope labeling is not required to obtain atomic insight into the supramolecular
arrangements of biomaterials such as drug delivery systems. An application studied
earlier in our laboratory relates to polymeric micelles designed to exhibit a high
loading capacity for chemotherapeutic drugs such as paclitaxel or docetaxel [50] that
similar to Epo B bind to microtubules (Fig. 3b). In these applications, the combina-
tion of low MAS rates (in the order of 1 kHz) and 1H NOESY (nuclear Overhauser
effect) spectroscopy was sufficient to detect aromatic correlations that would be
consistent with π � π stacking among aromatic groups that increase stability and
loading capacity of these chemotherapeutic drugs. In cases where the micelle
concentrations do not require the use of MAS, 1H NMR relaxation measurements
can be used to infer information about the intrinsic micelle core and more flexible
distal segments [51].

Humins
A final demonstration of the use of ssNMR in the context of biomaterials are humins
which are by-products formed during the acid-catalyzed dehydration of carbohy-
drates to bio-based platform molecules, such as hydroxymethylfurfural and levulinic
acid. The molecular structure of these humins has not yet been unequivocally
established. In collaboration with Weckhuysen et al., we recently [52] applied 2D
correlation techniques on 13C-enriched humins. 2D 13C-detected 2Q/1Q spectra and
2D 1H-detected heteronuclear correlation (HETCOR) were recorded with different
excitation schemes. These experiments unambiguously established that the original
humins have a furan-rich structure with aliphatic linkers and allowed for a refine-
ment of the molecular structure proposed previously. Solid-state NMR data of alkali-
treated 13C-labeled humins showed that an arene-rich structure is formed at the
expense of the furanic network during alkaline pretreatment.

Conclusions

The combination of instrumental and methodological improvements including DNP
and 1H-detection under high-speed MAS with state-of-the art structural and compu-
tational methods greatly enhances the applicability of ssNMR to complex molecular
systems.

In our contribution, we have discussed methodological aspects that can support
such studies, and we reviewed applications in the field of protein folding and (mis)
assembly as well as in more applied areas of research such as drug delivery or
biomass conversion. As we have shown elsewhere [1, 2, 38], the conceptual
advancements presented here also offer novel means to study membrane proteins,
and they provide increasing possibilities to examine cellular systems. Next to the
field of life science, ssNMR plays a leading role in deciphering the molecular details
that describe the assembly and workings of complex materials including colloids as
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well as inorganic and catalyst materials. Current work in our laboratory suggests that
cross-fertilization between the fields of life and material science will further enhance
the use of ssNMR in such areas of research.

With the advent of ultrahigh-field NMR systems beyond 1 GHz and the ever-
increasing power of computational structural biology as well as advancements in
electron microscopy and related fields, further exciting opportunities for ssNMR
applications lie ahead of us. Without doubt, ultrahigh-field NMR settings will
require tailored as well as novel ssNMR concepts that make efficient use of the
increased resolution and sensitivity offered by such instruments. At the same time,
further developments in high-field DNP and other hyperpolarization methods will be
needed providing a rich field of research for the ssNMR in the future.
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