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ABSTRACT 

Solid-state Nuclear Magnetic Resonance (ssNMR) is a powerful analytical technique that 

has emerged as a versatile tool for high-resolution detection and characterization of biosolids, such 

as carbohydrates, proteins, nucleic acids, and organic matter, in their native state. By harnessing 

the principles of NMR spectroscopy, ssNMR provides detailed insights into the atomic-level 

structure, dynamics, and interactions of these biomolecules, making it an invaluable resource for 

advancing our understanding of complex biological systems. This work is dedicated to addressing 

fundamental yet profoundly significant questions in the fields of sustainable bioenergy 

development and coastal wetland ecosystem preservation by ssNMR.  

Firstly, we have unraveled the intricate packing of lignin and carbohydrates within plant 

cell walls, a critical inquiry that underpins our ability to engineer plants for improved biofuel and 

materials production. This research holds exceptional significance within the field of bio-

renewable energy. Leveraging the power of ssNMR, we have achieved atomic-resolution 

characterization of the polymorphic structure, dynamical behavior, hydration profiles, and physical 

arrangement of lignin and polysaccharides. The findings uncover that the extent of glycan-

aromatic association increases sequentially across grasses, hardwoods, and softwoods; and lignin 

principally packs with the xylan in a non-flat conformation via electrostatic interactions and 

partially binds the junction of flat-ribbon xylan and cellulose surface as a secondary site.  

Another exciting development in our research is the integration of the sensitivity-enhancing 

Dynamic Nuclear Polarization (DNP) technique. This innovative approach holds immense 

promise for the investigation of natural abundance samples. We have successfully demonstrated 

the feasibility of combining traditional ssNMR with DNP methods to probe the structure and 

dynamics of carbohydrates in natural abundance rice stems. This streamlined approach enables the 



 
 

efficient screening of a diverse array of biomass materials without the need for labeling.  

Furthermore, the application of ssNMR and DNP has facilitated the rapid acquisition of 

2D 13C/1H-13C correlation spectra to detail the molecular fingerprint and spatial organization of 

biopolymers in unlabeled wetland soil obtained from a brackish island situated along the Gulf of 

Mexico coastline. Surprisingly, the lignocellulosic core identified in the plants grown on this island 

was found to be preserved in the surface layer of soil formed in the brackish marshes, but with 

tighter physical packing between molecules. Extending the depth from the surface to 2 m covers a 

geological timeline of eleven centuries, where we found sophisticated changes in the molecular 

structure and composition of organic matter as well as the bulk properties of the wetland soil. 

These findings offer a promising avenue toward addressing pressing environmental challenges, 

including coastal wetland loss and the impact of sea-level rise. 

Additionally, statistical approaches for the analysis of carbohydrate composition and 

structure using high-resolution ssNMR data have been introduced. We generate simulated spectra 

(density maps) using data deposited in our developed and maintained Complex Carbohydrates 

Magnetic Resonance Database (CCMRD, www.ccmrd.org), to demonstrate the chemical shift 

dispersion and to aid in the fast identification of important fungal and plant polysaccharides in cell 

walls. By comparing the projected spectra with experimental data, we highlight the challenges of 

assigning resonances because distinct carbohydrates from different organisms can produce nearly 

identical signals. 
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CHAPTER 1: INTRODUCTION 

1.1 Significance of the Research Endeavor 

Lignocellulosic biomass, derived from sources like forest waste, agricultural crop residues, 

and algae, represents a vast and sustainable resource with the potential to revolutionize the 

production of biofuels, biomaterials, and high-value bioproducts1, 2. The structural foundation of 

this resource lies in plant cell walls, which are essential for maintaining the mechanical strength 

and flexibility necessary to preserve cellular integrity and form3. The primary cell walls4, 5 of the 

growing plant consist of three main classes of carbohydrate polymers: cellulose, hemicellulose, 

and pectin. Cellulose microfibrils, with diameters ranging from 3 to 5 nanometers, are composed 

of rigid and semi-crystalline β-(1-4)-glucan chains. Hemicellulose, on the other hand, contains 

shorter and often branched chains. For example, xyloglucan (XyG), a major hemicellulose in the 

primary walls of dicots like Arabidopsis thaliana, features a β-1,4-glucan backbone adorned with 

α-xylose (Xyl) sidechains. Pectin, which typically includes homogalacturonan (HG), 

rhamnogalacturonan-I (RG-I), and RG-II, plays a crucial role in embedding itself within the 

cellulose-hemicellulose network and performing various functions such as regulating wall 

porosity, modulating cell expansion, and controlling pH and ionic balance. The secondary cell 

wall6, 7, formed inside the primary cell wall when the plant ends growing, comprises cellulose, 

hemicellulose (specifically xylan and glucomannan), and lignin. In the secondary wall, larger 

cellulose bundles (ranging from 10 to 20 nanometers) are encased by a xylan-lignin crosslink, with 

lignin being a diverse and hydrophobic biopolymer rich in aromatic subunits.  

Polysaccharides and lignin, as the fundamental biopolymers in plant cell walls, are held 

together by numerous covalent and physical interactions8. Nonetheless, these biopolymers are 

typically insoluble in water, partially indigestible, and often non-crystalline. This presents a 
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significant challenge when attempting to achieve high-resolution structural characterization of 

intact cell walls. Traditional methods primarily focus on the structural analysis of specific 

components of the cell wall, involving the hydrolysis of biomolecules into small soluble 

compounds using organic solvents or ionic liquids. The hydrolysis treatments can significantly 

disrupt and even modify the biopolymers, causing conventional strategies to fall short in their 

ability to elucidate the packing and motion within native cell walls. Hence, there is a pressing need 

for alternative methods that allow for undisturbed detection and analysis of plant cell walls, to 

benefit more sustainable and efficient biomass utilization. 

In addition to the more efficient utilization of renewable energy, another critical concern 

related to global climate issues revolves around mitigating coastal land erosion9-11. The escalating 

loss of both wetland and coastal land, compounded by the growing threat of rising sea levels, 

represents an urgent and globally significant environmental crisis. Louisiana holds 40% of the 

coastal and estuarine wetlands in the contiguous United States but has suffered the highest rate of 

wetland loss, with around 4,900 square kilometers of coastal land vanishing since 193012. 

Wetlands, encompassing diverse ecosystems such as salt marshes, mangroves, and seagrass beds, 

play an indispensable role as natural barriers along coastlines. They provide vital services, 

including shielding against coastal erosion, flood mitigation, and fostering biodiversity. 

Remarkably, coastal wetlands, known as blue carbon ecosystems, occupy a mere 0.07 to 0.22% of 

the Earth's surface, yet they sequester more than 50% of the carbon annually buried in the ocean9, 

13. These wetlands serve as major reservoirs of soil organic matter (SOM) and its associated soil 

organic carbon (SOC), critical in regulating Earth's climate, water systems, and biodiversity. 

Unfortunately, subsidence and rising sea levels induce the collapse of wetland soils into adjacent 

aerobic waters, triggering chemical decomposition of SOM components and the release of stored 
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carbon as carbon dioxide and methane into the atmosphere. Beyond their role as carbon sinks, the 

wetlands of Louisiana hold particular significance, as they offer insights into erosion patterns 

worldwide, driven by accelerated sea-level rise and subsidence. To protect these invaluable 

ecosystems and mitigate greenhouse gas emissions, it is imperative to comprehensively grasp, 

model, and predict SOM carbon dynamics at scale. Detailed molecular insights, including 

functionality, isomerism, and conformations of this carbon pool, are fundamental prerequisites for 

this understanding. Presently, there is limited research on this advanced level of carbon 

sequestration within coastal wetlands due to the complexities and insolubility of soil. 

Multidimensional 13C–13C/1H correlation ssNMR spectroscopy, with uniformly isotope-

labeled (13C) samples, is an emerging technique that unravels the mysteries of solid materials14, 15. 

It breaks free from the constraints of crystallinity, offering high-resolution structural insights into 

disordered and insoluble samples, capturing dynamic processes, and preserving sample integrity. 

Its versatility, ability to decipher a multitude of nuclei, and the capability to conduct in situ studies 

make it invaluable in various fields, from materials science and chemistry to pharmaceuticals and 

structural biology. In addition, the introduction of cutting-edge Magic-Angle Spinning Dynamic 

Nuclear Polarization (MAS-DNP) enables the transfer of electron polarization to NMR-active 

nuclei, leading to one to two orders of NMR sensitivity enhancements16, 17. This breakthrough 

allows for the acquisition of high-resolution 2D spectra even from unlabeled samples containing 

low-abundance isotopes such as carbon-13 (1.1%) and nitrogen-15 (0.4%).  

My thesis research is dedicated to the integration of cutting-edge multidimensional high-

resolution ssNMR techniques, complemented by sensitivity-enhanced DNP, to delve deeply into 

the intricate structural and dynamic attributes of lignocellulosic biomass and Louisiana wetland 

samples. The outcomes of this research will have a far-reaching impact, fostering the evolution of 
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next-generation pretreatment techniques and advancing lignin bioengineering for a more 

sustainable and efficient utilization of biomass. Meanwhile, these advancements will play a crucial 

role in safeguarding Louisiana's distinctive and fragile coastline, making a substantial and positive 

contribution towards its preservation. 

1.2 SsNMR Methodology 

1.2.1 The Basis of NMR Spectroscopy 

NMR spectroscopy is a sophisticated analytical technique that has had a profound impact 

on scientific research across a multitude of disciplines18-22. Its origins in the study of nuclear 

magnetic properties have given rise to its pivotal role as a unifying tool that bridges the gaps 

between chemistry, physics, biology, and materials science. NMR serves as an indispensable key 

for unlocking the secrets of the atomic and molecular world, providing profound insights into the 

structures, dynamics, and interactions at the most fundamental level. 

This method capitalizes on the intriguing responses of atomic nuclei possessing. When 

non-zero spins (I≠0, Table 1.1) are subjected to an external magnetic field, they align themselves 

with this field, much like a compass needle aligns with Earth's magnetic field. The application of 

a precisely tuned radiofrequency (RF) pulse disrupts this alignment, causing the nuclei to deviate 

from their equilibrium positions and initiate precession around the magnetic field's direction. This 

results in an energy difference, denoted as ∆𝐸 and defined by the equation: 

                                                              ∆𝐸 = −ℏ𝛾𝐵0                                                              Eq 1.1 

In this equation, 𝛾  represents the gyromagnetic ratio, a fundamental property unique to 

each isotope. 𝐵0 signifies the strength of the static magnetic field, while ℏ (h-bar) represents the 

reduced Planck constant. In modern NMR spectroscopy, powerful magnetic fields are employed 

(5 - 28 T), corresponding to the well-known 1H Larmor frequencies (𝜔0, Figure 1.1)23. 
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Figure 1.1 Basis of NMR Spectroscopy. a, Nuclear spin undergoes precession around a static 

magnetic field (𝐵0) at a frequency (𝜔0). b, The transition frequency between the energy levels of 

the spins. c, The resulted single peak spectrum at the Larmor frequency of the spin. 

Table1.1 Frequently examined atomic nuclei in ssNMR. 

Nuclei Spin 𝛾 (107∙rad/T∙s) 𝜔0 at 18.8 T Abundance 

1H 1/2 26.75 800 MHz 99.98 % 

2H 1 4.11 123 MHz 0.02 % 

13C 1/2 6.73 200 MHz 1.11 % 

14N 1 1.93 58 MHz 99.63 % 

15N 1/2 -2.71 80 MHz 0.37 % 

17O 5/2 -3.63 108 MHz 0.04 % 

19F 1/2 25.18 753 MHz 100 % 

31P 1/2 10.84 324 MHz 100 % 

a e- 1/2 -17600 -526 GHz - 

a The electron constant is provided for the understanding of DNP mechanism. 
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In NMR spectroscopy, several fundamental principles and concepts converge, enabling the 

profound insights it offers into the world of molecules and materials. One of the key elements is 

the exquisite sensitivity of NMR frequencies to the electron distribution surrounding the nucleus. 

This electron shielding affects the nucleus's magnetic environment, resulting in slightly different 

frequencies due to variations in the shielding constant (σ) among nuclei of the same isotope within 

a molecule. The frequencies, typically reported as chemical shifts (δ) with a unit part per million 

(ppm), relative to well-established reference compounds, such as tetramethylsilane (TMS) that is 

frequently utilized for organic molecules, and sodium trimethylsilyl propane sulfonate (DSS), 

which is a common reference in protein NMR. The variation in chemical shift, for a specific 

isotope23, 24, can range from 0 to 10 ppm for 1H, from 0 to 200 ppm for 13C, and up to 900 ppm for 

15N. Furthermore, NMR frequencies are subject to the influence of a range of couplings, including 

spin-spin scalar (J-coupling), spin-spin dipolar, and quadrupolar couplings, which are contingent 

on factors such as covalent bonding, internuclear distances, and nuclear spin values. These 

anisotropic interactions22 (Figure 1.2), dependent on the sample's orientation relative to the 

magnetic field, allow NMR spectra to encode rich three-dimensional structural information, 

offering valuable insights into the spatial arrangement of atoms within a molecule. 

 

Figure 1.2 NMR spin interactions. Dipolar coupling is absent in solution NMR. 
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1.2.2 Solid-State NMR Spectroscopy 

The stark contrast between ssNMR and solution NMR stems primarily from the absence 

of rapid molecular tumbling in the former. In solution NMR, the swift tumbling of molecules 

ensures that the orientation of the shielding/dipolar tensor with respect to the magnetic field (𝐵0) 

is rapidly averaged over all conceivable values. Conversely, ssNMR, in a static state, is susceptible 

to a wide array of orientation-dependent interactions, including chemical shift anisotropy (CSA) 

and heteronuclear dipolar coupling. 

To address this challenge, the adoption of spinning the sample at the magic angle, set at 

54.74° relative to the external magnetic field, is a fundamental strategy. This mechanically induced 

uniaxial rotation, specifically the magic-angle spinning (MAS)25, 26, is an essential technique 

extensively utilized in the vast majority of ssNMR experiments (Figure 1.3). Its primary function 

is to nullify the influence of CSA and assist in mitigating heteronuclear dipolar-coupling effects. 

Furthermore, it serves to narrow spectral lines originating from quadrupolar nuclei and is 

increasingly preferred for counteracting homonuclear dipolar coupling in NMR spectra.  

The chemical shift Hamiltonian can be represented as: 

                                                  𝐻̂𝑐𝑠 = −𝜎𝑧𝑧 . 𝛾ℏ𝐵𝑜 . 𝐼𝑧                                                                 Eq 1.2 

𝜎𝑧𝑧 , along with other two chemical shielding tensors 𝜎𝑥𝑥 and 𝜎𝑦𝑦, commonly employed to 

describe the chemical shift interaction within the principal axis system, which is expressed as: 

                                  𝜎𝑧𝑧=𝜎𝑖𝑠𝑜 +
1

3
∑ (3𝑐𝑜𝑠2𝜃 − 1)𝑗=𝑥,𝑦,𝑧 𝜎𝑗𝑗                                                    Eq 1.3 

Then, to show both isotropic and anisotropic parts, the Hamiltonian can be rephrased as: 

                      𝐻̂𝑐𝑠 = {𝜎𝑖𝑠𝑜 . 𝛾ℏ𝐵0 +
1

2
𝛿[3𝑐𝑜𝑠2𝜃 − 1 − 𝜂𝑠𝑖𝑛𝜃2cos (2𝜙)]} 𝐼𝑧                            Eq 1.4 

When a high-speed uniaxial rotation (𝜂 = 0) is employed, it introduces an extra averaging factor, 

leading to a modification in the frequency of CSA: 
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                     𝜔𝑎𝑛𝑖𝑠𝑜 =
1

2
𝛿[3𝑐𝑜𝑠2𝛽 − 1 − 𝜂𝑠𝑖𝑛𝛽2cos (2𝛼)]

1

2
(3𝑐𝑜𝑠2𝜃𝑟 − 1)                        Eq 1.5 

Within the rotor frame (Figure 1.3), 𝛽 characterizes the angle between the principal z-axis of the 

interaction and the rotor's rotation axis, while 𝜃 denotes the angle between 𝐵0 (the external magnetic field) 

and the primary z-axis of the interaction. When the rotor rotates around an axis tilted at an angle 𝜃𝑟 = 54.74°, 

then 3𝑐𝑜𝑠2𝜃𝑟 − 1 = 0, resulting in zero CSA. Therefore, the detected frequency matches the isotropic 

chemical shift in the case of rapid MAS, resulting in well-defined spectral lines instead of the broad powder 

patterns. In situations where the rotor speed is slow, the chemical shift anisotropy can only be effectively 

averaged to zero after each rotor period, resulting in spinning sidebands at 𝜔 = 𝜔𝑖𝑠𝑜 ± 𝑛𝜔𝑟 frequencies. 

 

Figure 1.3 Magic-angle spinning. a, Illustrated cartoon presenting relationships among magic 

angle, lab frame, rotor frame, and principal axis system. b, SsNMR spectra (14.4 T) of 13C-glycine 

at various spinning speeds. 

 The Cross Polarization (CP) technique26 is also a key method used in ssNMR spectroscopy, 

which serves as both a standalone experiment and a fundamental component to enhance the 

sensitivity in numerous ssNMR experiments (Figure 1.4a). CP plays a pivotal role in transferring 



9 
 

polarization from NMR-sensitive protons to less sensitive X-nuclei like 13C and 15N (Table 1.1), 

often as the initial step and a common element in an array of 1D, 2D, and 3D ssNMR pulse 

sequences. CP finds application in both static and MAS conditions and serves diverse purposes. 

These applications range from reducing experimental time due to the shorter 1H T1 relaxation, to 

selectively detecting rigid components within the sample. CP is also employed to extract distance 

information by estimating dipolar interactions based on the build-up of CP intensities. 

Remarkably, CPMAS itself becomes part of the strategy to transfer polarization from an even 

richer source (electrons) in indirect DNP experiments.  

 

Figure 1.4 Cross polarization. a, SsNMR spectra (14.4 T, 12 kHz) of 13C-glycine with various CP 

contact time, as well as CP pulse sequence. b, SsNMR spectra (14.4 T, 12 kHz) of 13C-glycine 

with various heteronuclear dipolar decoupling. 

 Dipolar coupling, also known as dipolar interaction or dipole-dipole coupling, plays a 

significant role in understanding the structural and dynamic properties of molecules, particularly 

in ssNMR experiments. In ssNMR, the dipolar coupling can lead to homonuclear (between nuclei 

of the same type) and heteronuclear (between nuclei of different types) dipolar recoupling, 
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resulting in dipolar-based experiments such as PDSD/DARR, CORD, RFDR, HETCOR, and 

DIPSHIFT, etc. The dipolar coupling20, 23 can provide crucial information about the spatial 

arrangement of atoms in a solid-state sample, as it encodes information about the internuclear 

distances and orientations. Based on Eqs. 1.6 and 1.7, the strength of dipolar coupling is inversely 

proportional to the cube of the distance (𝑟) between nuclei. 

                                         𝐻̂𝑑𝑑
ℎ𝑒𝑡𝑒𝑟𝑜 = −(

𝜇0

4𝜋
)
𝛾𝐼𝛾𝑆ℏ

𝑟3
(3𝑐𝑜𝑠2𝜃 − 1)𝐼𝑧𝑆̂𝑧                                        Eq 1.6 

                        𝐻̂𝑑𝑑
ℎ𝑜𝑚𝑜 = −(

𝜇0

4𝜋
)
𝛾2ℏ

𝑟3
.
1

2
(3𝑐𝑜𝑠2𝜃 − 1)(2𝐼1𝑧𝐼2𝑧 − 𝐼1𝑥𝐼2𝑥 − 𝐼1𝑦𝐼2𝑦)                      Eq 1.7 

Meanwhile, it comes with challenges related to line broadening, orientation dependence, 

and data interpretation, which may require specialized techniques and expertise to overcome, such 

as MAS and decoupling. Dipolar interactions can be effectively nullified through MAS when the 

spinning frequency greatly exceeds the coupling strength. Nevertheless, heteronuclear dipolar 

coupling remains significant at moderate MAS frequencies, necessitating the use of 1H dipolar 

decoupling sequences (continuous irradiation on 1H channel) for achieving sharp lines (Figure 

1.4b). For 1H-1H homonuclear coupling, besides the application of decoupling techniques, ultra-

fast MAS (60-100 kHz) is imperative at present. 

1.2.3 Pulse Sequences and Density Operator 

A pulse sequence is a structured set of RF pulses, time delays, and gradient pulses used in 

NMR experiments. It serves as a precise set of instructions for manipulating nuclear spins in a 

sample and acquiring relevant data. In NMR, pulse sequences are tailored to achieve specific 

research goals, providing insights into relaxation times, spectral information, and molecular 

interactions. Figure 1.5a shows the pulse sequence of 13C Direct Polarization (DP) experiment 

with a spin echo (Hahn echo)27, 28. As one of the most renowned pulsed NMR experiments and the 

most fundamental building blocks, the spin echo plays a crucial role by restoring the coherence of 
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dephased nuclear spins. It can refocus offsets (Ω) and/or chemical shifts and the phase angle by a 

τ- π- τ sequence, regardless of the initial conditions. As shown in the vector representation of 

Figure 1.5b, at the end, the magnetization of two spins aligns along the same axis, effectively 

eliminating the impact of offset. Finally, the time-domain Free Induction Decay (FID) signal 

collected in the acquisition stage is converted into a frequency-domain spectrum via Fourier 

Transform (FT). 

 

Figure 1.5 Spin echo experiment. a, The pulse sequence of 13C DP with echo and decoupling. b, 

The vector representation. c, Three distinct spin-echo sequences in heteronuclear spin systems. 

The utilization of the density operator (product operator) formalism in dissecting NMR 

experiments signifies a quantum-mechanical strategy, setting it apart from the semiclassical vector 

model. By harnessing the concept of density operators, we gain the ability to aptly illustrate 

significant phenomena, such as spin echo. For example, in Figure 1.5b, the original density 

operator for spin 1 is 𝐼𝑧. The 90° pulse at (i) make 𝐼𝑧 rotate along x-axis, giving: 

                         𝐼𝑧  

𝜋

2
𝐼𝑥 

→ 𝑐𝑜𝑠
𝜋

2
𝐼𝑧 + 𝑠𝑖𝑛

𝜋

2
𝐼𝑦 ≡ 𝐼𝑦                         Eq 1.8 

 Note, in this thesis, we follow the left-hand rotation standard. At (ii), a free precession 

caused by offset result in a rotation about z-axis: 
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                                                           𝐼𝑦  
Ω1𝜏𝐼𝑧 
→   𝑐𝑜𝑠Ω1𝜏𝐼𝑦 + 𝑠𝑖𝑛Ω1𝜏𝐼𝑥                                        Eq 1.9 

Then, at (iii), a 180° pulse is applied about x-axis: 

                                          𝑐𝑜𝑠Ω1𝜏𝐼𝑦 + 𝑠𝑖𝑛Ω1𝜏𝐼𝑥
𝜋𝐼𝑥 
→  − 𝑐𝑜𝑠Ω1𝜏𝐼𝑦 + 𝑠𝑖𝑛Ω1𝜏𝐼𝑥                       Eq 1.10 

Only the y-component changes sign. Finally, at (iv), second free precession is along z-axis: 

−𝑐𝑜𝑠Ω1𝜏𝐼𝑦 + 𝑠𝑖𝑛Ω1𝜏𝐼𝑥
Ω1𝜏𝐼𝑧 
→    

−𝑐𝑜𝑠2Ω1𝜏𝐼𝑦 − 𝑠𝑖𝑛Ω1𝜏𝑐𝑜𝑠Ω1𝜏𝐼𝑥 + 𝑐𝑜𝑠Ω1𝜏𝑠𝑖𝑛Ω1𝜏𝐼𝑥 − 𝑠𝑖𝑛
2Ω1𝜏𝐼𝑦 

                                                      ≡ −(𝑐𝑜𝑠2Ω1𝜏 + 𝑠𝑖𝑛
2Ω1𝜏)𝐼𝑦 ≡ −𝐼𝑦                                  Eq 1.11 

Hence, we can concisely summarize the overall result of the spin echo sequence as: 

                                               𝐼𝑧  
90𝑥
°  − τ − 180𝑥

°  − τ
→             −𝐼𝑦                                                  Eq 1.12 

The final outcome remains constant regardless of the offset (Ω) or the delay (τ), making 

the spin echo serves as a mechanism that effectively refocusing chemical shifts. 

Nonetheless, it's crucial to emphasize that the evolution of the scalar coupling may not 

always experience refocusing. Figure 1.5c illustrates three distinct scenarios. In the first situation, 

marked as (1), both chemical shifts of spins are refocused, but the J-coupling is not. In situations 

(2) and (3), the coupling's impact is refocused, while the chemical shifts of spins without the 

applied 180° pulse remain unrefocused. These assertions find support in the following density 

operator representations. J-coupling Hamiltonian can be written as  

                                                             𝐻̂𝐽 = 2𝜋𝐽12𝐼1𝑧𝐼2𝑧                                                           Eq 1.13 

Then, for spin 1 in situation (1): 

𝐼1𝑧  
−
𝜋

2
𝐼1𝑦 

→    𝐼1𝑥
2𝜋𝜏𝐽12𝐼1𝑧𝐼2𝑧 
→         𝑐𝑜𝑠𝜋𝜏𝐽12𝐼1𝑥 − 𝑠𝑖𝑛𝜋𝜏𝐽122𝐼1𝑦𝐼2𝑧

𝜋𝐼1𝑥+𝜋𝐼2𝑥 
→        

        𝑐𝑜𝑠𝜋𝜏𝐽12𝐼1𝑥 − 𝑠𝑖𝑛𝜋𝜏𝐽122𝐼1𝑦𝐼2𝑧
2𝜋𝜏𝐽12𝐼1𝑧𝐼2𝑧 
→         𝑐𝑜𝑠2𝜋𝜏𝐽12𝐼1𝑥 − 𝑠𝑖𝑛2𝜋𝜏𝐽122𝐼1𝑦     Eq 1.14 
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Likewise, for spin 2 in scenario (1): 

          𝐼2𝑧  
90−𝑦
°  − τ − 180𝑥

°  − τ
→              𝑐𝑜𝑠2𝜋𝜏𝐽12𝐼2𝑥 − 𝑠𝑖𝑛2𝜋𝜏𝐽122𝐼2𝑦𝐼1𝑧                        Eq 1.15 

The result shows that the coupling simply evolves for 2𝜏  and generates anti-phase 

magnetization instead of being refocused.  

However, in situations (2) and (3), the 180° pulse (𝜋𝐼1𝑥 ) is only applied to one spin,  

causing a refocused J-coupling: 

                  𝐼1𝑧  
−
𝜋

2
𝐼1𝑦 

→   
2𝜋𝜏𝐽12𝐼1𝑧𝐼2𝑧 
→         

𝜋𝐼1𝑥 
→  

2𝜋𝜏𝐽12𝐼1𝑧𝐼2𝑧 
→         𝐼1𝑥                                         Eq 1.16 

Based on the discussion of spin echo, in heteronuclear systems, we are free to decide 

whether to permit the evolution of the offset and the coupling. This flexibility grants significant 

latitude in creating and controlling pivotal anti-phase states in multiple-pulse NMR experiments. 

1.2.4 One- and Multi-Dimensional Correlation NMR 

The progress in ssNMR techniques, including the utilization of high magnetic field 

spectrometers, high and ultra-high MAS probes, and the implementation of robust pulse sequences, 

has opened up avenues for acquiring a wide range of atomic-level information. These techniques 

offer insights into the structure, interactions, dynamics, and polymorphism of cell wall 

macromolecules. 

The primary method for distinguishing magnetically inequivalent units and rapidly 

screening cell wall samples is one-dimensional (1D) 13C ssNMR. By employing the initial 

magnetization as a dynamic filter, a diverse range of dynamically heterogeneous polysaccharides 

present in cell walls can be identified. Firstly, the Dipolar-based 1H-13C CP experiment29, 30 

primarily detects rigidly coupled molecules, and selective detection can be achieved by adjusting 

CP contact time (Figure 1.4). Secondly, the DP experiment is also extensively employed for 

directly polarizing 13C spins, as illustrated in Figure 1.5a. When a long recycle delay, typically set 
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at 5 times of the T1 (spin-lattice relaxation time) value, is employed, it allows for complete 

relaxation of the nuclear spins. It enables the detection of all molecules within the system, leading 

to quantitative results with both rigid and mobile molecules information. Conversely, the use of a 

short recycle delay is designed to selectively detect mobile molecules, such as those with shorter 

T1 relaxation times. Furthermore, for the analysis of the most dynamic or even solvated molecules 

within a sample, the scalar-based (J-coupling) 1H-13C refocused-INEPT experiment31 is a powerful 

and indispensable tool (Figure 1.6a). The 1H magnetization of rigid segments experiences rapid 

loss, due to fast T2 (spin-spin) relaxation caused by the strong 1H-1H dipolar coupling. In addition, 

MultiCP (Figure 1.6b) offer a time-efficient alternative to the long recycle delay DP experiment, 

facilitating quantitative detection, particularly in natural abundance samples32. This method 

accomplishes extended CP from 1H nuclei, surpassing a duration of 6-10 milliseconds, all while 

minimizing magnetization losses due to relaxation. It operates with a moderate duty cycle of radio-

frequency irradiation, achieved through a sequence of multiple 1-ms CP periods, which are 

interleaved with 1H spin-lattice relaxation periods designed to repolarize the protons. 

Multidimensional NMR plays a pivotal role in deciphering complex carbohydrate 

structures within cell walls, enhancing resolution and simplifying spectral analysis. We can 

categorize them into two groups: homonuclear and heteronuclear correlation experiments. 

Heteronuclear resonance assignments are crucial for comprehensive structure determination and 

intermolecular interactions exploration, such as the two-dimensional (2D) 1H-13C HETCOR33, 34 

(Figure 1.6c). During this experiment, 1H homonuclear couplings are removed by Phase-

Modulated Lee–Goldburg (PMLG) or frequency-switched Lee-Goldburg (FSLG) decoupling35, 

and the resulting narrow lines for rigid-solid protons are observed after the t1 evolution. By 

changing CP contact time that adjusts polarization transfer from 1H to 13C, intra- and 
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intermolecular interactions can be selectively detected. In addition, a mixing period that allows for 

1H-1H spin diffusion (SD) can be added before the CP block. The HETCOR method is mainly used 

in the wetland soil project in Chapter 9. 2D 13C-13C homonuclear correlation experiments fall into 

two categories: through-space via dipolar coupling, such as CHHC, RFDR, PDSD, DARR, and 

CORD, and through-bond via J coupling (e.g., CP/DP-J-INADEQUATE). These experiments aid 

in resonance assignments, covalent linkage pattern determination, and estimating the molar 

percentage of sugar residues in matrix polysaccharides. Particularly, the CHHC experiment36 is a 

prime choice for natural-abundance MAS-DNP, due to the 13C–1H–1H–13C pathway for 

polarization transfer. It effectively resolves the challenge of diagonal peak dominance in the 

spectrum of unlabeled materials, which dominance arises from the limited probability of observing 

off-diagonal internuclear correlations at natural 13C abundance levels. The CHHC experiment has 

been applied to study the unlabeled rice stems in Chapter 8. 

In order to provide a clearer demonstration of functionality of multidimensional NMR, here 

I will employ one sugar residue of 3-fold xylan (Xn) and one lignin guaiacyl (G) unit as illustrative 

examples, which exampled chemical shifts are shown in Figure 1.6e. Typically, at the outset of 

our projects, following the initial 1D screening, we acquire 2D INADEQUATE spectra to assign 

chemical shifts for each component within the system (Figure 1.6f). The 2D 13C-J-

INADEQUATE method37 is a powerful NMR technique that provides double quantum (DQ)-

single quantum (SQ) correlations and offers a comprehensive producing diagonal-free asymmetric 

connectivity map for all carbon atoms within the molecule, making it a definitive tool for structural 

assignments of biomolecules. In the generated refocused-INADEQUATE spectrum of xylan, 

which displays unambiguous through-bond correlations via J-coupling, the signals of two directly 

bonded carbon atoms are located at coordinates (𝛿Ca, 𝛿Ca + 𝛿Cb) and (𝛿Cb, 𝛿Ca + 𝛿Cb) on the 
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plot (Figure 1.6f). Here, 𝛿Ca and 𝛿Cb represent the SQ chemical shifts of carbon sites a and b, 

respectively. These values are projected onto the X-axis, corresponding to the direct dimension 

(𝜔2) in the experimentally measured NMR spectra. The sum of these two SQ chemical shifts (δCa 

+ δCb) is projected onto the Y-axis, representing the DQ chemical shift for this carbon pair. This 

corresponds to the indirect dimension (𝜔1) in the experimentally measured NMR spectra. Each 

pyranose unit in xylan is depicted by ten scatter dots based on the chemical shifts of seven carbons, 

such as the spin pairs of the carbonyl group (AcCO at 174 ppm and AcMe at 21 ppm). 

  Via the evolving of density operator, we can prove how the DQ coherence is created. In 

the INADEQUATE pulse sequence, the transverse 13C-magnetization is generated by the first 90° 

pulse (or CP). If we set τ = 1/(4JIS), after the first τ - 180° - τ period we can get: 

                   𝜌(0)
 τ − 180°  − τ
→        −2𝐼𝑥𝑆̂𝑧 − 𝐼𝑧𝑆̂𝑥                                                     Eq 1.17 

The DQ coherence is created during the following 90° pulse for t1 evolution: 

                −2𝐼𝑥𝑆̂𝑧 − 𝐼𝑧𝑆̂𝑥
  90𝑥

°   
→   −2𝐼𝑥𝑆̂𝑦 − 𝐼𝑦𝑆̂𝑥                                                  Eq 1.18 

Finally, the third 90° pulse converts the DQ coherence to SQ one, followed by the second 

τ - 180° - τ sequence that establishes an in-phase coherence for t2 detection, where τ = 1/(4JIS): 

    −2𝐼𝑥𝑆̂𝑦 − 𝐼𝑦𝑆̂𝑥
  90𝑥

°   
→   2𝐼𝑥𝑆̂𝑧 + 𝐼𝑧𝑆̂𝑥

 τ − 180°  − τ
→        𝐼𝑦 + 𝑆̂𝑦                                 Eq 1.19 

Similar to 1D experiments, the interplay between direct polarization and J-coupling 

predominantly highlights mobile segments, making the DP J-INADEQUATE experiment inclined 

toward dynamic signals. In parallel, the analogous version of the CP J-INADEQUATE experiment 

is designed to exclusively capture rigid signals. 
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Figure 1.6 Several typical ssNMR experiments. a, 1D Insensitive nuclei enhancement by 

polarization transfer (INEPT) experiment with heteronuclear dipolar decoupling (DD). b, 1D 

MultiCP. c, 2D 1H–13C heteronuclear chemical shift correlation (HETCOR). d, 2D CHHC. e, 

Chemical shifts of exampled molecules in (f), (g), and (h). f, 2D CP/DP based J- incredible natural 

abundance double quantum transfer experiment (INADEQUATE) and a generated spectrum of 

one xylan residue. g, 2D rotational echo double resonance (REDOR) and a pseudo spectrum of 

one unit of G lignin. h, 2D 13C–13C correlation, such as proton-driven spin diffusion (PDSD), 

dipolar assisted rotational resonance (DARR), and combined R2n
υ-driven (CORD). In the 

generated spectrum, intramolecular interactions inside of xylan and G lignin are colored blue and 

magenta, respectively, while intermolecular peaks are denoted by green dots. 
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Another commonly employed pulse sequence for structural assignments is RFDR38, 39 

(Figure 1.6g), which direct recouples 13C-13C dipolar coupling for polarization transfer 

(commonly referred to as first-order recoupling). Though it is categorized as through-space 

methods, it is particularly useful for selectively identifying short-range (one or two-bond) 

correlations by effectively suppressing multi-bond interactions with brief recoupling time (~1-2 

ms). This technique utilizes multiple 180° pulses (2n) on the 13C channel to reintroduce 13C-13C 

homonuclear dipolar couplings through longitudinal polarization transfer. Each pulse should be 

precisely positioned at the midpoint of a single rotor period. The pseudo-RFDR spectrum 

illustrates the anticipated one-bond connections within a single G-lignin unit. The graph clearly 

reveals that every pair of bonded carbon atoms exhibits mutual cross-peaks. However, the OMe 

group, lacking immediate neighboring carbon atoms, remains devoid of any discernible signals. 

Upon obtaining structural assignments, we can delve into the exploration of intra- and 

inter-molecular interactions using 2D 13C-13C correlation experiments that rely on dipolar 

recoupling during the mixing phase, as illustrated in Figure 1.6h. Short mixing times are valuable 

for detecting intra-residue correlations, aiding in resonance assignment. In contrast, longer mixing 

times unveil intermolecular cross peaks, offering insights into sub-nanometer molecular packing. 

In Figure 1.6h, we generate a pseudo 13C-13C correlation spectrum, where intramolecular 

interactions within xylan and G lignin marked in blue and magenta, respectively. Possible 

intermolecular peaks between xylan and G lignin are indicated by green dots, applying a longer 

mixing time. 

The foundation of these 2D 13C-13C correlation experiments lies in the reintroduction of 

13C-1H dipolar couplings during the mixing phase, often referred to as second-order recoupling. 

Under moderate MAS conditions and without active recoupling, the residual 13C-13C dipolar 
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couplings are minimal, leading to slow polarization transfer. However, carbon-to-carbon 

interactions become viable through their interactions with surrounding protons. This is achieved 

by temporarily deactivating proton decoupling or employing active recoupling with 

radiofrequency power, thus reintroducing 13C-1H dipolar couplings (known as recoupling). This 

action broadens the line shape of carbon peaks and enables spectral overlap during the mixing 

period. Spectral overlap can occur between two carbon peaks with small chemical shift differences 

or between a carbon peak and the spinning sidebands of a distant carbon peak, preserving energy 

for polarization transfer. These experiments are less affected by severe dipolar truncation effects, 

making them particularly suitable for measuring long-range correlations. 

The thesis explores several common 2D 13C-13C correlation experiments, including PDSD, 

DARR, and CORD40-42. PDSD, for instance, offers a straightforward experimental setup and the 

capability to investigate both short-range and long-range correlations. In PDSD, the mixing period 

does not require radiofrequency irradiation, allowing for extended mixing times of several seconds 

without concerns about radiofrequency-induced heating. The rate of spin diffusion buildup serves 

as a qualitative indicator of internuclear distances, providing semi-quantitative insights into spatial 

proximities. PDSD is most effective at slower spinning frequencies (around 10 kHz) and lower 

magnetic fields (less than 14 T). However, its efficiency decreases notably at higher MAS 

frequencies and magnetic fields. To partially address these limitations, the DARR sequence can 

be employed by applying RF irradiation on the 1H channel (𝜔1 = 𝜔𝑟). Nevertheless, hardware 

constraints, such as sample heating by the RF pulse, limit the duration of the mixing period, 

rendering DARR transfer inefficient when the MAS frequency surpasses 30 kHz. The CORD 

sequence has been developed to facilitate spin diffusion at faster MAS and features broad-band 

homonuclear dipolar recoupling. CORD spectra exhibit more consistent cross-peak intensities 
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across the spectrum, rendering them advantageous for homonuclear correlation studies in 

biological samples. 

The flexibility to combine various sequence blocks makes ssNMR a remarkably versatile 

technique for structural exploration. Pulse sequences like INADEQUATE, PDSD, and RFDR 

serve as fundamental building blocks for creating more intricate pulse sequences43, such as 3D 

DQ-SQ-SQ experiment44 introduced in Chapter 5. It is comprised of a dipolar-base 

INADEQUATE block followed by a CORD block, which enables unambiguous resonance 

assignments of complex carbohydrates in cell walls. Moreover, the incorporation of dipolar 

coupling, J-coupling, and relaxation filters is instrumental in spectral-editing methods, which 

enable the selective detection of specific sites within a molecule or specific molecules within a 

sample.  

For instance, the water-edited experiment4, 45 (Figure 1.7a) has become a valuable tool for 

understanding the role of water in biological systems. These experiments allow for the selective 

detection of water-proximal sites or interactions, shedding light on the dynamic behavior of water 

molecules and their influence on the structure and function of macromolecules. Typically, by using 

relaxation filters, like the 1H-T2 filter, water signals can be selectively isolated. This is based on 

the dynamic nature of water’s 1H magnetization, which enables it to persist through a moderately 

long 1H-T2 filter (in the order of milliseconds). Then, the selected 1H magnetization from water is 

manipulated and transferred to the neighboring 1H in biomolecules through 1H-1H spin diffusion, 

further propagated to 13C nuclei through CP. The resulting spectra provide crucial insights into the 

local environment and interactions of water molecules with biomolecules. 

Similarly, the Dipolar-Gated PDSD experiment7, 14 is employed to enhance the detection 

of aromatic signals within lignin, which are typically challenging to discern in plant cell walls due 
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to the substantial CSA in ssNMR. This specialized experiment is designed to selectively capture 

lignin signals while minimizing interference from proton-rich polysaccharides. The key innovation 

in this approach involves reintroducing 13C-1H dipolar coupling during an asymmetrical dipolar-

dephasing period before t1 evolution. This period comprises two un-decoupled delays with respect 

to the 180° pulse in the Hahn echo. This strategic design efficiently targets non-protonated carbons 

within the aromatic lignin, while simultaneously suppressing signals originating from protonated 

carbons. As illustrated in Figure 1.7b, when compared to conventional 1D CP or 2D DARR 

experiments, both the 1D and 2D Gated-PDSD experiments exhibit a preference for detecting non-

protonated carbons within lignin and alleviate the spectral asymmetry introduced by the 

heterogeneous proton density within the aromatic motifs. 

 

Figure 1.7 Edited-NMR experiments. a, Water-edited experiment with 1H-T2 filter for selective 

detection of biopolymers in close proximity to water. b, Dipolar-gated 13C-13C correlation 

experiment with dipolar-dephasing designed to selectively detect non-protonated carbons within 

the aromatic lignin. 
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1.2.5 Molecular Motions: Rates and Amplitudes 

Beyond the fundamental principles, NMR encompasses relaxation processes that govern 

the behavior of nuclear spins and the properties of NMR signals42, 46, 47. These processes are 

broadly categorized as longitudinal relaxation (T1) and transverse relaxation (T2). T1 relaxation, 

also called spin-lattice relaxation, dictates the rate at which nuclear spins revert to their equilibrium 

positions along the magnetic field after being perturbed by RF pulses. The T1 relaxation time offers 

insights into the dynamics and interactions of molecules, providing information about molecular 

motion and the correlation times of molecular processes. T2 Relaxation, also named spin-spin 

relaxation, accounts for the loss of phase coherence among nuclear spins in the transverse plane. 

This relaxation process directly influences the width of NMR signals and, consequently, the 

resolution of NMR spectra. T2 plays a vital role in NMR applications where high-resolution spectra 

and well-defined line shapes are desired. Understanding these relaxation processes is critical for 

tailoring NMR experiments to the specific properties of the sample under investigation.  

Various relaxation processes in ssNMR spectroscopy exhibit sensitivity to molecular 

motions occurring on distinct timescales. 13C-T1 Relaxation primarily reflects motions occurring 

on the nanosecond timescale, which is commonly measured by the DP-based inversion recovery 

experiment (Figure 1.8a). In a nutshell, this experiment involves flipping the initial magnetization 

to the negative z-direction through a 180° pulse. Giving a specific delay period (τ), the 

magnetization is expected to relax back towards the equilibrium magnetization in the positive z-

direction. Then, a following 90° pulse flips the magnetization to the x-y plain for further detection. 

In the case of a single exponential fitting, the following equation is typically employed to 

quantitatively find the T1 relaxation constant: 

                                        𝐼 = 1 − 2𝑒−𝑡/𝑇1                                                          Eq 1.20 



23 
 

13C-T1 Torchia sequence48 is also a powerful tool for the measurement of T1 relaxation 

times (Figure 1.8b). This method leverages CP to generate transverse magnetization in 13C nuclei, 

which favors the detection of rigid species within the sample, and subsequently flips magnetization 

to the positive-z direction, allowing spin-spin relaxation via varying delay τ. After the second 90° 

pulse, we can monitor how rapidly the magnetization returns to equilibrium, using the equation for 

a single exponential fitting: 

                                          𝐼 = 𝑒−𝑡/𝑇1                                                                Eq 1.21 

 

Figure 1.8 Molecular motion measurements. a, DP-based 13C-T1 inversion recovery. b, CP-based 

13C-T1 Torchia. c, 13C-detected 1H-T1ρ pulse sequence with LG-spin lock. d, 2D 1H-13C dipolar 

chemical-shift (DIPSHIFT) experiment. e, representative 1H-13C dipolar dephasing curves under 

7.5 kHz MAS. Corresponding order parameters are labeled based on CH or CH2 group. 

1H-T1ρ Relaxation16, also referred to proton spin-lattice relaxation in the rotating frame, 

provides insights into motions on the microsecond timescale (Figure 1.8c). In the beginning, a 90° 

pulse followed by a 35° pulse is applied to flip the 1H magnetization to the magic angle. Following, 

a spin-locking field with a frequency in the range of tens of kHz is applied to the proton channel, 

which prevents precession in the rotating frame. Then, the LG-CP technique is employed to 

selectively transfer the 1H polarization to the directly bonded 13C nuclei for the detection. The 
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measurement of 13C-T2 relaxation42 can be accomplished using the CP echo experiment, with the 

concurrent application of 1H heteronuclear decoupling. The presence of decoupling is essential in 

this context to prevent the destruction of magnetization due to 13C-1H dipolar coupling. This differs 

from T1 measurements, where 1H decoupling is not necessary. 

In ssNMR, the determination of motional amplitudes in polysaccharides is often achieved 

through the employment of the DIPSHIFT experiment16, 35, as illustrated in Figure 1.8d. The order 

parameters, denoted as S(CH), derived from this experiment offer valuable information regarding 

the motional amplitudes of the C-H bonds in the biomolecules under investigation (Figure 1.8e). 

Notably, a smaller order parameter corresponds to more significant amplitude in molecular 

motions, signifying increased flexibility or mobility within the C-H bonds. Conversely, a larger 

order parameter indicates a rigid molecular structure, such as cellulose crystalline regions. In the 

DIPSHIFT experiment, to realign chemical shifts, a 180° pulse is strategically inserted after a 

single rotor period. Moreover, the removal of 1H-1H homonuclear couplings is meticulously 

accomplished using decoupling sequences like FSLG. This precise setup ensures that the 13C 

nuclei exclusively evolve under the influence of 13C-1H dipolar couplings. The resultant spectrum 

in this experiment displays 13C isotropic chemical shifts in the direct dimension, while the indirect 

dimension reveals 13C-1H dipolar dephasing curves. These dephasing curves are subjected to fitting 

procedures to extract the apparent 13C-1H dipolar couplings. To obtain the true dipolar coupling, 

accounting for molecular motion, these apparent couplings are divided by scaling factors 

associated with the homonuclear decoupling sequences, typically set at 0.577 for FSLG. 

Subsequently, the true dipolar coupling is further divided by the theoretical rigid-limit 13C-1H one-

bond dipolar coupling (~ 22.7 kHz) to get the order parameters. It's worth noting that the CH2 

group has a deeper dephasing curve when compared to that of the CH group, despite having 
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identical order parameters, as depicted in Figure 1.8e.  

1.2.6 Resolution and Sensitivity 

Two critical aspects of NMR spectroscopy are sensitivity and resolution, which play 

pivotal roles in the quality and applicability of ssNMR experiments. Resolution in NMR 

spectroscopy pertains to the ability to distinguish and separate individual resonances in the NMR 

spectrum. Resolution, often characterized by parameters like the full width at half maximum 

(FWHM), is inversely related to the apparent T2 relaxation time. Enhancing resolution can be 

achieved by promoting crystallinity within the sample, thus slowing down intrinsic T2 relaxation. 

Improved coil design and careful sample positioning contribute to reducing field inhomogeneity, 

resulting in longer apparent T2 values. Biological samples often face resolution limitations due to 

peak overlap resulting from the structural similarity of their constituent units. Strategies to address 

this challenge include selective and sparse labeling of samples. On the spectral side, advanced 

pulse sequences, including extra dimensions (3D) and spectral editing, offer better resolution and 

sensitivity, allowing for the analysis of complex samples. Residual anisotropic interactions, such 

as lingering 1H-1H homonuclear dipolar couplings, can cause peak broadening that standard 

spinning cannot fully eliminate. Ultra-fast spinning49-51 at rates ranging from 40 to 120 kHz using 

small rotors (e.g., 0.7 mm) significantly narrows the 1H linewidth, enabling 1H detection of 

nanomole to femtomole quantities in deuterated proteins under high magnetic fields. 

In the data analysis stage, there are opportunities to further enhance resolution, although 

these improvements need to scarify sensitivity. Various window functions can be applied to time 

domain signals to enhance resolution by focusing on the later part of the FID. The choice of 

window functions, such as Gaussian, exponential, sine, and qsine, should be made thoughtfully to 

achieve the desired balance between sensitivity and resolution. Another technique involves zero-
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filling, which increases digital resolution by appending zeros to the end of the FID. 

NMR signals originate from a minor surplus of nuclei occupying the lower energy state, 

with nuclear spins distributed almost evenly at room temperature. This distribution follows the 

Boltzmann distribution equation:  

                                          
𝑁+

𝑁−
= 𝑒−∆𝐸/𝑘𝑇                                                            Eq 1.22 

Here, k is the Boltzmann constant. At room temperature and within a 10 T magnetic field, 

the population of the lower energy state (N+) exceeds that of the higher energy state (N-) by a factor 

of only 1 in 10,000. This small difference in population results in inherently weak NMR signals. 

Consequently, NMR spectra exhibit low signal-to-noise ratios (S/N) due to these weak signals. 

                             𝑆/𝑁 ∝ 𝑛𝛶𝐸𝑇
−1𝑓𝐶𝑃𝜂(𝛶𝑑

3𝐵0
3𝑡)

1

2(𝑉𝑄)
1

2                                    Eq 1.23 

This equation52 offers numerous avenues for enhancing NMR sensitivity. The “n” 

represents the number of spins. Hence, we can increase the sensitivity by achieving isotope-

labeling (12C to 13C), packing more samples into the rotor, or switching to a thin-walled or a larger 

rotor to contain more spins. Lowering the temperature (T) by employing cryogenic NMR probes 

and measuring in a higher magnetic field (𝐵0) are another two straightforward approaches. For 

example, an 800 MHz spectrometer provides a 2.8-time higher sensitivity than a 400 MHz 

spectrometer. Additionally, “𝑓𝐶𝑃 ”, “𝜂”, “V”, and “Q” are CP factor, probe-specific factors, 

signifying the coil filling factor, coil volume, and coil quality factor, respectively. 

Another strategy for sensitivity improvement is to optimize the effectiveness of the 

experimental time factor “t”. 4 times of the number of scans (NS) in experiments provide 2-fold 

sensitivity enhancement. By introducing paramagnetic agents53, 54 into the samples, it is possible 

to reduce the T1 relaxation times, further, to reduce the recycle delay (typically 5 times T1), through 

the paramagnetic relaxation enhancement effect. This approach significantly accelerates data 
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acquisition cycles, resulting in time savings of approximately 5-20 folds. Non-uniform sampling55, 

a technique still under development, holds promise as a method to better allocate the acquisition 

time during data sampling. This approach enhances sensitivity without sacrificing resolution.  

In the equation, "𝛶𝐸" and "𝛶𝐷" stand for the gyromagnetic ratios of the excited and detected 

nucleus, respectively. It is the reason why a ssNMR pulse sequence always starts with a CP block 

to enhance sensitivity by exciting 1H instead of 13C. Furthermore, direct 1H-detection contributes 

to increased sensitivity, owing to the high gyromagnetic ratio of the proton nucleus (𝛶1H=4𝛶13𝐶). 

It is the reason that the 13C-1H HETCOR has an 8 times enhancement when compared to 1H-13C 

HETCOR. DNP is a cutting-edge innovation that facilitates the transfer of polarization from 

electrons (excitation) to NMR-active nuclei. As a result, sensitivity enhancements of tens to 

hundreds of folds can be achieved through DNP56. This also translates to substantial time savings, 

reducing experimental durations by a factor of 102 to 105. 

1.3 Sensitivity-Enhancing DNP 

In recent developments, the innovative technique of MAS-DNP has demonstrated 

remarkable potential in addressing a long-standing challenge21, 57-60. It is widely acknowledged 

that NMR spectroscopy suffers from limited sensitivity due to the minute nuclear spin polarization, 

accounting for less than 0.007% of 1H, resulting from the small gyromagnetic ratio (γ) of the spins. 

MAS-DNP has the remarkable capability to facilitate polarization transfer from unpaired electrons, 

which are approximately 660 times larger in γ than 1H (Table 1.1), to protons when subjected to 

microwave irradiation (as illustrated in Figure 1.9). This transfer leads to a substantial 

enhancement in NMR sensitivity, typically ranging from one to two orders of magnitude. The 

essential microwave resource in this process is the gyrotron, which generates power in the range 

of 10 to 100 watts. This power is harnessed to induce electron paramagnetic resonance60 (EPR) in 
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mono- or bi-radicals, each possessing one or two unpaired electrons61-63. To facilitate this process, 

nitroxide-based radicals (for instance, AMUPol64) are commonly dissolved in DNP matrix 

solutions (such as the mixture of D2O, H2O, and 13C-depleted, d8-glycerol). These solutions are 

then combined with the solid sample through grinding or vertexing. In order to achieve optimal 

results, MAS-DNP experiments necessitate cryogenic temperatures within the range of 90–110 K. 

These low temperatures are essential to circumvent the challenge of the short lifetime of radicals 

and further improve the S/N ratios by creating a glassy phase within the DNP matrix. This glassy 

phase efficiently prevents the aggregation of radicals.  

 

Figure 1.9 Sensitivity-enhancing DNP. a, DNP instruments. b, DNP mechanism. c, DNP radicals. 

d, 16-fold sensitivity enhancement of unlabeled soil samples provided by 600 MHz/395 GHz DNP. 

Numerous features can affect the enhancement factor (𝜀), such as radicals, solvents, and 

even rotor materials. AsymPolPOK65, an asymmetric biradical that been reported recently, is 

capable to significantly shorten DNP build-up time, leading to a larger enhancement factor and a 

shorter experiment time; TEKPol dissolved in ortho-terphenyl enables DNP experiment conducted 

at near room temperature, which benefits for the detection of matrix polysaccharides that is limited 

at cryogenic temperature; TinyPol and TEMTriPol-I have a good performance on high-field 

(18.8T, 800 MHz/527 GHz) DNP instruments with resolution improvement. The DNP matrix 

protocols also influence the distribution of radicals in cell wall compounds and impact the 
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enhancement factor by formation or separation of the glassy phase of solvents. The broadly used 

protocols in cell wall studies include 13C-depleted, d8-glycerol/D2O/H2O (60/30/10 vol%), 

D2O/H2O (90/10), d6-DMSO/D2O/H2O (60/30/10), and even a matrix-free protocol (only D2O), 

which can effectively avoid radical aggregation66. 

With the remarkable sensitivity enhancement brought about by the DNP technique, it 

becomes feasible to perform high-resolution structural analysis of unlabeled biological systems 

using ssNMR. In this dissertation, with assistance of MAS-DNP, (1) a comprehensive toolbox for 

systematically illustrating structural models in intact natural abundance plant biomass is 

established (Chapter 8); (2) molecular composition of organic carbon within wetland soil samples 

obtained from a brackish island situated along the Gulf of Mexico coastline is analyzed (Chapter 

9); (3) unexpected lignin–cellulose interactions in 13C-wood cell walls are confirmed (Chapter 7). 

1.4 Sample Preparation for ssNMR and DNP Measurements 

To conduct ssNMR studies on plant cell wall samples, it is essential to enrich the samples 

with NMR-active isotopes, such as carbon-13. This can be achieved through two distinct methods, 

each offering specific advantages based on the research focus.  

The first method67, 68 typically involves the enrichment of young seedlings (aged up to 2 

weeks) for the study of carbohydrates in primary cell walls. These seedlings are grown in darkness 

in a solution medium containing 13C-glucose or in sealed chambers connected to 13CO2 resources. 

After harvesting, the seedlings are rapidly frozen and then ground using liquid nitrogen. 

Subsequently, a 1.5% (w/v) sodium dodecyl sulfate (SDS) solution is used for a 3-hour wash to 

remove cell membranes, proteins, and inactivate endogenous wall-degrading enzymes. Starch is 

eliminated by incubating the sample with α-amylase in a sodium metabisulfite (MES) buffer (pH 

6.8). To further break down proteins, Pronase is employed in a sodium MES buffer (pH 7.5). 
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Throughout these processes, a solution containing 0.02% (w/v) NaN3 is used to prevent microbial 

growth. After washing and centrifugation, the resulting never-dried cell walls (approximately 30 

mg) can be packed into 3.2-mm rotors for ssNMR experiments. 

The second isotope-labeling method14, 69 provides greater versatility in terms of plant 

species and developmental stages, including plants like maize and woody species (several months 

old) for the study of secondary cell walls. In this approach, plants are cultivated in sealed chambers 

using a hydroponics system to prevent 12CO2 contamination from soil microbial activity. The 

composition of the hydroponic solution is adjusted to suit the specific species, supporting minerals, 

and pH requirements. A gas mixing system combines 99.8% 13CO2 gas with a 20% O2 in N2 gas 

mix, resulting in a final concentration of 600 ppm of 13CO2. Ideal LED lights with specific 

wavelengths and intensity are used to minimize heat generation, and humidity and temperature are 

carefully controlled. After harvesting, fresh plant tissues are cut into small pieces and evenly 

packed into rotors for ssNMR analysis. 

Sensitivity-enhanced DNP has opened doors to studying wetland soil or plant samples in 

their natural and unlabeled state (1.11%-13C). This method57, 70 involves the integration of samples 

with a suitable DNP solvent, commonly referred to as the "matrix," along with the inclusion of a 

polarizing agent. These polarizing agents, often based on nitroxides, such as AMUPol, TOTAPOL, 

and AsymPolPok, are distinguished for their unreactive nature and their affinity for dissolution in 

various aqueous solvents. In a carefully orchestrated procedure, a concentration typically ranging 

from 5 to 20 mM of these radicals is expertly dissolved in cryoprotective solvents. These solvents 

encompass a selection of options, including 13C-depleted d8-glycerol, D2O, and H2O, d6-DMSO in 

combination with D2O and H2O, d6-DMSO with H2O alone, or a matrix-free approach that relies 

solely on D2O. The resulting DNP solution, imbued with the distinct properties of these noble 
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radicals, is artfully blended with unlabeled samples, ensuring a deep integration that permits these 

radicals to permeate the plant cell walls or allows a homogeneous mixing of radicals with soil. 

These well-blended samples are subsequently packed into 3.2 mm zirconium or sapphire rotors. 

These rotors embrace a payload of roughly 30 to 50 milligrams, serving as the staging ground for 

the forthcoming DNP experiment. The optimization of the enhancement factor (εon/off) and the 

precise calibration of the DNP buildup time are exacting and tailored to the unique characteristics 

of each sample. In particular, soil samples may require an additional treatment with a 2% 

hydrofluoric acid (HF) solution30 before mixing with the DNP solution to remove mineral 

components without altering their chemical structure.  

1.5 Thesis Organization 

My dissertation primarily comprises published papers and preprint manuscripts during my 

Ph.D. research, focusing on the development and application of ssNMR, with the assistance of 

DNP, to investigate plant cell walls and wetland soil samples. Besides sections of abstract, 

acknowledgment, and table of contents, another 11 chapters are also structured into the thesis. An 

overview of each chapter is specified below.  

Chapter 1 serves as an introductory chapter, presenting background information from four 

key aspects: (1) the importance of studying plant cell walls and wetland soil; (2) an introduction 

to ssNMR theory and methodology; (3) sensitivity-enhanced DNP and natural abundance samples. 

(4) ssNMR sample preparation and isotope labeling. Additionally, subsections of thesis 

organization and copyright permissions are included. 

Chapters 2, 3, and 4 are review papers, as additional introductions, which highlight the 

recent breakthroughs in using ssNMR to elucidate cell walls and summarize underexplored aspects 

of cell wall studies. Chapter 2 reviews the research on carbohydrate and cell walls using ssNMR 
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and discusses the potential to address unresolved questions by innovative methods, such as proton 

detection, quadrupolar nuclei, paramagnetic relaxation enhancement, DNP, ultrahigh field, and 

database. Chapter 3 focuses on the current limitations of ssNMR in cell wall research, including 

challenges in resonance assignment due to structural complexity, the need for more effective 

methods to handle the ever-growing dataset, and the optimization of protocols and sample 

preparation for the application of high-field DNP. Chapter 4 summarizes how ssNMR has 

contributed to our understanding of the structure of extracellular matrices, such as the dynamic 

structure of living fungal cell walls and macro fibrillar structure in intact plant tissues. The chapter 

also discusses the combination of NMR with other techniques to address unresolved structural 

questions. 

Chapters 5 and 6 are published research articles, focusing on pulse programs that serve as 

the foundation of NMR experiments. In Chapter 5, we introduce a three-dimensional (3D) 13C-

13C-13C correlation experiment designed to enable high-resolution analysis and unambiguous 

resonance assignments of complex carbohydrates in cell walls. This ssNMR 3D pulse program 

incorporates a CORD block at the end of an INADEQUATE block, offering an unprecedented 

resolution for understanding the polymorphic structure of chitin in fungi samples and cellulose in 

plant cell walls. In Chapter 6, we discuss how the phases of radio frequency pulses affect signal 

phases during cross polarization. Through a first principles approach, we reveal that the NMR 

signal is simply dependent on arbitrary CP RF phases under both static and magic angle spinning 

conditions. 

Lignin is a polyphenolic biopolymer deposited during the formation of plant secondary cell 

walls, which provides strength, assists water transporting, and resists microbial attacks. Gaining a 

comprehensive understanding of the lignin-carbohydrates interactions is pivotal for crop 
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development and enhancing the quality and durability of wood products. In Chapter 7, we achieve 

the atomic-resolution characterization of the polymorphic structure, dynamical and hydration 

profile, and physical packing of lignin and polysaccharides using intact plant cells in hardwoods 

(eucalyptus and poplar) and softwood (spruce). Our findings uncover that the extent of glycan-

aromatic association increases sequentially across grasses, hardwoods, and softwoods; and lignin 

principally packs with the xylan in a non-flat conformation via electrostatic interactions and 

partially binds the junction of flat-ribbon xylan and cellulose surface as a secondary site. 

The emerging sensitivity-enhancing technique DNP holds great promise for investigating 

natural abundance samples, eliminating the need for isotope labeling. Chapters 8 and 9 provide 

two examples showcasing the application of DNP to unlabeled rice and wetland soil samples, 

respectively. In Chapter 8, we demonstrate the feasibility of combining traditional ssNMR with 

DNP methods to examine the structure and dynamics of carbohydrates in natural abundance rice 

stems. This time-efficient approach allows for the screening of a large collection of biomass 

materials without labeling. In Chapter 9, DNP enables rapid acquisition of 2D 13C/1H-13C 

correlation spectra to detail the molecular fingerprint and spatial organization of biopolymers in 

unlabeled wetland soil. Surprisingly, the lignocellulosic core identified in the plants grown on this 

island were found to be preserved in the surface layer of soil formed in the brackish marshes, but 

with tighter physical packing between molecules. Extending the depth from the surface to 2 m 

covers a geological timeline of eleven centuries, where we found sophisticated changes in the 

molecular structure and composition of organic matters as well as the bulk properties of the 

wetland soil.  

Chapters 10 and 11 focus on statistical approaches for the analysis of carbohydrate 

composition and structure using high-resolution ssNMR data, which are indexed in a carbohydrate 
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database. Chapter 10 introduces the Complex Carbohydrates Magnetic Resonance Database 

(CCMRD, www.ccmrd.org), as the first ssNMR database specifically designed for complex 

carbohydrates. This chapter also presents the assembly of the database, information search 

functionalities, and the deposition of data into CCMRD. In Chapter 11, We generate simulated 

spectra (density maps) using data deposited in CCMRD, to demonstrate the chemical shift 

dispersion and to aid in the fast identification of important fungal and plant polysaccharides in cell 

walls. By comparing the projected spectra with experimental data, we highlight the challenges of 

assigning resonances because distinct carbohydrates from different organisms can produce nearly 

identical signals. 

1.6 Copyright Permissions 

Chapters 2, 3, 4, 5, 6, 7, 8, 9, 10, and 11 consist of reprinted published papers. Elsevier 

does not necessitate a license for re-use in a dissertation or thesis. Papers published in 

Biomedcentral (BMC), Springer Nature (Nature Communication), and John Wiley and Sons 

(Magnetic Resonance in Chemistry) are available in open access, and no permission is necessary 

for their re-use. Detailed copyright permissions have been secured from the following groups: 

Chapter 2: Elsevier. 

Chapter 3: Elsevier. 

Chapter 4: Elsevier. 

Chapter 5: Elsevier. 

Chapter 6: Elsevier. 

Chapter 7: Springer Nature (Nature Communication), open access. 

Chapter 8: Biomedcentral (BMC), open access. 

Chapter 9: Submitted to Nature Geoscience.  



35 
 

                       Preprinted in ChemRxiv (https://doi.org/10.26434/chemrxiv-2023-p4rvg). 

Chapter 10: Springer Nature. License Number: 5663191296494. 

Chapter 11: John Wiley and Sons (Magnetic Resonance in Chemistry), open access. 
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CHAPTER 2: SOLID-STATE NMR OF PLANT AND FUNGAL CELL WALLS: A 

CRITICAL REVIEW 

Review paper reprinted with permission: Solid State Nucl. Magn. Reson. 107, 101660 (2020) 

Authors: Wancheng Zhao, Liyanage D. Fernando, Alex Kirui, Fabien Deligey, and Tuo Wang 

2.1 Abstract 

 The cell walls of plants and microbes are a central source for bio-renewable energy and the 

major targets of antibiotics and antifungal agents. It is highly challenging to determine the 

molecular structure of complex carbohydrates, protein and lignin, and their supramolecular 

assembly in intact cell walls. This article selectively highlights the recent breakthroughs that 

employ 13C/15N solid-state NMR techniques to elucidate the architecture of fungal cell walls in 

Aspergillus fumigatus and the primary and secondary cell walls in a large variety of plant species 

such as Arabidopsis, Brachypodium, maize, and spruce. Built upon these pioneering studies, we 

further summarize the underexplored aspects of fungal and plant cell walls. The new research 

opportunities introduced by innovative methods, such as the detection of proton and quadrupolar 

nuclei on ultrahigh-field magnets and under fast magic-angle spinning, paramagnetic probes, 

natural-abundance DNP, and software development, are also critically discussed.  

2.2 Cell Walls: a Medically Important and Energy-Relevant Biomaterial 

The cell wall is a carbohydrate-rich coating outside the plasma membrane of plants and 

many microorganisms. The cell walls in photosynthesis systems, such as plants, algae, and green 

bacteria, are transformed from solar energies and carbon dioxide, with enormous value as a 

primary source of building materials, textiles, biofuel, nanocomposites, and high-value reagents1. 

Polysaccharides in the cell walls of fungal pathogens and invading bacteria are absent in human 

cells; these components trigger immune recognition and serve as the major target of antifungal 
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drugs and antibiotics2, 3. Polysaccharides and other biomolecules (such as protein and lignin) are 

held together by covalent linkages and physical packing interactions to form a mechanically strong 

composite, which allows the cell to retain integrity and morphology under external stress. 

Nevertheless, the numerous interactions between biopolymers also pose a challenge for post-

harvest processing and utilization of biomass and make it technically difficult to characterize these 

biomaterials with high resolution.  

Recently, magic-angle-spinning (MAS) solid-state NMR spectroscopy has been 

extensively employed to investigate intact cell walls. Uniformly isotope-labeled samples are 

produced by feeding the organism of interest with 13CO2 or solid/liquid media containing 13C-

glucose and 15N-salts4. Multidimensional 13C-13C/15N correlation spectra collected on whole cells 

or isolated cell walls provide the atomic resolution needed for determining the polymorphic 

structure, intermolecular interaction, water contact, and molecular motions of biomolecules in their 

cellular environment (Figure 2.1). Within the last decade, a large variety of biosystems have been 

studied: the primary and secondary cell walls of seven plant species, including Arabidopsis 

thaliana, Brachypodium distachyon and Zea mays (maize), rice, switchgrass, poplar and spruce5-

14; the biofilm or cell walls of bacterial and fungal pathogens such as Aspergillus fumigatus, 

Cryptococcus neoformans, and Bacillus subtilis15-21; as well as the carbohydrate components in 

microalgae Chlamydomonas reinhardti22. Here we will review the major findings related to plant 

and fungal cell walls, emphasize the key questions awaiting investigation, and discuss the future 

directions enabled by the improved instrumentation and methodology, in the attempt to inspire 

innovative research in carbohydrate and cell wall NMR. 
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2.3 Recent Advances in Cell Wall Research by Solid-State NMR 

2.3.1 Molecular Insight of Plant Primary Cell Walls 

Since 2010, Hong and colleagues have been pioneering the investigations of primary plant 

cell walls, a component synthesized in the growing plants (Figure 2.2a-2.2c)23,24. The composition 

is well known from numerous biochemical studies, and three major types of polysaccharides are 

present25, 26. Cellulose microfibrils are formed by 18 or more glucan chains (3-4 nm across) and 

they are highly rigid and partially crystalline. The backbones of pectin, such as 

rhamnogalacturonan-I (RG-I) and homogalacturonan (HG), are often acidic and responsible for 

regulating cell wall hydration. Hemicellulose interacts with cellulose and pectin, with a plant-

dependent composition: the major hemicellulose is xyloglucan (XyG) in dicots, such as 

Arabidopsis, but changes to glucuronoarabinoxylan (GAX) and mixed-linkage glucans (MLG) in 

commelinid monocots (grasses) such as Brachypodium and maize. Using 13C-labeled and isolated 

cell walls, three ground-breaking discoveries were reported, which have revised and substantiated 

our limited understanding of primary cell wall architecture.  

First, cellulose, hemicellulose, and pectin are found to associate noncovalently on the sub-

nanometer scale to form an integrated network. In wild-type Arabidopsis (Figure 2.2a, Sample 1), 

a large number of cross peaks have been identified between pectin and cellulose, which were 

previously considered to be phase-separated 5. The equilibrium intensity of 13C-13C spin diffusion 

suggests that 25-50% of cellulose are in close proximity to pectin6, 27. This polymer interaction is 

independent of the sample’s hydration history28 and can be fully preserved after partial 

depectination by CDTA and sodium carbonate (Figure 2.2a, Sample 2), which disrupts the 

calcium crosslinking of HG and consequently removing the interfibrillar HG molecules (40% of 

all HG) that are not binding cellulose28-30. Due to the loss of immobilized water in the depectinated 
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sample, the rate of 1H-1H polarization transfer from water to polymers have been globally slowed 

down for all polysaccharides, which can be partially restored by the subsequent digestions of XyG 

using xyloglucanase and Cel12A enzymes due to the enhanced surface areas of the residual 

macromolecules (Figure 2.2a, Sample 3)29. In addition, the removal of XyG using an xxt1xxt2xxt5 

triple knockout line (Figure 2.2a, Sample 4) markedly enhances the dynamics of the remaining 

polysaccharides 5, which echoes with the global alternation of 1H spin diffusion observed in the 

sequentially digested samples, revealing a single network of all polysaccharides.  

 It is noteworthy that a weaker pectin-cellulose interaction is often accompanied by the 

chemical modification of pectin structure, for example, a higher degree of methyl esterification, 

an increased occurrence of sidechain branching by arabinan or galactan, a reduced extent of 

calcium-crosslinking, and promoted HG aggregation. These molecular changes macroscopically 

correlate with faster growth, for example, in the inflorescence stem of Arabidopsis with a 

segmentally increasing rate of elongation from the base to the apical region (the tip)31, in the 

PGX1AT mutant that produces smaller pectin but larger plants (Figure 2.2a, Sample 5)32, and in a 

low-pH sample that mimics the acid growth condition (Figure 2.2a, Sample 6)33. 

 

Figure 2.1 Solid-state NMR strategy for investigating cell wall materials. 

Second, with the assistance from Dynamic Nuclear Polarization (DNP) and paramagnetic 

methods, two methods have been developed to reveal how a class of proteins (expansin) unfasten 

the polysaccharide joints to mediate cell expansion34, 35. Expansins lack the lytic activity expected 
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for wall-loosening enzyme and have been assumed to disrupt the non-covalent contacts between 

polysaccharides36. Solid-state NMR studies have shown that expansins precisely perturb the 

cellulose-xyloglucan nexus in Arabidopsis but disrupt the junctions between the highly and lowly 

substituted GAX in maize (Figure 2.2c); therefore, expansins bind different polysaccharides in 

the cell walls with distinct composition. 

 

Figure 2.2 Cell walls and biomolecules studied by solid-state NMR. a, NMR-derived conceptual  
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Figure 2.2 (cont’d) 

models of primary cell walls of Arabidopsis (dicot), including the intact and wild-type cell walls 

at different pH values, as well as multiple mutants that attenuate the structure and content of matrix 

polysaccharides (pectin or XyG), sequentially digested cell walls that are chemically depectinated 

followed by enzymatical removal of XyG. The sample numbers are labeled to facilitate discussion. 

b, Chemical structures of the biomolecular components in primary plant cell walls. c, Structural 

scheme of primary grass cell walls based on data collected using Brachypodium and maize. d, 

Plant secondary (2nd) cell wall architecture of Arabidopsis, maize, and softwood spruce. e, 

Representative structure of polymers that are unique to secondary plant cell walls. f, the structure 

and polymers of fungal cell walls in A. fumigatus.  

 Third, with the sharp 13C linewidths on high magnetic fields (0.7-1.0 ppm for cellulose on 

an 800 MHz NMR) and the chemical shift calculations using Density Functional Theory (DFT), 

we have resolved seven types of glucose units in the cellulose of Arabidopsis and grass primary 

cell walls, determined their hydroxymethyl conformations via 1H-1H distance measurement, and 

localized these conformers in the microfibrils37-39. These forms deviate noticeably from the 

crystallographic structures of Iα and Iβ allomorphs obtained using the highly crystalline cellulose 

from bacteria and tunicates (a marine animal). In addition, these seven types of glucose residues 

have been consistently observed in the secondary cell walls of Arabidopsis, maize, switchgrass, 

and rice8, as well as multiple woody plants such as Eucalyptus, poplar, and spruce (unpublished 

results). Therefore, the Iα and Iβ model allomorphs are generally absent in most natural resources. 

So far, the NMR signals of Iα and Iβ structures have only been observed in cotton, thus a large 

crystallite is a prerequisite for accommodating the model structures40.  
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2.3.2 Lignin-Carbohydrate Packing in Plant Secondary Cell Walls 

The secondary cell wall is formed once the cell ceases expansion and it comprises the 

majority of lignocellulosic biomass. In secondary cell walls, cellulose microfibrils aggregate into 

larger bundles (10–20 nm across), which are further embedded in a matrix containing the aromatic 

polymer lignin and hemicellulose such as xylan and glucomannan 41. Lignin-carbohydrate 

interactions confer the biomass with recalcitrance to chemical and enzymatical treatments; 

therefore, it is of broad interest to understand the chemical principles underlying these polymer 

interactions. Paul Dupree, Ray Dupree, and colleagues have conducted several studies to recognize 

the functional relevance of xylan polymorphism in Arabidopsis secondary cell walls. It is found 

that only the xylan with a 2-fold helical screw symmetry and a regular pattern of acetate or 

glucuronate substitutions can bind cellulose microfibrils10-12.  

Stimulated by these discoveries, we have investigated the mature stems of maize, rice, 

switchgrass, and Arabidopsis, using a series of 2D 13C-13C correlation methods specially designed 

for enhancing the aromatic signals of lignin and detecting the lignin-carbohydrate interface 

(Figure 2.3a)8. Hundreds (234) of intermolecular cross-peaks have been identified, which pinpoint 

six categories of packing interactions between the different functional groups in lignin and 

carbohydrates as illustrated in Figure 2.3b-2.3g. Strikingly, lignin mainly interacts with xylan 

rather than cellulose. In addition, the number and intensities of these cross peaks statistically 

correlate with the number of methyl ether substitutions in lignin residues (Figure 2.3b), which 

signposts a prevalent role of electrostatic contacts in stabilizing polymer interface. Integrating the 

information on polymer packing, dynamics, and hydration has resulted in a molecular view of 

lignocellulosic materials: lignin self-aggregates to form dynamically unique and hydrophobic 

nanodomains, with surface contact to the non-flat xylan (3-fold) through abundant electrostatic 
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interactions8. This xylan-lignin interface links to the flat-ribbon domain of xylan that is coating 

the surface of cellulose microfibrils (Figure 2.2d, left).  

 

Figure 2.3 Intermolecular interactions in plant secondary cell walls by dipolar-filtered PDSD 

spectra. a, Overlay of 2D 13C-13C correlation spectra measured with a short (0.1 s, yellow) and 

long (1.0 s, black) mixing time. Six representative regions of intermolecular cross peaks for the 

structural illustration in panels b-g are highlighted in dashline circles or rectangle. These 

interactions happen between. b, xylan acetyl (Ac) group and lignin aromatics (S, G, or H), c, xylan 

acetyl group and cellulose microfibrils (i: internal glucan chains; s: surface chains), d, lignin 

methyl group (OMe: methyl ether) and xylan acetyl groups, e, lignin methyl group and cellulose, 

f, the aromatic carbons of different lignin units, as well as g, lignin aromatics and xylan furanose 

ring. The blue crosses in panels a and b highlight the missing signal of AcMe-H4 cross peak between 

xylan and the H-residue of lignin.  

In the softwood spruce, xylan also binds cellulose through its 2-fold conformer while 
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galactoglucomannan (GGM), a unique hemicellulose in softwoods, binds the surface of cellulose 

microfibrils in a semi-crystalline manner13. Since both GGM and xylan have shown two domains, 

one coating cellulose and the other filling interfibrillar space, it is proposed that some GGM and 

xylan bind to the same microfibril and further associate with lignin (Figure 2.2d, right).  

 

Figure 2.4 Polymer packing and hydration in fungal cell walls of A. fumigatus. a, Top: Illustration 

of the observed cross peaks between α-1,3-glucan (A) and chitin (Ch). Bottom: overlay of 2D 13C-

13C correlation spectra measured with 100 ms DARR (orange, short-range) and 15 ms PAR (black, 

long-range). b, Overlay of the control (black) and water-edited spectra (orange); the cross section 

extracted at 69 ppm shows apparent signal dephasing of chitin and α-1,3-glucan in water-edited 

spectra. c, Site-specific hydration map of biopolymers.  

2.3.3 Insights into the Fungal Cell Wall Architecture 

Recently, we have also initiated a project elucidating the cell wall structure of an airborne 

fungal pathogen A. fumigatus. The samples are measured alive at room-temperature on an 800 

MHz NMR; the 13C linewidths are as narrow as 0.4-0.6 ppm for the rigid polysaccharides and 0.3-

0.5 ppm for the relatively mobile carbohydrates and proteins. With the remarkable resolution, the 

13C and 15N signals of 7 types of polysaccharides, including α-1,3-glucan, chitin (a nitrogenated 

polysaccharide), mannan, and three types of β-glucans, together with their 23 conformers, have 
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been identified (Figure 2.2f)15. Long-range correlation methods, such as 13C-13C and 15N-15N 

Proton-Assisted Recoupling (PAR)42 as well as NCACX measured with a variable 13C-13C mixing 

time, have been employed to identify in total 65 intermolecular interactions. Most of these physical 

interactions occur between chitin and α-1,3-glucans (Figure 2.4a), which also show high 

hydrophobicity (Figure 2.4b, c) and rigidity. These two molecules are complexed to form a 

mechanical scaffold that is surrounded by a soft matrix of diversely linked β-glucans and capped 

by an external shell rich in glycoproteins (Figure 2.2f). This study has established a preliminary 

structural frame, which requires systematic validation and encourages structural investigations of 

individual cell wall molecules and their biomedical relevance. 

2.4 Biochemical Perspectives: the Unresolved Questions 

In an earlier Trends article published in 2016, several underexplored areas in plant NMR 

have been summarized, which mainly include the coalescence of multiple cellulose microfibrils, 

the functional structure of lignin, and the putative interactions between polysaccharides and 

structural proteins24. So far, we have already obtained an in-depth understanding of lignin-

carbohydrate interactions in secondary cell walls but also discovered more aspects that remain 

ambiguous. For instance, the sophisticated patterns of covalent linkages between lignin residues 

and their impact on lignin’s capability of interacting with polysaccharides have not been discussed. 

Cellulose-lignin interaction is scarce in maize and Arabidopsis, but this concept may not hold for 

the woody plants with a distinct composition of biomolecules and a more compact packing. The 

conformational relevance of glucomannan in spruce and other softwood species is not yet 

understood. We also need to understand the structural origin of the abundant electrostatic 

interactions between carbohydrates and aromatics and how these physical contacts contribute to 

the mechanical properties and digestibility of lignocellulosic materials. Inevitably, we also need 
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to figure out a way to integrate solid-state NMR results with the numerous studies using solution-

NMR, which are focused on the covalent linkages in extracted residuals.  

 An unexpected finding in the A. fumigatus fungus is the multifaced role of α-1,3-glucans. 

These molecules are simultaneously in association with chitin for stiffness and existing in the 

mobile phase15. This observation has countered the biochemical results in which α-1,3-glucans are 

extractable by strong alkali and thus constantly excluded from the structural core of any prevailing 

models43. Also, the amount of this polysaccharide is much lower in many other pathogens such as 

most yeasts (for example, Candida albicans); therefore, it is of great interest to understand the 

structural and dynamical heterogeneity of polysaccharides across fungal species. Another major 

polysaccharide, mannan, is found to coexist with proteins in the mobile domain of A. fumigatus 

cell walls, likely constituting the mannoproteins in the outermost layer as depicted in biochemical 

studies. Further evidence assessing the structural role of mannan and their covalent linkages with 

structural proteins are crucial to the understanding of this structurally dynamic shell that regulates 

cellular recognition and fungal pathogenesis44. It is also important to understand how the microbe 

re-structures its cell wall in response to antifungal agents, which will explain the origin of drug 

resistance from a structural perspective.  

2.5 Technical Outlook: Opportunities Beyond Conventional Methods  

The past decade has seen the rapid development of solid-state NMR techniques. Here, we 

have selectively summarized a few technical advances that could potentially revolutionize the field 

and establish new research directions. These highlights have extended beyond the conventional 

13C/15N-methods by involving other NMR-active nuclei or electrons, with assistance from ultra-

fast MAS, ultrahigh magnetic field, DNP, as well as database and software coding.  
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2.5.1 1H and 19F under Fast Spinning: Carbohydrate Structure and Interactions 

Direct detection of proton resonance provides high-sensitivity due to the high isotope 

abundance (99.985%) and four-fold higher gyromagnetic ratio over 13C. The strong homonuclear 

couplings enable distance measurement beyond 1 nm and facilitate structural determination. 

Although proton detection has already been widely employed to study perdeuterated or protonated 

proteins45-48, it is rarely applied to the carbohydrates that are rich in protons with complex chemical 

environments. Recently, Hong and Phyo have conducted a set of proton-detection experiments, 

such as the 2D CH INEPT, 3D CHH INEPT-TOCSY, and 2D hChH RFDR techniques49-51, to 

assign the 1H resonances of polysaccharides and to determine their intermolecular packing, for 

example, through cross peaks between cellulose carbons and matrix polysaccharide protons, in 

13C-labeled Arabidopsis primary cell walls52. The protonated material has been back exchanged in 

D2O, which suppresses the water intensities and reduces the contribution of hydroxyl protons. A 

moderately fast MAS frequency (30-50 kHz) is chosen to simultaneously enable proton-detection 

of the mobile matrix and filter out the signals of rigid microfibrils52. The narrow 1H linewidth (0.06 

ppm on an 800 MHz spectrometer, Figure 2.5a) and the excellent agreement between solid-state 

1H chemical shifts and solution-NMR observables consistently confirmed that the observed matrix 

polysaccharides are intrinsically mobile in cell walls. In addition, Simorre, Schanda, and 

coworkers have assigned the resonances of peptidoglycan in intact Bacillus subtilis under 100 kHz 

MAS, with representative 1H linewidths of 50-120 Hz (0.05-0.13 ppm) on a 950 MHz 

spectrometer53, 54. Using the 1H-1H RFDR scheme, the authors have identified multiple inter-

residue cross peaks, including unambiguous cross peaks between the GlcNAc sugar and the L-

alanine residue on the peptide stem, crossing a long distance of at least 5 Å53. These studies have 

presented a novel strategy for investigating complex biosystems and landed the stage for pursuing 
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1H investigations without labeling. 

Similarly, 19F has a high gyromagnetic ratio and 100% natural abundance. Adding to these 

merits is a large range of chemical shifts for resolving various chemical motifs. As demonstrated 

on pharmaceutical compounds, GB1 protein, and HIV-1 capsid protein, 19F-19F/1H distances can 

be measured on the nanometer scale (1-2 nm)55-57, which is a major extension from the reach of 

13C and 15N methods. Typically, site-specific fluorination causes minimal perturbation to the 

structures of many proteins and materials56, 58, but may substantially disrupt the hydrogen bonds 

in carbohydrate polymers. An appropriate labeling scheme is needed to sparsely fluorinate 

carbohydrates without eliminating their functional structures and assembly59.  

2.5.2 17O at Ultrahigh-Field: a New Biochemical Probe  

Oxygen is another core element that determines the hydrogen bonding and chemical 

properties of biomolecules. Carbohydrates are particularly rich in oxygen atoms, with at least one 

oxygen covalently linked to each single carbon site. Recently, the materialization of a world-record 

1.5 GHz (35 Tesla) series-connected hybrid (SCH) NMR magnet60 and the commercial ultrahigh 

field instruments have presented a unique opportunity for high-resolution 17O studies. Griffin and 

colleagues have revealed the markedly improved resolution of 17O spectra on ultrahigh fields 

where the line-broadening by second-order quadrupole coupling is attenuated61. They have also 

collected 2D 13C/15N/1H-17O correlation spectra and determined internuclear distances through 

recoupling methods such as ZF-TEDOR and REAPDOR61, 62. Back in 2007, Grandinetti and 

coworkers have already pioneered the measurement of 17O MAS patterns for monosaccharides and 

disaccharides that are site-specifically labeled at either the hydroxyl or glycosidic oxygen sites 

(Figure 2.5b) 63. The C–O–H angle and C–O distances, instead of the O–H distances, are found 

to affect 17O quadrupolar couplings in carbohydrates. In addition, many other quadrupolar nuclei 
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may benefit from the availability of ultrahigh-field magnets. For example, 33S NMR could help 

characterize many sulfurated carbohydrates (such as the ulvan, carrageenan, and rhamnan sulfate) 

in marine species64. Another popular molecule is heparin, a sulfated glycosaminoglycan that 

prevents blood clotting as an anticoagulant agent and induces filament assembly of tau proteins 65. 

Combining quadrupolar NMR with ultrahigh field magnets provides a novel probe to the 

biochemically important sites in these carbohydrates. 

 

Figure 2.5 Advanced techniques that promote carbohydrate and cell wall research. a, 2D CH 

INEPT spectrum of 13C labeled Arabidopsis cell walls measured at 50kHz MAS on an 800 MHz 

NMR. Superscripts denote the different subtypes of monosaccharides and ambiguous assignments 

are shown in orange. b, Experimental (black) and simulated (blue) 17O MAS spectra at 19.6 T of 

methyl α-D-galactopyranoside (4-17O), methyl β-D-glucopyranoside (2-17O), and methyl α-D-

glucopyranoside (6-17O) at 12 kHz MAS. c, 2D 2H-13C correlation spectrum of H/D exchanged 

and 13C-labeled Arabidopsis cell wall. The structure of cellulose and 2H-exchanged OD sites are 

given.  d,  The  72-ppm  2H  cross-sections  (black)   and   best-fit  simulation  (green)  that   is   a 
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Figure 2.5 (cont’d) 

supercomposition of components with CQ values of 187 and 50 kHz with weighting factors of 74 

and 26%, respectively. e, The structure of β-expansin (EXPB1) with 9 Cys residues shown in 

magenta. The 3 solvent-accessible cysteines that could be tagged with EDTA-Mn(II) are 

annotated. f, The PRE effect of Mn(II)-tagged expansin on glucuronoarabinoxylan (GAX). The 

intensities ratios of 2 spectra measured on the Mn-containing sample and the control sample are 

shown in red: GAX has significant signal dephasing due to binding to the protein. g, Difference 

PDSD spectrum of two parent spectra measured on Mn-containing or Mn-free samples: showing 

no cellulose intensities (iC4) but only the signals of matrix polysaccharides that bind proteins.  

2.5.3 2H: Dynamics and Water Accessibility 

In cell walls, carbohydrate dynamics were primarily evaluated by measuring NMR 

relaxation and dipolar couplings66, and water-polymer contacts were mainly investigated using 

1D/2D 13C-detected, 1H spin diffusion methods and dipolar-filtered heteronuclear 2D correlation 

techniques like MELODI-HETCOR28, 29, 67 Recently, Hong and coworkers have employed the 

Rotor Echo Short Pulse IRrAdiaTION mediated cross-polarization (RESPIRATIONCP) technique68, 69 

to achieve multi-bond, broadband 2H–13C polarization using an affordable 2H radiofrequency field 

of ~50 kHz and a short contact time below 1.7 ms70. A rapid trans-gauche isomerization is 

identified in perdeuterated bacterial cellulose. This hydroxymethyl motion around the C5–C6 bond 

is absent in the interior glucan chains of cellulose but occurs to the surface chains as revealed by 

their motionally averaged C6-2H quadrupolar couplings. In H/D  exchanged Arabidopsis cell 

walls,  2D 13C-2H correlation spectra (Figure 2.5c) have shown a mixed quadrupolar pattern that 

can be best deconvoluted into two components: the quadrupolar coupling constant is 50 kHz for 

the mobile matrix polysaccharides and 187 kHz for the rigid cellulose, which is a value 



57 
 

approaching the hydrogen-bonded rigid deuteroxyl quadrupolar coupling (Figure 2.5d). This 

robust method can be applied to evaluate the dynamics and water-accessible surface of 

carbohydrates in various organisms.  

2.5.4 PRE: Carbohydrate-Ligand Binding in Cellular Environment 

In structural biology, carbohydrates are often treated as small ligands attached to large 

protein complexes, but this concept has been inverted in cell wall studies. In plant cell walls, 

functional proteins are usually present at low concentrations, but with the capabilities of perturbing 

polymer nexuses or chemically modifying/digesting certain structural motifs. For the β-expansins 

that cannot be produced recombinantly, the extracted proteins from grass pollens are tagged with 

paramagnetic Mn(II) labels via their solvent-accessible Cys residues (Figure 2.5e), and mixed 

with the 13C-labeled cell walls in maize35.  Upon binding to expansin, the hemicellulose 

glucuronoarabinoxylan (GAX) has shown strong 1H and 13C Paramagnetic Relaxation 

Enhancement (PRE) effects (Figure 2.5f, g), and its stiff and mobile fractions have become more 

rigid and dynamic, respectively. Therefore, β-expansins have released the connections between 

the highly substituted GAX (mobile) that forms the interfibrillar matrix and the rarely branched 

GAX (rigid) that are packed with cellulose microfibrils. The optimized protocols for incorporating 

paramagnetic sites and the PRE-enabled distance determination71-74 have made it feasible for 

revealing the interactions between carbohydrates and many proteins or enzymes that contain 

carbohydrate-binding modules75.  

2.5.5 Natural-Abundance DNP and Database: Accommodate the Growing Field 

As an emerging technique, natural-abundance MAS-DNP has enabled the measurement of 

2D 13C−13C/15N/1H spectra on unlabeled biomolecules (Figure 2.6a). When applied to organic 

molecules and small peptides, this technique could substantially facilitate NMR crystallography 
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by enabling the determination of 13N-13C distance up to 7 Å and the measurement of 15N-13C 

correlation at natural isotope abundance76-78. Applications of this method to complicated 

biosystems allow us to extract long-range distance constraints in polyglutamine (polyQ) amyloid 

fibrils and nano-assemblies of cyclic peptides77, 79, validate imino acid-aromatic interactions in 

native collagens80, and identify the compositional and conformational differences of cellulose, 

hemicellulose, and lignin in various plant species (cotton, rice, and poplar)9, 40, 81. These studies 

were conducted on medium magnetic fields, the 400 MHz/263 GHz or 600 MHz/395 GHz DNP 

instruments; due to the limited resolution, only highly ordered systems, such as cellulose 

microfibrils and amyloid fibrils, or a selected component within whole-cell sample could be 

studied. Because high-field DNP is still inefficient at this stage but has become a necessity for 

providing sufficient resolution for studying complex samples, the efforts trying to improve the 

polarization mechanism and radicals at high fields could substantially strengthen the capability of 

natural-abundance DNP82-84.  

A rate-limiting process associated with natural-abundance DNP is to interpret the large 

number of NMR-observables into structural information. We have recently demonstrated that a 

heatmap comparing the chemical shifts measured on the cotton cellulose and reported in literature 

allows us to quickly identify the relevant structures (Figure 2.6b)40. This application benefits from 

the implementation of Complex Carbohydrates Magnetic Resonance Database (CCMRD) that 

supports the storage and sharing of information on chemical shifts, dynamics, and structure. 

CCMRD is freely available to the public at www.ccmrd.org and supports data deposition and data 

search by NMR chemical shifts, carbohydrate name, and compound class (Figure 2.6c, d)85. By 

the time of this article, 450 compounds from plants, fungi, bacteria, algae, and engineered 

biomaterials are indexed by CCMRD, and this platform will accommodate the rapid expansion of 
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the dataset and facilitate the development of statistics-based software40. My vision for 

carbohydrate ssNMR is to enable high-throughput and semi-automatic analysis of spectra and 

structure, which requires dedicated efforts in method and software development.  

 

Figure 2.6 Natural-abundance DNP of unlabeled material assisted by database development. a, 

Natural abundance 2D 13C-13C INADEQUATE spectrum of unlabeled cotton. A and A’: glucose 

units in Iα cellulose allomorph; B and B’: glucose units in Iβ allomorph. b, 13C chemical shift 

RMSD map for comparisons between cotton and other cellulose sources. The color scale of RMSD 

(ppm) is shown. c, Search interface of CCMRD database that supports data search by compound 

name, class, and signal. d, Flowchart of data deposition and the 25 types of entries included for 

each compound.  

2.6 Conclusion 

Solid-state NMR and DNP have demonstrated their unique capability in understanding the 

nanoscale assembly of fungal and plant cell walls. The rapid advances in NMR instrumentation 

and technology have made it possible to address biochemical and structural questions that were 

previously impossible to answer. The studies of plant and fungal cell walls, combined with the 
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many investigations of other complex biosystems, such as the bacterial cell walls and biofilm, algal 

polysaccharides, and mammalian carbohydrates, have formed an emerging and unique research 

direction, which is of high significance to the development of biorenewable energy, biomedical 

therapies, and high-value products based on carbohydrate polymers.    
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3.1 Abstract 

High-resolution investigation of cell wall materials has emerged as an important 

application of biomolecular solid-state NMR (ssNMR). Multidimensional correlation experiments 

have become a standard method for obtaining sufficient spectral resolution to determine the 

polymorphic structure of carbohydrates 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 complexity of polysaccharide structure is impeding 

the resonance assignment process and assess the available 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 structural information. We will 

evaluate the protocols for achieving efficient and homogeneous hyperpolarization 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.  
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3.2 Introduction 

Carbohydrates and glycoconjugates regulate cellular recognition and communication, 

serve as energy sources, and provide structural support to the cells of many organisms1. These 

biologically important functions are often driven by the structural characteristics 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 biomass2-4. Early studies typically relied on the extensive use of 1D 13C 

spectra to resolve different allomorphs, quantify their contents, and determine the crystallinity of 

cellulosic materials. Another important application, as summarized in a recent review5, is to 

understand the supramolecular organization of cell walls and biofilms in many organisms across 

biological kingdoms. In these studies, multidimensional (2D and 3D) correlation approaches are 

often required to achieve sufficient resolution for investigating cellular samples5-8. 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 research9. Unlike for 

purified biomolecules, the complexity and heterogeneity of native biomaterials prevent the 

construction of atomistic models or of an ensemble of interchanging structures10. As shown by 

multiple studies of fungal and plant cell walls11-13, only the model-based physical and structural 

principles that regulate the assembly and function of biomolecules can be obtained, similar to the 
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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 softwoods, proposing 

structural models based on more than a thousand site-specific data of polymer interactions and 

dynamics11.  

The goal of this review is to highlight the underexplored directions where method 

development is urgently needed. We will critically review the intrinsic structural complexity 

underlying the 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.  

3.3 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 

(Figure 3.1)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 spectrometry (MS). 

To examine the sub-nanometer physical packing, ssNMR offers a large collection of long-range 
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correlation experiments, including but not limited to PDSD, CORD, CHHC, and PAR14-16. 

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 association, against the bulk of the cell wall17-19.  

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 available 

for labeling other organisms such as fungi, bacteria, and algae. Sample handling should be 

carefully designed to minimize structural perturbation, notably by avoiding chemical treatment 

and harsh physical processing techniques such as ball-milling. Typically, 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 Parachlorella11, 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 mannan) located on the packing interface with other polymers (lignin 

and cellulose)23, 24. Native and fresh cells or tissues are recommended whenever available. 
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Figure 3.1 Schematic representation of ssNMR studies of cell wall materials. Plants are taken as 

an example, and only cell wall polysaccharides and lignin are shown here for illustration. Some 

panels of the figure are adapted from reference25. 

3.4 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 

overcrowded due to the coexistence of a large variety of carbohydrates in the cell wall. The 

structural polymorphism of carbohydrate polymer 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 Figure 3.2 and detailed below.  

First, non-cellulosic polysaccharides have highly diverse patterns 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 
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tracking the signals of matrix polysaccharides in the model grass Brachypodium distachyon26. 

Figure 3.2a shows an example of arabinose, which is a monosaccharide unit commonly found in 

hemicellulose and pectin. Arabinose can accommodate 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.  

 

Figure 3.2 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  
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Figure 3.2 (cont’d) 

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 publications11, 26, 27.  

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 conformations11, 28-30, which can be resolved using the signals of C4 and C1, the two 

important carbon sites for the glycosidic bond along the xylan backbone (Figure 3.2b). Moreover, 

a continuous band of xylose C4 signals has also been observed in dried stems of Arabidopsis and 

the hydrated stems of hardwoods (eucalyptus 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 (Figure 3.2c). The dominant conformation is gauche-trans (gt) for surface chains and 

trans-gauche (tg) for interior chains, as recently determined using 1H-1H distance measurement31.  

Fourth, the high-order assembly of macromolecules also contributes to peak multiplicity. 

Since 2016, we have been consistently observing 7 major types of glucose units (namely types a-

g) for the cellulose in the native cell walls of Arabidopsis, Brachypodium, maize, switchgrass, rice, 



75 
 

spruce, eucalyptus, and poplar (see the representative spectrum in Figure 3.2c). In the cross-

section of a cellulose microfibril, the outer layer contains two types of surface chains (types f and 

g) with differentiable levels of water association, which has been examined using the water-edited 

1H polarization transfer method31. As a result, connections have been made between these two 

types of glucan chains with the concepts of hydrophobic and hydrophilic surfaces widely used in 

cellulose 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 chains32, 33. 

The origin of type-c has remained vague for long. Type-c chains failed to show strong cross peaks 

with surface chains; therefore, it is supposed 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 Figure 3.2c) could not accommodate such 

structural complexity. The presence of type-c chains can be better justified by the existence of 

larger bundles formed by multiple microfibrils as shown in Figure 3.2d. 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 cellulose34, 35.  

Finally, chemical modifications, primarily acetylation and methyl esterification, are carried 

out by corresponding enzymes. The well-resolved carbonyl peaks (Figure 3.2e) and methyl signals 

can be used for distinguishing these functional groups and identifying their occurrence sites in cell 

wall polysaccharides27, 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. 
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3.5 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 assignment can be 

validated by either generating mutant lines or using chemical extracts that selectively deplete the 

carbohydrate component 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 plant38, 39. A similar strategy was 

applied to the model fungus Aspergillus fumigatus, for which a collection of mutants depleting 

chitin, α-1,3-glucan, galactomannan, and galactosaminogalactan were generated13.   

A carbohydrate platform, complex carbohydrate magnetic resonance database (CCMRD), 

was created in 2019 to index the results from publications containing high-resolution ssNMR 

spectra and well-validated assignments40. Started from the 450 entries available in 201940, 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 systems41, 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 
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solution NMR44, might be promising in solids for small polysaccharides with highly variable 

monosaccharide structures or with nitrogenated sugar units. This possibility needs to be explored. 

 

Figure 3.3 3D correlation experiments for resonance assignment and structural determination. a, 

Representative F1-F3 plane of a 3D refocused-INADEQUATE-CORD spectrum of spruce (with 

CORD recoupling turned off). b, 2D F2-F3 plane of spruce extracted from a 3D spectrum (with 

53 ms CORD) at F1 = 138 ppm. c, Long-range inter-chain interactions in spruce cellulose 

highlighted using dash line circles. The F2-F3 planes (F1 = 138 ppm) of 3D spectra measured with 

short (53 ms) and long (300 ms) CORD mixing periods were compared to uncover low-intensity 

but highly relevant cross peaks reporting interactions. (Adapted from Shekar et al.)43  

3D 13C correlation experiments provide additional spectral resolution over the 2D spectra 

and have been applied to biomass characterization29, 38. Recently, a 3D 13C DQ-SQ-SQ correlation 

experiment has been successfully employed to resolve the polysaccharide signals in the never-

dried stems of spruce43. This experiment 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 Figure 

3.3a, b. The experiment is also useful for identifying long-range correlation cross peaks when a 
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long-mixing 13C-13C mixing was implemented (Figure 3.3c). Novel 3D experiments, such as those 

involving underexplored nuclei (e.g. 1H and 17O for carbohydrates)45-47, should be developed to 

counterbalance the lack of nitrogen sites in regard to proteins.  

3.6 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 capability, 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 

softwood (Figure 3.4)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 data11, 30. The constantly improving resolution 

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-T1ρ relaxation 

time constants, and 189 water-edited intensities for various carbon sites. Nowadays, each pair of 
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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 (Figure 3.5a).  

 

Figure 3.4 Illustrative cartoons of biopolymer packing in different plant species restrained by 

ssNMR. The scheme summarizes the structural concepts summarized from 1,172 site-specific data 

regarding lignin (yellow), cellulose (white), xylan in two-fold (red, flat-ribbon) and three-fold 

(blue, twisted bands) screw conformations, and mannan (GGM, green). The structures of polymers 

are shown for seven regions. Figure adapted from reference11. 

As shown in polymer contact maps (Figure 3.5b), 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 conformations, 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 

straightforward to recognize the structure selectivity of molecules in forming 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 
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unique architecture of softwood and the homogeneous mixing of biopolymers happening on the 

nanoscale11. This systemic treatment of data allowed us to efficiently summarize the principal 

interactions stabilizing the polymer interface, but we still lack a method of converting the 

overwhelmingly abundant spectroscopic data into structurally meaningful physical models.  

 

Figure 3.5 Structural restraints on polymer packing. a, Overlay of 2D dipolar-gated PDSD spectra 

with short (0.1 s; orange) and long (1.0 s; cyan) mixing times resolving 98 intermolecular cross 

peaks in eucalyptus. b, Polymer contact map summarizing 272 intermolecular cross peaks arising 

among different structural units of xylan (cyan), lignin (lime/yellow), cellulose (red), mannan 

(light orange), and mixed sugars (purple). All cross peaks are categorized as strong (blue), medium 

(magenta), and weak (black dash lines) following their intensities. Pictures of the samples used for 

NMR characterization are shown. Figures adapted from reference11. 

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-α-glucan 

cores in the fungal cell wall of Aspergillus fumigatus12, 13 and the cellulose-two-fold-xylan core in 
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plant secondary cell walls11, 30. In contrast, molecules well dispersed in the matrix should be better 

solvated and more dynamic, expecting fewer and weaker cross peaks with other components. This 

trend has been observed in the β-glucan matrix of fungi and the hemicellulose-pectin matrix of 

plants. A complication arises as a single polysaccharide may have multiple domains with distinct 

dynamics. For instance, the pectin in Arabidopsis has a mobile domain forming the matrix that is 

prone to alkali extraction as well as an alkali-resistant and stiff domain that is packed with cellulose 

microfibrils21. 

Data analysis in this polymer/residue-specific manner has made it straightforward to cross-

inspect different samples (e.g., from different species or mutant lines), but it has compromised the 

advantage 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.  

3.7 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 interface 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 natural isotopic abundance (1.1%)48-52. These applications 

have been reviewed recently53. Here we will mainly address two frequently 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 temperature of the sample 

(e.g., ~100 K for MAS-DNP) and the paramagnetic 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 (Figure 3.6a). 
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Occasionally, lipid polymers and membranes may be poorly polarized. Lipid polymers mostly 

form separated domains and their signals are distinguishable from carbohydrate peaks, thus 

alleviating the interference. Cell walls are porous layers on the surface of the cell that can be freely 

accessed and easily penetrated by the biradicals dissolved in solution54, which are small molecules 

only 2-3 nm across55, 56. The polarization of electron spins will be first transferred to the 1H in the 

biradical57-59, 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 fibers60. 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 temperature of DNP due to its 

high crystallinity (Figure 3.6b, 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 Iα and Iβ model allomorphs 

frequently observed in model cellulosic materials49. 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 Figure 3.6b. 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 spectra50. Under most circumstances, biradicals mainly stay in the solvent 

instead of being packed with biomolecules. Therefore, the paramagnetic relaxation enhancement 

effect from the biradicals is neither pronounced nor an issue for biomaterial DNP (Figure 3.6c), 

especially for the solutions with a low concentration (5-10 mM) of radicals62. 



83 
 

 

Figure 3.6 Evaluation of sample and biradical conditions for MAS-DNP. a, Uniform 

hyperpolarization across the cell wall confirmed by the consistent patterns of carbohydrate signals 

in the microwave-on (MW on) and microwave-off (MW off) spectra when normalized by the 

interior cellulose carbon 4 peaks (i4). Lipid components are not well polarized. b, Time saving 

and improved signal-to-noise ratios of DNP over room-temperature NMR (RT-NMR). Blue dash 

lines indicate the signals of mobile components of rice stems broadened by the cryogenic 

temperature of DNP. c, 13C spectra of extracted Arabidopsis cell walls at different temperatures 

and biradical conditions. d, Room‑temperature EPR spectra of AMUPol  at  9.6  GHz  in  four  rice 

stem samples (enhancement factor εon/off of 38-57 on 600 MHz/395 GHz MAS-DNP) prepared 

using different solvents and procedures. The figures are remade from references50, 61. 

3.8 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 ssNMR50. This is observed not only for cellulose but also 
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for some rigid portions of matrix polymers, such as the backbone of xylan. However, the most 

dynamic components, such as the arabinose sidechains of xylan, still evades DNP detection. The 

current resolution allowed for resonance assignment 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 complete assessment of these unlabeled samples50. However, an unaccomplished 

task is to develop methods that can efficiently detect intermolecular cross peaks under natural 

isotopic abundance63.   

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 

inhomogeneous, 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 general. Ongoing progress notably in biradical design might improve MAS-DNP at high field56, 

64, 65. It should be noted that smaller rotors (e.g., 1.3 mm)66, 67 are needed to improve the 

enhancement, 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 presents major challenges and may not surpass the sensitivity provided by the lower-field DNP 

setups used today. 

Unexpectedly, optimizing DNP samples, especially for the mixing protocol of biradical (in 

the solvent) and the cell wall material, is still fully empirical at this stage. Typically, the most 

limiting step of a MAS-DNP project is finding a sample preparation maximizing the sensitivity by 
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both a great enhancement factor 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 (Figure 3.6d). The EPR spectra suggests that the biradicals are favorably 

partitioning into the solvent in the samples with good sensitivity enhancement (εon/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 commercially available library.  

The next question is how to place MAS-DNP into the context of other structural and 

biophysical techniques. Cryo-EM has established a leading role in protein structure determination 

and viral research but is not frequently used for carbohydrates or biomaterials. 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 information provided by 

MAS-DNP (Figure 3.7)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 isolated from moss, which 

provided a simplified target for this successful 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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Figure 3.7 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  

3.9 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 carbohydrates, the tools currently 

available for polymer research and protein structural biology are not fully applicable here. 

Development of semi-automatic tools for facilitating resonance assignment, 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.  
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CHAPTER 4: POLYSACCHARIDE ASSEMBLIES IN FUNGAL AND PLANT CELL 

WALLS EXPLORED BY SOLID-STATE NMR 

Review paper reprinted with permission: Structure 31, 1375-1385 (2023) 

Authors: Liyanage D. Fernando#, Wancheng Zhao#, Isha Gautam, Ankur Ankur, and Tuo Wang 

#Equally contributions 

4.1 Summary 

Structural analysis of macromolecular complexes within their natural cellular environment 

presents a significant challenge. Recent applications of solid-state NMR (ssNMR) techniques on 

living fungal cells and intact plant tissues have greatly enhanced our understanding of the structure 

of extracellular matrices. Here we selectively highlight the most recent progress in this field. 

Specifically, we discuss how ssNMR can provide detailed insights into the chemical composition 

and conformational structure of pectin, and the consequential impact on polysaccharide 

interactions and cell wall organization. We elaborate on the use of ssNMR data to uncover the 

arrangement of the lignin-polysaccharide interface and the macrofibrillar structure in native plant 

stems or during degradation processes. We also comprehend the dynamic structure of fungal cell 

walls under various morphotypes and stress conditions. Finally, we assess how the combination of 

NMR with other techniques can enhance our capacity to address unresolved structural questions 

concerning these complex macromolecular assemblies. 

4.2 Introduction 

The cell walls of plants and fungi play vital roles in cell shape, mechanics, integrity, 

adhesion, and extensibility1-4. These macromolecular assemblies are also crucial for energy and 

carbon storage, as well as antimicrobial resistance, and serve as potential targets for novel 

antifungal agents5, 6. From a structural perspective, cell walls represent highly sophisticated 
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biomaterials created by nature, inspiring extensive efforts to develop artificial materials that mimic 

the chemical and physical principles governing macromolecular assembly7, 8. However, the 

characterization of such nanocomposites in their native state presents significant challenges. 

Recent advancements in solid-state NMR (ssNMR) techniques have enabled high-

resolution investigation of cell wall materials by leveraging methods initially developed for NMR 

structural biology of proteins, nucleic acids, and polymers9-12. This approach has been adopted due 

to the sufficient spectroscopic resolution available, which allows for the acquisition of numerous 

structural constraints to visualize the complex composition of biomolecules within cell walls. 

Additionally, it addresses the limitations posed by the inherent heterogeneity and complexity of 

the cell wall by utilizing simplified representations13. Extensive studies have been conducted on 

numerous plant and fungal species, leading to significant revisions in our understanding of cell 

wall structure14. In this review, we aim to provide a concise overview of the key principles in 

ssNMR methodology and the most recent structural findings, with a focus on those published 

within the past three years. 

4.3 Methodology Advances Enabling SsNMR of Cellular Samples 

One of the major merits of ssNMR lies in its ability to directly characterize living cells or 

intact tissues15, 16. Since solubilization or extraction is not necessary, the samples fully preserve 

the inherent physical and chemical characteristics of the biomolecules. The samples analyzed are 

typically enriched with NMR-active isotopes by incorporating 13C-enriched precursors like 13C-

glucose, 13C-maltose, and 13CO2 (for plants), as well as 15N-labeled amino acids and salts17, 18. 

Occasionally, selective-labeled precursors are used to simplify the spectra and track the 

biosynthesis of macromolecules19. Deuterated fatty acids can also be incorporated for determining 

the phospholipid profile in cellular membranes20. The collected material can be directly placed 
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into a magic-angle spinning (MAS) rotor, which can hold approximately between 1 mg (for a 0.7 

mm diameter) and 100 mg (for a 4 mm diameter) of material, depending on the requirements of 

the NMR experiment.  

A versatile toolbox is available for studying various aspects of biomolecules in cell walls 

and cellular samples, including molecular composition, structural variations, dynamical 

distribution, water association, and sub-nanometer packing13, 14, 21. While 1D spectra are useful for 

quick screening, high-resolution structural characterization often mandates the use of 2D and 3D 

homonuclear (such as 13C-13C) and heteronuclear (such as 15N/1H-13C) correlation experiments. 

These techniques rely primarily on 13C detection, which provides excellent spectral dispersion to 

differentiate many magnetically inequivalent sites22-27. However, recent advancements in 1H 

detection methods have also yielded valuable insights into the structure and packing of 

polysaccharides and proteins in plants, fungi, and bacteria28-31. The success of these studies has 

been facilitated by fast-to-ultrafast magic-angle spinning (MAS) techniques, with MAS rotation 

frequencies ranging from 60 to 110 kHz, where a higher level of deuteration and the presence of 

more dynamic molecules allow for reduced reliance on high MAS frequencies. 

Dynamic Nuclear Polarization (DNP) is another significant advancement that has greatly 

expanded the capabilities of ssNMR in the structural characterization of macromolecular 

complexes32-34. In MAS-DNP, polarization of unpaired electrons in stable biradicals are transferred 

to 1H and subsequently to other nuclei of interest, resulting in enhanced sensitivity35. The 

prominent biradicals used extensively in structural studies include AMUPol and the recently 

developed AsympolPOK36, 37. The 600 MHz/395 GHz MAS-DNP instrument strikes a favorable 

balance between spectral resolution and sensitivity enhancement, and a 30-80-fold boost can be 

easily achieved for cellular samples. This breakthrough has effectively overcome the sensitivity 
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limitations of NMR, enabling the use of small sample quantities, which is particularly valuable for 

difficult-to-replicate samples, exploring lowly populated molecules or macromolecular complexes 

embedded in bulk structures, and even characterizing fully unlabeled biosamples without the need 

for isotopic enrichment38-43. 

4.4 Pectin Methylation Influencing Plant Primary Cell Wall Structure 

The mechanical roles of cellulose microfibrils, hemicellulose, and pectin in plant primary 

cell walls have been a topic of ongoing debate for many decades44. One prevailing model suggests 

the existence of a tethered polymer network, where a single hemicellulose strand (e.g., a 

xyloglucan) could simultaneously bind to multiple cellulose microfibrils and hold them together 

to form a load-bearing network45, 46. Pectin is an acidic polymer regulating wall porosity, pH, and 

ionic balance, and is influencing cell expansion and differentiation47. However, pectin is often 

considered as a separate component that forms a gel-like matrix, providing reinforcement to the 

cellulose-hemicellulose network. This perspective was primarily based on biochemical findings, 

wherein the vast majority of pectin is extractable by strong alkali, and the acidic pectin backbones 

do not bind to cellulose in vitro48. A significant advancement brought in by ssNMR is the 

identification of the interaction between pectin and cellulose within intact primary plant cell walls.  

Pectins are partially interconnected complexes of polysaccharides and proteoglycans47, 49, 

50. The major domains include homogalacturonan (HG), rhamnogalacturonan-I (RG-I) with 

branched arabinan and galactan, as well as RG-II51. By employing ssNMR, even with a simple 1D 

13C spectrum, it is possible to discern various specific chemical sites within the galacturonic acid 

(GalA) residues that comprise HG, the rhamnose (Rha) residues that alternate with GalA along the 

RG-I backbone, as well as the arabinan sidechains (Figure 4.1a)52. Such spectral resolution forms 

the basis for tracking the intermolecular cross peaks between major pectin domains and cellulose 
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microfibrils using 2D 13C-13C correlation experiments53, 54. However, RG-II, which is less 

prevalent and structurally more intricate compared to HG and RG-I, has yet to be investigated 

using high-resolution ssNMR techniques.  

Previously, it was believed that pectin backbone and cellulose were physically separated 

entities, but the numerous pectin-cellulose cross peaks identified by ssNMR have unambiguously 

revealed their close spatial proximity in the cell wall54, 55. The new insight has contributed to a 

paradigm shift in our understanding of the architecture of the primary cell wall44, 56, and 

comprehensive overviews of these ssNMR studies can be found in multiple recent reviews14, 57. 

Despite these advancements, the precise function of the packing between pectin and cellulose in 

supporting the structure of the cell wall remains unclear. Recently, mesoscale coarse-grained 

molecular dynamics (CGMD) simulations conducted on onion epidermal cell walls have shed 

some light on this matter58. The noncovalent interactions between multiple cellulose fibrils were 

found to be the primary factor determining the mechanical properties of the cell wall. Notably, the 

sliding of two aligned cellulose microfibrils against each other was identified as a significant 

contributor to the plasticity of the cell wall. In contrast, hemicellulose and pectin were suggested 

to play more indirect roles, potentially by influencing the arrangement of cellulose within the cell 

wall58.  

Growing evidence emphasizes the significance of HG methylation in influencing the 

organization of the cell wall. At first glance, this may appear contradictory, as methylation only 

involves localized chemical modifications to the carboxyl groups of GalA residues59, 60, while the 

rearrangement of cell wall polymers happens on the nanoscale. An emerging concept is that 

methylation alters the charge and physicochemical properties of HG, and may induce repulsion 

among HG chains, thereby providing the force to expand the interfibrillar space between cellulose 
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microfibrils61. This mechanism has been proposed as a potential regulator of cell expansion and 

shaping, alongside the more widely accepted turgor-driven mechanism. 

Dupree, Hong, and coworkers have shown that pectin methylation can change the 

conformational structure, interactions, and dynamics of polysaccharides in the primary cell wall62. 

They compared the pectin structure in wild-type Arabidopsis with that of the gosamt1 gosamt2 

mutant, which had a reduced degree of methyl esterification in HG. The mutant exhibited an 

increased abundance of HG in a structure known as the 2-fold screw conformation (21), with its 

C6 chemical structure as -COO- in this sample (Figure 4.1b). These observations match the 

characteristics of the egg-box structure that refers to the cross-linking of two anionic GalA units 

that joined two adjacent HG chains by a Ca2+ ion. The reduced methyl esterification in the mutant 

promoted the formation of egg-box clusters and enhanced HG aggregation. 

Conversely, the content of the methylated -COOCH3 motif in the 3-fold screw 

conformation (31) was reduced in the gosamt1 gosamt2 mutant62. The double mutant also exhibited 

strong signals indicating a reduction in the chain length of HG, allowing the identification of 

signals from the reducing ends of the GalA units in both α- and β-configurations. Importantly, this 

study represents the first successful application of ssNMR to elucidate the detailed structural 

characteristics of HG in muro, providing direct experimental evidence supporting the widely 

accepted model of the pectin egg-box structure within the plant cell wall. 

NMR data showed that HG methylation has an impact on the polysaccharide organization 

in the cell wall. Pectin backbones showed larger dipolar order parameters and stronger interactions 

with cellulose in the gosamt1 gosamt2 mutant62. These changes in cell wall structure were found 

to be associated with impaired polarized growth in the double mutant. Interestingly, these findings 

appear to contrast with recent observations from other studies using different mutants and 
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experimental conditions. An increase in pectin methylation is often accompanied by stronger 

pectin-cellulose interactions and impaired plant growth as reported in ssNMR analyses of 

Arabidopsis primary cell walls and focused on mutants that produced shorter HG chains, cell walls 

with pH-alteration, or segments along the inflorescences stem63-65.  

 

Figure 4.1 Pectin Structure and Its Effect on Primary Plant Cell Wall. a, Representative 1D 13C 

ssNMR spectra with resolvable signals associated with pectin and cellulose structural motifs. 

Carbon numbers are shown for key sugar units. b, Selected regions of 2D 13C-13C spectra resolving 

the conformation and methylation state of GalA units in Arabidopsis pectin. Two-fold (21) and 

three-fold  (31)  screw  conformations  of  HG  displaying  distinct  chemical  environments  at  the  
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Figure 4.1 (cont’d) 

carbonyl site. An egg-box model is shown to depict two cross-linked HG chains. c, Structural 

rearrangement of the cell wall in Arabidopsis qua2/tsd2 mutant. Figures 1a, c adapted with 

permission from Kirui et al. Carbohydr. Polym. (2021). Figures 1b adapted with permission from 

Temple et al. Nat. Plants (2022). 

The situation becomes more intricate due to another recent study involving two allelic 

mutants (qua2 and tsd2) of a pectin methyltransferase52. These mutants exhibit similar cell wall 

composition and pectin methyl esterification levels as the wild-type sample, but, surprisingly, 

displayed stiffer pectin and stronger interactions with cellulose (Figure 4.1c). Atomic Force 

Microscopy (AFM) and Field Emission Scanning Electron Microscopy (FESEM) revealed a 

decrease in cellulose bundling in both mutants66, and the more dispersed microfibril arrangement 

should have facilitated the extensive interactions as observed by ssNMR analysis. 

These findings highlight how ssNMR can serve as a valuable tool to bridge the knowledge 

gaps between the chemical structure of carbohydrates, plant biology, and cell wall organization. 

However, pectin's role in cell wall structure remains enigmatic. It is now evident that pectin 

methylation can exert diverse effects on the cell wall structure, and there is no universal principle 

that applies to all scenarios. It is likely that the structural function of pectin is indirect, influencing 

the arrangement of cellulose microfibrils and hemicellulose within the cell wall, which requires 

further investigation.  

4.5 Lignin-Carbohydrate Packing in Secondary Plant Cell Walls 

Within the secondary cell wall, the coalescence of multiple cellulose microfibrils occurs 

frequently, e.g. an illustration of a 3-microfibril bundle is given in Figure 4.2a, which is 

accompanied by the association of hemicelluloses (xylan and galactoglucomannan) and lignin to 
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form larger macrofibrils67, 68. Inspired by the seminal work of Dupree and colleagues69, many 

multidimensional ssNMR studies have been conducted in the past seven years to unravel the 

molecular architecture of secondary plant cell walls. These studies have led to two significant 

revisions in our understanding of lignocellulosic biomass. First, the chemical composition and 

conformational structure of xylan dictate its binding specificity within the cell wall70, 71. Second, 

the lignin-carbohydrate interface is stabilized by electrostatic interactions, with lignin primarily 

associated with the non-flat domains of xylan. However, in certain cases, lignin can also interact 

and co-localize with the xylan-coated cellulose microfibrils as the secondary target72, 73.  

In dehydrated environments, such as the dried stem of Arabidopsis, xylan exhibits a broad 

range of helical screw conformations that can be monitored through the continuous band observed 

in its C4 signals in ssNMR spectra69. In well-hydrated cell walls, including those of Arabidopsis, 

spruce, maize, switchgrass, rice, and Brachypodium, xylan preferentially adopts either 2-fold or 3-

fold helical screw conformations resulting in two distinct C4 signals70, 72-74. This is illustrated by 

the flat-ribbon and non-flat structures depicted in Figure 4.2a. Notably, a continuous distribution 

of xylan helical screw conformation was even observed in hydrated hardwood materials, such as 

eucalyptus and poplar, which is likely induced by factors such as lower hydration levels and/or 

molecular crowding within hardwood stems73. In the case of sorghum, the secondary cell wall is 

primarily composed of 3-fold xylan conformations75, while in Brachypodium, both the leaf and 

root showed two xylan conformers, but the stem shows a continuous range of conformations.  

The presence of a two-fold flat-ribbon structure is relatively uncommon and was found to 

be facilitated by xylan’s deposition onto the smooth surface of a cellulose microfibril76. Moreover, 

it has been discovered that an evenly distributed pattern of substitutions (e.g., by glucuronic acid 

or arabinose sidechains) along the xylan chain is crucial for maintaining this flat-ribbon structure 
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and promoting its interaction with cellulose71. This also explains why sorghum lacks this 

conformation as xylan is frequently and irregularly substituted by arabinosyl residues. On the other 

hand, the three-fold xylan plays a dominant role in carbohydrates’ interactions with lignin, 

primarily through the polar functional groups, which highlights the significance of electrostatic 

interactions in stabilizing the interface between lignin nanodomains and carbohydrates (see the 

grass model in Figure 4.2b)72.  

The molecular architecture of lignin-carbohydrate interactions varies across different plant 

species (Figure 4.2b). Comparisons between grasses, hardwoods, and softwoods have revealed a 

gradual decrease in the domain size and polymer separation between lignin and polysaccharides. 

Lignin-cellulose packing interactions, which were found to be relatively limited in grass samples, 

also became abundant in woody plants73. During the analysis of the sparsely populated biopolymer 

interface, which exhibits structural deviations from the overall equilibrium state of the entire cell 

wall, ssNMR experiments employing spectral editing (e.g. the selected polarization of lignin 

aromatics or methoxy group or xylan acetyls) selection and DNP enhancement have proven to be 

instrumental77, 78.  

Dupree and coworkers successfully fit the ssNMR data on molecular fraction, polymer 

conformation, and polymer spatial proximity into a macrofibril observed under Cryo-SEM (Figure 

4.2c)74. This large bundle that is tens of nanometers across to accommodate ~50 elementary 

microfibrils, each of which consists of 18 glucan chains. SsNMR analysis uncovered two distinct 

conformations for galactoglucomannan (GGM), reminiscent of the functional conformations in 

xylan. It was found that GGM undergoes conformational changes when bound to cellulose in a 

semi-crystalline manner. Some of the bound GGMs and two-fold xylan molecules can attach to 

the surface of the same microfibril, while the other GGMs contribute to the matrix alongside three-
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fold xylan. The entire carbohydrate core is enveloped by a lignin layer, completing the molecular 

architecture of the microfibril assembly.  

Water is another important structural component of the secondary cell wall, and high-

temperature (105 °C) oven-drying can induce irreversible alteration to the structure of Monterey 

pine (Pinus radiata), even after subsequent rehydration79. SsNMR analysis of the rehydrated 

sample revealed a tighter packing between xylan and cellulose, along with the separation of some 

mannan into mobile phase, adopting a conformation similar to that observed in solution. These 

results support the hypothesis that water plays a crucial role in mediating the packing interactions 

between xylan and cellulose (Figure 4.2d). Importantly, this study provides direct evidence of the 

irreversible change in biomass ultrastructure caused by harsh drying procedures. It should be noted 

that another ssNMR study has demonstrated fully reversible changes of spruce and poplar through 

the process of lyophilization and rehydration73.  

Li, Kang, Yelle and colleagues have utilized ssNMR to investigate the perturbation of 

lignin linkages and lignin-polysaccharide packing by termite digestion 80. This was acommplished 

by feeding 13C-labeled sapwood sections of Canadian poplar (a natural hybrid Populus × 

canadensis), a hardwood, to a phylogenetically higher termite species (Nasutitermes) and 

Monterey pine, a softwood, to a lower termite species (Cryptotermes). The abundance of different 

lignin linkages and lignin-polysaccharide interactions in the termite diet and feces was assessed 

using 2D 13C-13C radio frequency-driven recoupling (RFDR) and long-range proton-driven spin 

diffusion (PDSD) spectra. Both termite species were found to effectively dissociate the 

electrostatic interface between lignin and polysaccharides but only the lower termite species can 

perturb the structure of the residual lignin. This study highlights the remarkable capability of 

ssNMR spectroscopy in examining the structural changes occurring in lignocellulosic materials, 
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and the same approach can be applied to investigate biomass degradation by various biological 

agents such as white/brown-rot fungi, as well as in industrial processes81.  

 

Figure 4.2 Macrofibril Structure and Lignin-Carbohydrate Interface. a,Structural features of 

polysaccharides in plant secondary cell walls resolvable by ssNMR. b, Structural view of the 

aromatic-carbohydrate packing interface in grass species, hardwood, and softwood. c, Best fit of 

NMR data collected on spruce secondary cell walls into a macrofibril. A local cellulose microfibril 

with two domains of glucan chains (light and dark blue) is shown with 2-fold xylan (Xn2f) and 

galactoglucomannan (GGM) attached. d, Illustration of loosely associated water and tightly bound 

water in pine secondary cell wall. Figures 2a,b adapted from Kirui et al. Nat. Commun. (2022). 

Figure 2c modified from Terrett et al. Nat. Commun. (2019). Figure 2d adapted from Cresswell et 

al. Biomacromolecules (2021). 

4.6 Dynamic Structure of Fungal Cell Wall: Challenge and Opportunity 

Stark and colleagues have been at the forefront of utilizing ssNMR for nearly two decades 
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to study melanin deposition and its interactions with cell wall polysaccharides in Cryptococcus 

and Saccharomyces species19, 82-85. Recent ssNMR investigations on Aspergillus and 

Schizophyllum, with a focus on the cell wall structures, were largely inspired by these studies, and 

were built upon research strategies employed in plant cell wall characterization, albeit with 

methodological adaptations57, 86. However, an unexpected problem that significantly impeded 

progress was the dynamic nature of fungal cell walls, characterized by their remarkable ability to 

adapt to varying growth conditions and environmental contexts2, 87. These microorganisms exhibit 

an impressive capacity to compensate for the absence of specific polysaccharides through complex 

biosynthetic reactions, thereby generating a structurally intact cell wall88. Such adaptability, unlike 

their plant counterparts, challenges the notion that certain cell wall polysaccharides, such as 

cellulose and pectin in primary cell walls, are essential. The dynamic structural changes in fungal 

cell walls not only enable the survival and adaptation of these microbes to diverse environments 

but also present technical barriers to our fundamental understanding of these organelles and the 

development of antifungal medications to combat invasive infections89. As a result, it is crucial to 

carefully monitor the status of the samples and ensure the reproducibility of the culture conditions. 

In many cases, it becomes necessary to prepare fresh batches of samples specifically for lengthy 

experiments. Complications further arise from the distinct composition and assembly of 

biomacromolecules in different fungal species and the vast array of mutant strains found in nature. 

Therefore, it is crucial to first identify the conserved features of fungal cell walls and elucidate the 

structural functions of their key polysaccharides before investigating the variations across the wide 

spectrum of fungal species and strains.  

4.7 Morphotype-Dependent Structure of Aspergillus Cell Walls 

During the transition of morphotypes in the fungal life cycle, the cell wall undergoes 



107 
 

significant changes in its nanoscale morphology and molecular composition2, 90. These structural 

transformations play a vital role in many biological processes such as spore germination, hyphal 

growth, and sporulation. In the case of A. fumigatus, the fungus forms asexual hydrophobic spores 

called dormant conidia (dorC) on a specialized hyphal structure called conidiophore1. In 

immunocompromised patients, when the inhaled conidia reach the alveoli in the lungs within 4-6 

hours, the germination process takes place. Germination involves the uptake of water by the 

conidia, resulting in their swelling and transformation into swollen conidia (swoC). Subsequently, 

the swollen conidia germinate (gerC) into short hyphae known as germ tubes1. Following 

germination, the growth of hyphae initiates, leading to the formation of a colony. This mycelial 

colony represents an aggregated form of hyphae that invade the pulmonary tissues, causing a life-

threatening disease known as aspergillosis90.  

SsNMR analysis of the intact Aspergillus mycelium offers valuable insight into the 

structural organization of the cell wall during the vegetative growth of the fungus in the lungs. 

These living fungal cells exhibited high spectral resolution, enabling the differentiation of various 

conformers from six major types of fungal polysaccharides, including chitin, chitosan, α-1,3-

glucan, three types of β-glucan, as well as galactomannan (GM), and galactosaminogalactan 

(GAG) (Figure 4.3a)86, 91. The partially crystalline chitin has a narrow linewidth of 0.5-0.7 ppm, 

whereas the plant counterpart, cellulose microfibrils, shows a broader linewidth of 0.7-1.0 ppm on 

high-field magnets92. The mobile molecules present in the fungus and the plant pectin have 

comparable linewidths of 0.2-0.5 ppm93. Similar to the polymorphic structure observed in plant 

cellulose 92, chitin also exhibits high polymorphism. The structural arrangement of chitin in fungi 

is predominantly aligned with the α-allomorph94, characterized by an antiparallel packing of 

chains95, 96. Through ssNMR analysis, it was discovered that the rigid core of the cell wall 
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comprises α-1,3-glucan, β-glucan, and chitin.  

Of particular surprise was the identification of α-1,3-glucan's structural function, as it was 

previously considered insignificant in the cell wall assembly, akin to the underappreciated role of 

pectin in primary plant cell walls97. Unlike the highly mobile nature of pectin in plants, α-1,3-

glucan was found to be the most rigid polysaccharide in Aspergillus fumigatus mycelia. It forms a 

tightly packed, dehydrated core through extensive physical interactions with chitin. This finding 

was further strengthened by the observation that α-1,3-glucans are crucial to the stiffness of the 

cell wall in chitin-deficient mutant (Figure 4.3a). Moreover, α-1,3-glucan has diverse distribution, 

with its physical presence in both the mobile and rigid domains and chemical existence in both the 

alkali-soluble and insoluble fractions, as revealed by a combined chemical and NMR approach 91.  

On the other hand, β-glucans in fungi, similar to xyloglucan in plant primary cell walls, 

have been proposed to play a crucial role in cross-linking. Chemical analysis has identified the 

presence of a small fraction of covalently linked mannan-β-1,3-glucan-chitin complex in 

Aspergillus87. The β-glucans encompass diverse linkages, existing as linear β-1,3-glucan, branched 

β-1,3/1,6-glucan, and terminal β-1,3/1,4-glucan90, which has not been fully characterized by 

ssNMR so far. However, structural analysis of β-glucans has shown that these molecules are 

essential for retaining water in the cell wall and contribute to the formation of a hydrated matrix. 

Outside of this inner domain, there is a surface shell enriched with highly mobile glycoproteins, 

GM, and GAG91.   

Loquet and colleagues reported the evolution of the Aspergillus fumigatus conidial cell 

wall by examining the structure of dorC, which was the starting material, as well as swoC and 

gerC, which were prepared by incubating dorC by additional 5 h and 8 h, respectively98. Compared 

to dorC, the swoC exhibited isotropic growth to double its cellular size, based on which the gerC 
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cells further underwent polarized growth, leading to the formation of germ tubes. The 

polysaccharides present in the rigid fractions of A. fumigatus conidia cell walls were found to be 

consistent with those of mycelial cell walls, containing chitin, α-glucan, and β-glucan98. Another 

study published almost at the same time also reported highly conserved carbohydrate cores in both 

mycelia and conidia cell walls, but using unlabeled A. fumigatus as enabled by the sensitivity-

enhancement of MAS-DNP99.  

 

Figure 4.3 NMR-Restrained Structural Models of Fungal Cell Walls. a,Comparative views of 

mycelial cell walls in the parental strain (left) and chitin-deficient mutant (right) of A. fumigatus. 

b, Dormant and germinating conidial cell walls of A. fumigatus. c, Mycelial cell walls of S. 

commune, highlighting the binding polysaccharides (cyan) and proteins that bind Cu(II) ions and 

antimicrobial peptides. Figure 3a adapted from Chakraborty et al. Nat. Commun. (2021), Figure 

3b adapted with permission from Lamon et al. Proc. Natl. Acad. Sci. USA (2023), and Figure 3c 

adapted with permission from Safeer et al. Eur. J. Chem. (2022) and Ehren et al. Cell Surf. (2020). 
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In the conidial cell wall, the ratio of α-glucan to β-glucan was approximately 1:3 in dorC 

and gerC, but became almost equal in swoC (Figure 4.3b), suggesting a less stable cell wall 

composition required for germination98. Both α-glucan and β-glucan exhibited increased hydration 

levels in swoC and gerC compared to dorC. Interestingly, α-glucan showed high hydration levels 

in all conidia cell walls98, whereas it was poorly hydrated in mycelia cell walls72, indicating 

differences in their structural organization. While the chitin content remained the same in the rigid 

portions of all three cell walls, chitin exhibited a noticeable decrease in both water-contact and 

structural polymorphism in gerC. This observation can be explained by a model where chitin 

becomes deeply embedded in the inner core and undergoes phase separation from glucans during 

the germinating stage (Figure 4.3b)98. In addition, the presence of GAG was detected by ssNMR 

in both swollen and germinating conidia, but not in dormant conidia, where its biosynthesis has 

yet to begin. This study demonstrates the capability of cellular ssNMR to effectively uncover the 

structural reorganization of the fungus during the transition between morphotypes.  

Triglyceride signals were also identified in the mobile phase of A. fumigatus cells 98. In 

other fungal species, such as the melanized C. neoformans and S. cerevisiae spore cell wall, 

triglyceride has been identified by ssNMR as a potential building molecule of stress-resistant cell 

walls100. The biological relevance of this molecule in A. fumigatus and its location (e.g., as a cell 

wall component or an intracellular molecule) requires careful evaluation. 

4.8 Cell Wall Architecture of Schizophyllum commune 

Baldus and coworkers conducted two ssNMR investigations of Schizophyllum commune 

mycelia28,101. The first study involved the analysis of sequentially digested cell walls, progressively 

removing molecules from the cell wall101.  The rigid domain of the cell wall is composed of chitin 

and β-1,3/1,6-glucan, potentially linked together, as well as α-1,3-glucan and polymeric fucose 
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(Figure 4.3c). The mobile domain contains terminal hexoses included in α- and β-linked glucans. 

Mannose residues were also identified in the mobile phase, at least partially incorporated in 

mannosylated proteins. Using proton-detection methods and ultrahigh field magnets (1.2 GHz), 

the team further examined the binding sites of metals and antimicrobial peptides28. At a low ion 

concentration of 0.74 mM Cu(II), the paramagnetic relaxation enhancement (PRE) effect revealed 

signal quenching at the primary targets, which were mainly proteins. However, at a higher ion 

concentration of 18.5 mM, Cu(II) ions could penetrate into the cell wall region with β-1,3/1,6-

glucans. Proton-detection methods were also employed to understand the binding of many other 

micronutrients, such as Ca2+, Mg2+, and anions, to the S. commune cell wall102,103.  

Additionally, the antimicrobial peptide Cathelicidin-2, which inhibits S. commune growth, 

was found to primarily bind to cell wall proteins28. This was demonstrated through chemical shift 

perturbation (CSP) observed in protein backbone Cα sites and the disappearance of signals from 

the sidechains of charged amino acids. Interestingly, the signals of GalN/GalNAc were also 

affected by the peptide28. This observation is intriguing as Cathelicidin-2 is typically positively 

charged with a theoretical isoelectric point (pI) in the range of 10-12 depending on the origin of 

the peptide104. At the same time, GalN can exist as cationic residues with an -NH3
+ group under 

the pH of the fungal culture. The unidentified mechanisms underlying the association between the 

antimicrobial peptide and S. commune cell walls might inspire future studies.  

4.9 Integrating NMR Restraints with Other Experimental Approaches 

Chemical analysis, ssNMR, diffraction methods, imaging techniques can complement each 

other to complete the understanding of cell wall ultrastructure. Each of these methods rely on 

distinct physical and chemical principles, offering unique insights into various structural aspects 

at different length scales. Locally, ssNMR has been combined with chemical assays and sugar 
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analyses to confirm resonance assignment and provide detailed information on the composition 

and linkage patterns of carbohydrates105. However, the cross-linking between polymers and the 

extractability as probed by chemical analysis does not directly correlate with the physical packing 

as investigated by ssNMR97. For example, the majority of pectin and α-1,3-glucan are highly 

extractable by hot alkali, but they are both tightly associated with the crystalline core of the 

corresponding cell wall, cellulose in the plant and chitin in the fungus. And it has always been 

overlooked that a portion of pectin and α-1,3-glucan can never be fully isolated due to their 

physical entrapment by microfibrillar components55, 91. Similarly, the analysis of lignin also faces 

challenges in establishing consistency between ssNMR and the more widely used liquid NMR 106, 

108. Additionally, when it comes to polymer dynamics, it is not possible to directly combine NMR-

reported parameters such as correlation time, relaxation time constants, or dipolar order parameters 

with values obtained from other techniques like persistence length65. 

Diffraction methods and imaging techniques are valuable for providing structural 

information at nanoscale or larger length scales. Consequently, ssNMR data can complement these 

techniques by offering atomic-to-nanometer structural information109. As we discussed earlier, this 

strategy has been applied to rationalize the organization of spruce microfibril74. Moreover, a 

combination of MAS-DNP and Cryo-electron tomography (CryoET) has been employed to 

examine the structure of in-vitro synthesized cellulose fibrils, revealing that they consist of two 

wrapped filaments fitting into an 18-chain microfibril110. Cryo-electron microscopy methods have 

also been employed to examine the fiber arrangement in the cell wall111-113 and the structure of 

polysaccharide synthases114-116.  Another example is the challenge of distinguishing proteins from 

different sources (e.g., cell walls, membrane proteins, and intracellular sources) using ssNMR 

alone. In such cases, confocal microscopy and atomic force microscopy (AFM) have been used to 
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investigate the assembly of RodA rodlets in Aspergillus, which were found to interact with melanin 

on the cell surface of DorC while swoC and gerC did not support rodlet formation98. However, 

caution is necessary when attempting to bridge the findings obtained from different approaches. 

4.10 Conclusions and Perspectives 

Significant progress has been made in applying ssNMR and other structural methods to 

unravel the complex structure of polysaccharides and associated biomacromolecules in plant and 

fungal cell walls. However, there are still numerous unanswered structural questions. For instance, 

the function of pectin in plant cell wall mechanics remains unknown, the resolution of lignin by 

ssNMR is insufficient, the role of GGM (galactoglucomannan) is not fully understood, and the 

identification of lignin-carbohydrate linkages117 in muro remains challenging. Moreover, the 

fungal cell wall is even less explored, with many structural components, such as 

exopolysaccharides like glucuronoxylomannan (GXM) and galactoxylomannan (GalXM) in 

Cryptococcus capsules and β-1,6-glucan and phosphomannan in Candida sp., still requiring 

investigations. Understanding the mechanisms of cell wall remodeling in response to stress is also 

crucial. Recent research has unveiled that the halophilic fungus Aspergillus sydowii enhances the 

hydrophobicity and stiffness of its cell wall to resist osmotic pressure in hypersaline 

environments118. Similar changes have been observed in A. fumigatus during adaptation to internal 

stress caused by carbohydrate-deficiency and external stress such as antifungal treatment with 

caspofungin (unpublished results by Dickwella Widange et al.). It is essential to validate if these 

cell wall adaptations are universal features across various species during adaptation. Furthermore, 

high-resolution ssNMR techniques have been employed to address structural challenges in other 

organisms. An important application is the quantification and compositional analysis of 

carbohydrate components in algal cells, bacterial cell walls, and biofilms31, 119-122. As ssNMR 
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technology continues to evolve and our understanding of polysaccharide structure and cell wall 

assembly expands, it is now opportune to tackle important structural problems in the years to come. 
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CHAPTER 5: A THREE-DIMENSIONAL 13C-13C-13C CORRELATION 
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CARBOHYDRATES USING SOLID-STATE NMR 
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Authors: S. Chandra Shekar, Wancheng Zhao, Liyanage D. Fernando, Ivan Hung, and Tuo Wang 

5.1 Abstract 

Complex carbohydrates are the key components of the protective cell walls of microbial 

pathogens and the bioenergy reservoir in plants and algae. Structural characterization of these 

polymorphic molecules requires assistance from multidimensional 13C correlation approaches. To 

facilitate the analysis of carbohydrate structure using solid-state NMR, we present a three-

dimensional (3D) 13C-13C-13C experiment that includes a double-quantum (DQ) dimension and is 

thus free of the cube’s body diagonal. The enhanced resolution supports the unambiguous 

resonance assignment of many polysaccharides in plant and fungal cell walls using uniformly 13C-

labeled cells of spruce and Aspergillus fumigatus. Long-range structural restraints were effectively 

obtained to revisit our understanding of the spatial organization of plant cellulose microfibrils. The 

method is widely applicable to the investigations of cellular carbohydrates and carbon-based 

biomaterials.  

5.2 Introduction 

Three-dimensional (3D) experiments are a standard approach used in biomolecular solid-

state NMR studies but have rarely been applied to biomaterials1-3. Baldus, Rienstra, and Hong have 

established a collection of 3D 13C-13C-13C (CCC) correlation experiments that flexibly combine 

the detection of single-quantum (SQ) and double-quantum (DQ) 13C chemical shifts with various 

polarization transfer pathways and frequency filters to fulfill the needs for resonance assignment 
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and obtaining long-range structural restraints4-7. Such 3D correlation experiments also have the 

potential of assisting the identification of many coexisting polymers and understanding their 

spatial association in carbon-based biocomposites8-10. 

Indeed, recent NMR studies of plant cell walls have already benefited from the SQ-SQ-SQ 

CCC experiment (Figure 5.1a). In 2011, the first 3D CCC spectrum of plant materials was 

collected on uniformly 13C-labeled primary cell walls of Arabidopsis seedlings, reporting 

numerous intermolecular cross peaks between cellulose and pectin9. This was the first set of 

consolidated molecular-level data that support the putative interactions between these two 

biopolymers. The results also led to a revised concept that the hemicellulose xyloglucan only 

interacts with cellulose at limited spots9, which was later combined with biochemical evidence to 

build new conceptual models of primary plant cell walls11-13. In 2015, this experiment was 

extended to the investigation of secondary plant cell walls10. Demonstrated on the mature stems of 

the same model plant (Arabidopsis thaliana), the high-resolution data successfully revealed the 

conformational distribution of the hemicellulose xylan and the interconnectivity of different 

cellulose domains10.  

Currently, carbohydrate solid-state NMR has to rely on carbon-13 due to the highly 

restricted choice of NMR-active nuclei. Nitrogen-15 is widely used in protein studies but is only 

applicable to a small number of nitrogenated sugars present in nature. Proton detection and 

oxygen-17 studies have demonstrated their effectiveness in protein and material research14-17, but 

both are still in the exploratory stage for carbohydrate studies18-20. Therefore, there is an urgent 

need for more versatile CCC experiments to assist the structural analysis of carbohydrate polymers.  
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Figure 5.1 3D CCC experiments for characterizing carbon-rich biosolids. a, 3D 13C-13C-13C 

correlation experiments relying on two 13C-13C mixing periods, for example, DARR/PDSD 

periods. b, 3D 13C-13C-13C (DQ-SQ-SQ) experiment constructed as an INADEQUATE-CORD 

sequence. The INADEQUATE block is presented in a simplified format as it could be constructed 

using either J- or dipolar-based pulse sequence. The pulse program used for this study is provided 

in the Supplementary Data. c, Representative 3D INADEQUATE-CORD solid-state NMR 

spectrum collected on living cells of A. fumigatus at 800 MHz. The three dimensions (F1, F2, F3) 

report DQ, SQ, and SQ 13C chemical shifts, respectively.  

Here we adapt the 3D DQ-SQ-SQ CCC experiment, a scheme first demonstrated by Baldus 

and coworkers4, to investigate the structure and packing of carbohydrate polymers in cellular 

environments. After the J-INADEQUATE module21, 22, a COmbined R2nυ-Driven (CORD)23, 24 

block was implemented (Figure 5.1b). The consideration is that CORD is a broadband 

homonuclear correlation sequence that even functions well under fast MAS conditions; therefore, 

it should remain effective for future applications on high-field magnets under fast spinning. Also, 
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CORD needs very low recoupling power as the radiofrequency (rf) field strength is only needed 

on the 1H channel and is matching only half of the spinning frequency during the majority (two-

thirds) of the mixing period. This can effectively reduce the detrimental effect of rf power on 

sensitive biological samples such as the living cells of various organisms.   

The unprecedented resolution provided by this 3D CCC (DQ-SQ-SQ) experiment allows 

us to systematically document the 13C chemical shift of various glucans and chitin molecules in 

the cell walls of a pathogenic fungus Aspergillus fumigatus25, 26, using its living cells. Signal 

multiplicity has been observed for chitin and α-1,3-glucan; the former is attributed to the structural 

complexity of sugar units when placed in the hydrogen-bonded chitin microfibrils and the latter is 

correlated with the functional diversity of α-1,3-glucans. The most rewarding improvement is on 

plant biomass, the research of which has long been hampered by insufficient resolution. We have 

resolved the signals of previously ambiguous carbon sites and further evaluated how different 

glucose conformers are packed in the bundled cellulose microfibrils. This experiment has shown 

its usefulness in the investigations of carbohydrate polymers and should facilitate the ongoing 

efforts in understanding the carbohydrate structure and assembly in algae, bacteria, fungi, plants, 

and human cells, as well as biomimetic materials27-32. The pulse program has been provided in the 

Supplementary Data to expedite future investigations. 

5.3 Results and Discussion 

The 3D INADEQUATE-CORD spectrum of the 3-day-old A. fumigatus mycelium showed 

remarkable dispersion of the carbon peaks (Figure 5.1c). The sample contains the living cells of 

this fungus, which should be a highly complex and challenging biosystem for NMR investigation. 

However, the outstanding spectral resolution (typically 0.3-0.7 ppm for 13C linewidths as reported 

recently)33, 34 allowed us to use it as a model system for cellular carbohydrates. The conventional 
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INADEQUATE spectrum reports the signals from directly bonded carbons (Figure 5.2a), and all 

the spin pairs of A. fumigatus carbohydrates were marked using their DQ chemical shifts. As 1H-

13C cross polarization was used for the creation of initial magnetization, the signals detected here 

mainly originated from four carbohydrate polymers found in the rigid portion of fungal cell walls 

(Figure 5.2b). These molecules include chitin, α-1,3-glucan, β-1,3-glucan (occasionally with β-

1,6-linkage for branching), and the mixed linked β-1,3/1,4-glucan, which is a terminal segment of 

the diversely linked β-glucan network35-37, 

The implementation of a 53-ms CORD mixing period after the INADEQUATE block 

allowed the 13C magnetization to be transferred to all carbon sites in a molecule that showed up at 

a given double-quantum chemical shift (Figure 5.3a). For example, the β-1,3-glucan carbon 1 and 

carbon 2 (B1 and B2) have single-quantum (SQ) chemical shifts of 103.6 ppm and 74.4 ppm, 

respectively. Therefore, in the INADEQUATE spectrum, their signals showed up at the double-

quantum (DQ) chemical shift of 178 ppm, which is the sum of the two SQ chemical shifts. When 

CORD is implemented, the other carbons of β-1,3-glucan (B3, B4, B5, and B6) also appeared in 

the same DQ line, with well-resolved signals for resonance assignment.  

Such spectral feature presents a unique advantage over the conventional 2D correlation 

spectrum. Both the DQ-SQ correlation (such as INADEQUATE) and SQ-SQ correlation (such as 

DARR and CORD) spectra often have highly crowded regions, where the carbon connectivity 

cannot be explicitly tracked. For example, the carbon 1 signals of chitin and β-1,3-glucan are 

almost identical; therefore, their C1-CX (CX denotes other carbons) cross peaks are severely 

overlapped signals in the CORD spectrum (Figure 5.3b). However, their C1-C2 spin pairs have 

distinct DQ chemical shifts: 159 ppm for chitin C1-C2 and 178 ppm for β-1,3-glucan C1-C2 as 

shown in Figure 5.3a. Therefore, we can unambiguously resolve and assign all their carbon signals 
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in the collapsed INADEQUATE-CORD spectrum, which is free of diagonal and has better 

dispersion of signals as benefited from the implementation of a DQ dimension.   

 

Figure 5.2 2D spectra of fungal cell wall carbohydrates. a, 2D 13C-13C INADEQUATE (DQ-SQ) 

spectrum of A. fumigatus cells. Key cross sections are marked using the DQ 13C chemical shifts. 

b, Representative A. fumigatus carbohydrates with the NMR abbreviations labeled. All 

carbohydrates are color-coded, and the color scheme is used for all fungal figures. 

When a DQ chemical shift contains only a single pair of carbons, all the carbon sites in the 

same molecule can be well resolved in the third dimension (Figure 5.4a and Figure S5.1). For 

example, in the F2-F3 plane of F1 = 178 ppm, both B1 and B2 will have cross peaks with the other 

carbons in β-1,3-glucan. Similar spectral patterns were also observed in other F2-F3 panels of this 

molecule, regardless of the F1 DQ chemical shifts, which provided confidence to the resonance 

assignment. The β-1,4-linked glucose units only account for a minor portion of the β-glucan matrix 

because the β-1,3/1,4-glucan constitute approximately 10% of all β-glucans38. It is not surprising 

that β-1,4-linked glucose residues have been particularly difficult to track using NMR. However, 

its 13C signals can be assigned using the F2-F3 plane extracted at F1 = 138 ppm.  
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Figure 5.3 Collapsed 2D spectra of the 3D INADEQUATE-CORD experiment. The 2D spectra 

plotted in black represent all the signals of the 3D INADEQUATE-CORD when being projected 

to a, the F1-F3 dimensions and b, the F2-F3 dimensions. For comparison, a conventional 

INADEQUATE spectrum (red) is overlaid with the F1-F3 plane, where the extra signals are from 

multi-bond intramolecular correlations within each molecule. The representative signals of chitin 

(Ch) and β-1,3-glucan (B) are labeled. For example, Ch1 denotes chitin carbon 1.  

Both α-1,3-glucan and chitin showed peak multiplicity, with multiple sets of signals for 

each carbon. This observation further correlates with the functional diversity and structural 

complexity of these biomolecules. Recent studies have revealed that α-1,3-glucan is widely 

distributed in all functional domains of fungal cell walls, including the rigid and mobile portions 

(from the physical perspective) of both the alkali-soluble and alkali-insoluble fractions (from the 

chemical view)33, 34.  Differently, chitin has complex structural environments in the hydrogen-

bonded microfibrils, which has been recently revealed by solid-state NMR and principal 

component analysis39.  
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Figure 5.4 2D planes of the 3D spectra resolving signals of fungal cell wall carbohydrates. The 

double quantum 13C chemical shifts (in ppm) are marked in panels (a) and (b) to match the signals 

in Figure 5.2a. a, Well-resolved F2-F3 planes extracted from 3D INADEQUATE-CORD (DQ-

SQ-SQ) spectrum of the A. fumigatus sample. The left panels show signals of β-1,3-linked glucans 

or glucose units (blue) while the right panel shows α-1,3-glucan (green), chitin (orange), and β-

1,4-linked glucose residues. The numbers (1-6) indicate the carbon numbers in each carbohydrate 

molecule as presented in Figure 5.2b. Two arrows are used to annotate the lines of peaks for β-

1,3-glucan carbon 1 (B1) and carbon 2 (B2), with correlations to each of the six carbons in this 

molecule. b, F2-F3 planes with multiple molecules observed in each 2D plane. The full views of 

these panels are presented in Figure S5.1.  

It is expected that a single DQ chemical shift might represent multiple pairs of carbon. For 

example, the 160 ppm DQ chemical shift is the sum of 104 ppm and 56 ppm from chitin C1 and 

C2, as well as 85 ppm and 75 ppm from the C4 and C5 of β-1,4-linked glucose units (Figure 5.4b). 

All the 13C signals are well resolved even in the mixed planes, for example, those with concurrent 

contributions from chitin and β-1,3/1,4-glucan (F1 = 160 ppm), β-1,3/1,4-glucan and α-1,3-glucan 
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(F1 = 173 ppm), β-1,3-glucan and α-1,3-glucan (F1 = 154 ppm), as well as chitin and  α-1,3-glucan 

(F1 = 156 ppm). It is obvious that the unprecedented resolution offered by the 3D should facilitate 

the NMR studies of carbohydrate-rich biomaterials.  

This 3D CCC experiment is particularly useful for the analysis of highly complex 

biosystems, such as plant secondary cell walls, whose spectra are much more congested than those 

of the fungal cells. Even the collapsed 2D INADEQUATE-CORD spectrum measured on a spruce 

stem sample failed to provide sufficient resolution for resolving a large number of carbohydrate 

units and conformers present in the cellulose microfibrils and matrix polysaccharides (Figure 

S5.2). However, the F2-F3 planes extracted at F1 = 138 ppm (cellulose carbon 5 and 6) and F1 = 

178 ppm (cellulose carbon 1 and carbon 2) efficiently separated the many carbon peaks in the 

glucan chains residing on the surface or the internal domains of cellulose microfibrils (Figure 

5.5a). Matrix polysaccharides exhibited even better resolution (F1 = 174 ppm) as benefited from 

their partial mobility. 

We further spotted the signals from the hydrophobic (sg) and hydrophilic (sf) chains of 

cellulose surface, the deeply embedded core chains (ic), and an intermediate layer (ia and ib) 

bridging the core and the surface (Figure 5.5b). These glucose units have been recently identified 

using high-resolution 2D 13C-13C correlation spectra40, with their hydroxymethyl conformations 

restrained by 1H-1H distance measurements41. However, the peak congestion of these glucose units 

caused ambiguity in the previous efforts to complete the resonance assignment40. The resolution 

presented by the well-isolated signals, such as these C6-C1 cross peaks, has never been achieved 

before. We can even resolve the carbon 2 signals of internal and surface chains that are apart by 

less than 0.5 ppm, which is below the 13C FWHM of individual cellulose peaks (0.7-1.0 ppm).  
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Figure 5.5 2D F2-F3 planes of spruce extracted from the 3D spectrum. a, Representative planes 

of spruce cellulose (F1 = 138 ppm and 178 ppm) and matrix polysaccharides (F1 = 174 ppm). The 

rows of internal (i) and surface (s) chains are shown using arrows. b, Zoom-in views of the 

numbered regions boxed by dashlines in panel (a). A bundle formed by three elementary cellulose 

microfibrils is shown to indicate the different packing environment for internal cellulose (types a, 

b, c) and surface chains (types f and g).  

Although the spectrum is diagonal-free considering the 3D cube’s body as shown in Figure 

5.1c, the diagonals and anti-diagonals of the 2D F2-F3 planes are clearly visible (Figure 5.6), 

arising only from the correlated spins in F3-F2 plane at a given F1 (DQ) frequency, as has been 

noted by Baldus and co-workers4. For example, Figure 5.6 shows the resonance assignment of all 

signals observed in the 2D plane extracted at F1 = 138 ppm, which is the DQ chemical shifts of 

interior cellulose C5-C6 and surface cellulose C5-C6 carbon pairs. Therefore, diagonal signals can 
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only be observed for C6-C6 and C5-C5 signals in the type-f and type-g surface chains as well as 

different types of interior residues. However, these diagonal signals differ from those of the 

conventional 2D SQ-SQ correlation spectra where all carbon sites present in the biosystem have 

their corresponding diagonal peaks. The diagonal signals observed in a 2D F2-F3 plane are more 

discrete as they only originate from the carbons selected by the DQ chemical shift (for example, 

only cellulose C5 and C6 here). Many other carbon sites in matrix polysaccharides have similar 

SQ chemical shifts but they are filtered out by their distinct DQ chemical shifts.  Also, the diagonal 

does not span across the whole spectral width (for example, 10-180 ppm for the 13C spectrum of 

plant cell walls) as typically observed in 2D correlation spectra. The DQ selection has clearly 

alleviated the spectral crowding issue.  

 

Figure 5.6 Diagonal and antidiagonal signals of F2-F3 planes. Resonance assignment is shown 

for a F2-F3 plane (F1 = 138 ppm; cellulose C5-C6) extracted from the 3D spectrum of the spruce 

sample. Dashlines show the positions of the diagonal and anti-diagonal cross peaks. The 

assignments of the diagonal peaks are highlighted in bold.  
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A more promising application of this 3D experiment is to identify long-range correlations 

for structural determination. This was evidenced by the numerous intermolecular cross peaks 

reported by the F2-F3 plane (F1 = 138 ppm) of the 3D spectrum measured with a 300-ms long 

CORD mixing period. Site-specific and conformer-specific information of polymer packing can 

be obtained. For example, instead of simply reporting a cross peak between surface cellulose 

carbon 6 and interior cellulose carbon 4 (s6-i4), we identified that the type-a and type-b glucose 

units (ia,b) were responsible for contacting the surface chains (Figure 5.7). This observation 

perfectly aligns with the structural scheme presented in Figure 5.5b, as ia,b represents the layer of 

glucan chains that are directly underneath the surface chains. Always, two types of surface chains, 

sf and sg , were simultaneously involved in the cross peaks with internal chains (more specifically, 

the ia,b chains), with comparable intensities. This is understandable as these two types of surface 

chains, regardless of their capability of retaining water molecules, are both tightly associated with 

the internal chains. While only a single F2-F3 plane is shown here to demonstrate the technical 

feasibility, the full long-range correlation 3D spectrum carries a rich pool of data that could 

possibly revise our understanding of the structure and bundling of cellulose, as well as its 

interactions with matrix polymers.  

Both the fungal and plant samples studied here are never-dried materials. The native 

hydration level is also key to the spectral resolution because the hydration state is particularly 

important for the mobile and non-crystalline components that rely on motional dynamics to narrow 

the lines. Fortunately, most carbohydrates could efficiently retain their associations with water 

molecules. Three recent studies conducted on the primary and secondary plant cell walls as well 

as the microalgal cells have demonstrated that the 13C resolution of cell wall carbohydrates is 

largely independent of the hydration history of the sample and can be fully restored upon 
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rehydration27, 42, 43. However, irreversible changes might occur to the nanostructure of water-

stabilized biopolymer interface upon dehydration44, 45. Therefore, the sample preparation 

procedures, in addition to the spectroscopic methods, should be carefully designed and tested to 

ensure sufficient resolution for investigating carbohydrate-rich biomaterials. 

 

Figure 5.7 Long-range intermolecular interactions in spruce cellulose. The comparison of F2-F3 

planes (F1 = 138 ppm) showed numerous long-range intermolecular cross peaks. The key 

interactions between internal and surface chains of cellulose are selectively highlighted using dash 

line circles. Within each circle, the signals of different types of glucose units can be unambiguously 

resolved, providing site- and conformer-specific information on the chain packing of cellulose.  

5.4 Materials and Methods 

5.4.1 Sample Preparation 

Three uniformly 13C-labeled samples were used in this study, including the intact cells of 

A. fumigatus (also with uniform 15N-labeling), the never-dried stems of spruce, and the model tri-

peptide formyl-Met-Leu-Phe-OH (MLF). For both A. fumigatus and spruce, around 35-40 mg of 

materials were packed into 3.2 mm pencil rotors. In addition, 7 mg of MLF was center packed into 
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a 4 mm rotor. The fungal sample was freshly prepared following previously established protocols33, 

34, 39. Briefly, the mycelium of A. fumigatus was obtained by growing the wild-type strain (RL 578) 

in a minimum liquid medium containing 13C-glucose (10.0 gram/L) and 15N-sodium nitrate (6.0 

gram/L). The culture was incubated at 30 °C for 3 days under 210 rpm shaking condition. The 

material was then harvested by centrifugation (7,000 × g; 20 mins), and the resulting pellet was 

washed using 10 mM phosphate buffer (pH 7.4). The 13C-spruce sample was acquired from Isolife 

(the Netherlands), with the stems debarked manually. The wood material was hand-grinded using 

a pestle and a mortar to achieve relatively uniform size for the pieces in the range of a few 

millimeters across.  

5.4.2 Experiments 

The 3D experiment was first verified using MLF on a 400 MHz (9.4 Tesla) using a 4.0 mm 

probe under 10 kHz MAS. The CORD mixing was 53 ms for the 3D experiment. The recycle delay 

was 1.6 s, and 8 scans were collected.  The acquisition time was 15 ms, 7.0 ms, and 5.2 ms for the 

F3, F2, and F1, respectively (with respective spectral widths of 497, 99, and 80 ppm). The F2 and 

F1 dimensions have 140 and 84 points (70 and 42 complex points), respectively. The total 

experimental time was 43 h. The F2-F3 planes showed good resolution of all carbon sites as 

demonstrated in Figure S5.3. 

Both the A. fumigatus and spruce samples were measured on an 800 MHz NMR (18.8 Tesla) 

Bruker Avance III HD spectrometer at the National High Magnetic Field Laboratory (NHMFL) 

using a 3.2 mm Low-E HCN probe designed and constructed in-house. The experiments were 

conducted under 13.5 kHz MAS at 293 K. The 13C chemical shifts were externally referenced to 

the tetramethylsilane (TMS) scale. The typical radiofrequency field strengths were 83 kHz for 1H 

decoupling and pulses, and 62.5 kHz for 13C pulses.  
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A 53-ms CORD recoupling time was used for the 3D experiment of A. fumigatus. The 

spectral widths were set to 497 ppm, 68 ppm, and 66 ppm for the F3, F2, and F1, respectively. The 

acquisition time was chosen to be 15 ms (F3), 6.0 ms (F2), and 6.0 ms (F1). This corresponds to 

164 and 160 slices for the F2 and F1 dimensions. The recycle delay was 1.1 s, and 16 scans were 

collected. The total experimental time was 134 h.  

Two INADEQUATE-CORD spectra were collected using the spruce sample, with short 

(53 ms) and long (300 ms) CORD mixing. Both 3D experiments used spectral widths of 497 ppm, 

62 ppm, and 70 ppm for the F3, F2, and F1, respectively. The short-mixing 3D spectrum has 

acquisition times of 15 ms, 4.1 ms, and 4.1 ms for the F3, F2, and F1, respectively. These values 

correspond to 102 and 116 slices for the F2 and F1 dimensions. The short-mixing 3D spectrum 

was collected using 32 scans and 1 s recycle delays, with a total experimental time of 110 h. The 

number of scans was doubled for the long-mixing 3D spectrum for better signal-to-noise ratios, 

which is the barrier for observing the weak long-range cross peaks. The recycle delay was further 

shortened to 0.93 s. The F2 and F1 dimensions have 74 and 84 slices, respectively. The total 

experimental time for the long-mixing 3D was 136 h. For each sample, two collapsed 2D spectra 

of the F1-F3 and F2-F3 dimensions were measured separately using identical parameters as used 

in the 3D experiments.  

5.5 Conclusions 

Because the current solid-state NMR investigations of complex carbohydrates heavily rely 

on 13C detection, the resolution improvement provided by this 3D DQ-SQ-SQ correlation 

experiment has significantly expanded our technical capability. This study has demonstrated the 

unambiguous assignment of all carbon signals in the chitin and glucans of fungal cell walls. The 

spectra have also shown sufficient resolution for investigating cellulose and matrix 
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polysaccharides in plant biomass. This 3D CCC approach could become a standard experiment for 

future investigations of the polymorphic structure and spatial association of carbohydrates in 

cellular systems and functional biomaterials46. Inclusion of novel homonuclear recoupling and 

third-spin-assisted recoupling methods47-49, as well as the introduction of underexplored nuclei 

(such as 1H, 2H 15N, 17O, and 19F)18-20, 50-53 might further extend the use of 3D experiments in 

carbohydrate solid-state NMR research.   
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APPENDIX 

 

Figure S5.1 F2-F3 planes of A. fumigatus 3D spectra. The ω1 double-quantum (DQ) 13C chemical 

shifts were labeled for each 2D plane. Bottom panel contains folded peaks for chitin CO and CH3.  
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Figure S5.2 3D spectra of spruce stems with highly crowded spectra. a, 3D INADEQUATE-

CORD of never-dried spruce measured on an 800 MHz NMR. b, The 2D F1-F3 plane of 3D 

INADEQUATE-CORD spectrum (black). A conventional INADEQUATE spectrum (red) is 

compared. Blue dashlines indicate the F1 positions at which 2D F2-F3 planes are extracted in 

Figure 5.4.  
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Figure S5.3 F2-F3 planes extracted from the 3D spectrum of MLF. Representative 2D planes were 

shown for Met and Leu. The signals of these two residues are well resolved from each other. The 

rows of Met and Leu carbons are indicated using blue. The data were collected on a 400 MHz 

NMR.   
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Supplementary Data: Pulse Program of DQ-SQ-SQ 3D CCC Experiment 

--------------------------------------------------------------------------------------------------------------------- 

;p1 : 13C  90 

;p2 : 13C 180 

;p3 : 1H   90 

;p15: CP Contact Time 

;p4 :CORD basic block 

;p31:P3*170/90=TPPM dec.pulse 

;pl1 : 13C CP Contact 

;pl2 : 1H excitation 

;pl3 : 1H CP Contact 

;pl11: C-C J Mixing  

;pl12: 1H Dec for acq 

;pl22: 1H dec for evoln and J-mixing 

;cpdprg2: 1H Dec4Inadq+t1: tppm15_p26_pl22 

;cpdprg3: 1H Dec Acq, use tppm15_p31_pl12 

;cnst31 : spinning speed (Hz) 

;l6=cnst31*(d2+p1/2+p2/2+1u) 

;l1=td1/2,   for States cosine/sine 

;l2=td2/2,   for States cosine/sine 

;l4:CORDloop# mixing=l4*24*tauR<500m 

;d0      : t1=ntr 

;d2=l6*1s/cnst31-p1/2-p2/2-1u  ;1/2 of J evolution, up to 5 ms 

;d10     : t2=ntr 

;d11=30m 

 

;#include <Avancesolids.incl> 

;#include <tppm.incl> 

 

"l1=td1/2"                            ; for States (t1) 

"in0=inf1" 

 

"l2=td2/2"                           ; for States (t1 & t2) 

"in10=inf2"                           

aqseq 321 

 

"p4=(1s/cnst31)/2" 

"p30=p31-0.4u" 

 

"d2=l6*1s/cnst31-p1/2-p2/2-1u"         ; 1/2 of J evolution, up to 5 ms 

"d11=30m" 

 

dccorr 

ze 
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1 d11                                  ; t1-loop 

;  d11                                  ; t1 States loop 

;   d11                                  ; t2-loop 

;    d11                                  ; t2 States-loop 

;     d11                                  ; go-loop 

 

       d1 do:f2 

       1m rpp17 

       10u reset:f1 reset:f2  

       6u setnmr3|28 \n 4u  setnmr3^28 

 

       10u pl1:f1 

       10u pl2:f2 

 

       p3:f2 ph19 

       (p15:spf0 ph1):f1 (p15 pl3 ph20):f2 

       1u cpds2:f2 pl22:f2 

      

       d2 pl11:f1                        ; C-C J mixing 

       p2:f1 ph2                         ; X 180 pulse 

       d2 

       1u 

      

       p1:f1 ph3                         ; X 90 mixing  

       d0                                ; t1=ntr 

       p1:f1 ph4                         ; X 90 mixing 

      

       d2                                ; refocus 

       p2:f1 ph5 

       d2 

       d10 

 

       p1:f1 ph6                         ; X 90 mixing  

       1u do:f2 

 

;      cord 

2      (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

         

        (p4 pl13 ph17^):f2 
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        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

         

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

         

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4 pl13 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        (p4*2 pl14 ph17^):f2 

        lo to 2 times l4  

    

        1u do:f2 

        p1:f1 ph7                         ; X 90 mixing  

    1u cpds3:f2 pl12:f2 

    go=1 ph31 

    30u do:f2                          ; decoupler off 

    d11 wr #0 if #0 zd                  ; write2disk,incrmntFilePntr,0data 

 

    1m ip4 

    1m ip5 

    lo to 1 times 2                     ; States detection 

    1m rp4 

    1m rp5 

    9m id10                              ; increment d0 by in0 = tr 

    lo to 1 times l2 

    10m rd10 

 

    1m ip1 

    1m ip2 

    1m ip3 
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    lo to 1 times 2                     ; States detection 

    1m rp1 

    1m rp2 

    1m rp3 

    9m id0                              ; increment d0 by in0 = tr 

    lo to 1 times l1 

    10m rd0 

 

HaltAcqu, 1m 

exit 

 

ph1 = (8) 2 4 6 0                      ;CP pulse on X 

ph2 = (8) 0 2 4 6                      ;first  180 

ph3 = (8) 0 2 4 6                      ;DQ generation 

ph4 =  0                             ;DQ reconversion 

ph5 =     {0}*8    {2}*8               ;second 180 

ph6 =     2 

ph7 =     0 

ph17=    1 3 2 2  1 3 2 2 

              2 0 3 3  2 0 3 3 

              3 1 0 0  3 1 0 0 

              0 2 1 1  0 2 1 1 

ph19=    {1}*4    {3}*4               ;1H excitation 

ph20=    0                                     ;1H CP 

ph31=    0 2 0 2  2 0 2 0 

 

; NS=8*n 
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CHAPTER 6: EFFECT OF CROSS POLARIZATION RADIOFREQUENCY PHASES 

ON SIGNAL PHASE 

Research paper reprinted with permission: Solid State Nucl. Magn. Reson. 117, 101771 (2022) 

Authors: S. Chandra Shekar#, Wancheng Zhao#, Thomas K. Weldeghiorghis, and Tuo Wang 

#Equal contribution 

6.1 Abstract 

Utilizing phases of radio frequency (RF) pulses to manipulate spin dynamics is routine in 

NMR and MRI, leading to spectacular techniques like phase cycling. In a very different area, cross 

polarization (CP) also has a long history as part of a vast number of solid-state NMR pulse 

sequences. However, a detailed study devoted to the effect of CP RF phases on NMR signal, seems 

not to be readily available. From the first principles, we arrive at a simple dependence of NMR 

signal on arbitrary CP RF phases, for static and MAS conditions, accompanied by experimental 

verification. In the process, the CP propagator emerges as a product of RF “pulses” and a period 

of “free precession”, conforming to coherence transfer pathway theory. The theoretical expressions 

may lend confidence for dealing with CP blocks with tunable phases in pulse sequences. 

6.2 Introduction 

Effect of phases of radio frequency (RF) pulses on spin dynamics is a deeply studied topic 

in NMR and MRI1. It has led to spectacularly successful techniques such as phase cycling2, 3 to 

select certain coherence transfer pathways (CTP) while blocking the undesirable ones, for spectral 

editing and suppression of image artifacts in countless number of NMR and MRI pulse sequences. 

This in turn has revolutionized NMR via pulse sequences such as COSY, NOESY, TOCSY, 

TROSY etc., as well as innumerable 3D pulse sequences built upon them.  

Cross polarization (CP)4-7 technique is employed, both as a standalone experiment, as well 
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as a building block in an innumerable number of solid-state NMR experiments8. Often as a first 

step, CP is an integral part of solid-state NMR pulse sequences9 to transfer polarization from NMR 

sensitive protons (1H) to insensitive X-nuclei such as 13C and 15N10. It is a regular feature of 

numerous 1D, 2D, and 3D solid-state NMR pulse sequences. CP is used in static as well as magic-

angle spinning (MAS) conditions, including (by no means limited to) widely differing applications 

such as reduction of experimental time driven by the much shorter 1H T1, selective detection of 

rigid components in the sample11, extraction of distance information by estimating the dipolar 

interaction based on the CP intensity build up curves12, etc. Also, there has been a steady effort to 

extend applicability by expanding its capability: combining CP with MAS (resulting in CPMAS)13, 

CP at fast MAS14, 15 and ultra-fast MAS16, 17, tilted angle CP (such as DOTA-CP)18, Lee-Goldburg 

CP19, broad band CP20 in an attempt to broaden the Hartmann-Hahn (HH) match, CP for ’wide-

line’ NMR (BRAIN-CP)21, exploiting chemical shift offset to reduce the power requirements for 

CP10, 22, selective CP (SPECIFIC-CP)23 for X-nuclei at specific chemical shifts as an assignment 

strategy, and repetitive CP blocks for quantitative detection (Multi-CP)24. Interestingly CPMAS 

itself becomes part of the strategy to transfer from even richer source of polarization (electrons) in 

indirect DNP experiments25, 26. 

Yet, there does not seem to be an in-depth study examining the effect of CP RF phases on 

the NMR signal (notwithstanding simple and standard phases ±𝑥 and ± 𝑦27-29), to the best of our 

knowledge. The lack of related studies is further evidenced by the results of literature search. For example, 

what would be the effect of CP S-channel RF phase of 30o, under static and MAS conditions? We 

explore this elementary question below in a general manner. 

Both thermodynamic4-6, 27, 30 and quantum mechanical descriptions1, 14, 15, 20-23, 27, 30-40 are available 

to understand the CP phenomenon, which has been essential because the technique has undergone 
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many major developments to broaden its applicability since its inception. Drawing upon this 

established literature, we arrive at a surprisingly simple relationship between the phases of CP RF 

fields and the NMR signal for a heteronuclear spin-
1

2
 pair, for the pulse sequence shown in Figure 

6.1, and followed by extensive experimental verification, carried out on several compounds by 

employing 1H-X (X= 13C, 15N, 31P) CP. Such expressions may come in handy to design pulse 

schemes combining transients resulting from different sets of RF phases during CP. 

 

Figure 6.1 Effect of RF phases during cross polarization on NMR signal. In the pulse sequence, 

𝜙0 and 𝜙𝐼  are respectively RF phases during 
𝜋

2
- pulse and CP on I-spins. Under the constraint 

𝜙0 = 𝜙𝐼 +
𝜋

2
, S-spin signal acuires same phase as that of RF phase 𝜙𝑆 during CP, experimentally 

confirming Eq. (20). 𝜙𝐼 𝑎𝑛𝑑 𝜙𝑆  are independently cycled according to: 𝜙𝐼𝑘 = 𝑘2𝜋/𝑁𝐼 ;  𝑘 =

 0,1, … . , 𝑁𝐼 − 1. Each 𝜙𝐼𝑘  was accompanied by 𝜙𝑆(𝑙) = 𝜙𝑆
0 + 𝜙𝑆 = 𝜙𝑆

0 +
𝑙2𝜋

𝑁𝑆
; 𝑙 = 0,1, … . , 𝑁𝑆 −

1.  𝜙𝑆
0  is the constant overall phase shift. Receiver phase 𝜙𝑅 → 𝜙𝑅𝑙 = 𝜙𝑆𝑙., thus, selecting the 

observable -1QC for the S-spins (see text). 
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6.3 Methods 

To test the theoretical predictions ensuing from the derivations in this work, CP 

experiments were performed on four samples, packed into 4 Bruker 4-mm zirconium rotors: Rotors 

(1) and (2): 10 mg and 75 mg of U(13C,15N) glycine (from Cambridge Isotope Laboratories), 

respectively;  Rotor (3): DMPC multilamellar vesicles, prepared by dispersing 25mg of the lipid 

(from Avanti) in 40 μL of water; Rotor (4): around 5 mg of U(13C,15N) labeled tripeptide formyl-

Methionine-Leucine-Phenylalanine-OH (MLF). All data were acquired on a Bruker Avance 400 

MHz (9.4 Tesla) spectrometer, equipped with a multinuclear 4-mm MAS probe as detailed 

previously, along with experimental details, unless noted otherwise in this work41-43. Typical RF 

field strengths were, 83 kHz for 1H  
𝜋

2
 -pulse, 71 kHz for 1H TPPM decoupling (with associated 

pulse widths of 6.7 and 6.3 s), 50-63 kHz for 1H CP, typically either nominally matched to the 

CP RF field of the X (13C, 15N, 31P) nucleus ± spinning speed (corresponding respectively to DQ 

or ZQ HH match), or experimentally optimized. No ramp was applied on either RF channel during 

CP. A recycle delay of 3s was employed between free induction decay transients, and 4 to 256 

transients were accumulated for signal averaging. 

6.4 Theory  

In Figure 6.1, the phase 𝜙0 of the excitation 
𝜋

2
 -pulse and 𝜙𝐼 of the CP ‘pulse’ (on I-spins) 

are constrained by44 

                                                                    𝜙0 = 𝜙𝐼 +
𝜋

2
                                                          Eq 6.1 

Starting with the density matrix corresponding to I-spin equilibrium magnetization at time 

t = 0, 

                                                                        𝝈(0) = 𝐈𝐳                                                          Eq 6.2 

P, a  
𝜋

2
 -pulse with phase 𝜙𝐼 +

𝜋

2
 on I-spins (see Figure 6.1), is given by1, 45-47 
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                                                       𝐏 (
𝜋

2
, 𝜙𝐼 +

𝜋

2
) = 𝐑𝑧(𝜙𝐼) 𝐑𝑦(

𝜋

2
) 𝐑𝑧

†
                                   Eq 6.3 

                                                                           𝐑𝑘(𝜃) = 𝑒
−𝑖𝜃𝐈𝐤                                                Eq 6.4 

is applied. († symbolizes adjoint operation defined by the relationship between matrix 

elements as follows: 𝐴𝑘𝑙
† = 𝐴𝑙𝑘

∗ , with * signaling complex conjugation). Equation (Eq.) (4) 

represents a rotation in spin space about a direction specified by the unit vector 𝐤̂. The pulse rotates 

Eq. (2) into transverse magnetization at an angle 𝜙𝐼 relative to the x-axis in the rotating frame, 

given by the density matrix, 𝝈(𝟏)1, 45-47,  

                                                                      𝝈(𝟏) = 𝐑𝑧(𝜙𝐼) 𝐈𝐱 𝐑𝑧
†
                                           Eq 6.5 

Evolution of the density matrix during CP, ignoring relaxation effects for simplicity, is 

governed by1, 22, 24, 38, 45-48  

                                                               𝝈(𝑡) = 𝐔(𝜙𝐼𝜙𝑆; 𝑡) 𝝈(𝟏) 𝐔
†                                     Eq 6.6 

                                                                   𝐔(𝜙𝐼𝜙𝑆; 𝑡) = 𝐑 𝐮(𝑡) 𝐑
†                                        Eq 6.7 

Its elements are determined by the RF field strengths on both I and S channels and the 

heteronuclear orientation dependent dipolar coupling38. Above, 

                                                                 𝐑 = 𝐑𝑧(𝜙𝐼𝜙𝑆) 𝐑𝑦 (
𝜋

2

𝐼 𝜋

2

𝑆
)                                            Eq 6.8 

                                                 𝐑𝑧(𝜙𝐼𝜙𝑆) = 𝐑𝑧(𝜙𝐼) 𝐑𝑧(𝜙𝑆) = 𝑒
−𝑖(𝜙𝐼𝐈𝐳+𝜙𝑆𝐒𝐳)                       Eq 6.9 

                                                    𝐑𝑦 (
𝜋

2

𝐼 𝜋

2

𝑆
) = 𝐑𝑦 (

𝜋

2

𝐼
)𝐑𝑦 (

𝜋

2

𝑆
) = 𝑒−𝑖

𝜋

2
(𝐈𝐲+𝐒𝐲)                      Eq 6.1 

signaling1, 14, 38, 45-47, (i) a transformation from the laboratory frame (with B0 || z) to a doubly 

rotating frame (at respective Larmor frequencies for the I and S spins), (ii) followed by a 

transformation to a doubly rotated frame along z, (iii) and a subsequent transformation to a doubly 

tilted frame along y;  



158 
 

Using Eqs. (5) and (7) in (6), 𝝈(𝑡) = 𝐑 𝐮 𝐑† 𝐑𝐳(𝜙𝐼) 𝐈𝐱 𝐑𝐳
†(𝜙𝐼) 𝐑 𝐮

† 𝐑†  since (AB)† = B † 

A †. But from Eqs. (8), (9), and (10),   

𝐑† 𝐑𝐳(𝜙𝐼)𝐈𝐱 𝐑𝐳
†(𝜙𝐼)𝐑 =  𝐑𝐲 

† (
π

2

𝐼 π

2

𝑆
)𝐑𝐳
†(𝜙𝐼𝜙𝑆)𝐑𝐳(𝜙𝐼)𝐈𝐱 𝐑𝐳

†(𝜙𝐼)𝐑𝐳(𝜙𝐼𝜙𝑆)𝐑𝐲 =

             𝐑𝐲
†  (

π

2

𝐼 π

2

𝑆
) 𝐑𝐳

†(𝜙𝑆)𝐈𝐱𝐑𝐳(𝜙𝑆)𝐑𝐲 = 𝐑𝐲
†  (

π

2

𝐼
)𝐈𝐱𝐑𝐲 = 𝐈𝐳,  

yielding, 

                                                                   𝝈(𝑡) = 𝐑 𝐃(𝑡) 𝐑†                                                Eq 6.11 

                                                                   𝐃(𝑡) = 𝐮(𝑡) 𝐈𝐳 𝐮
†                                                Eq 6.12 

The amount of an operator 𝐀 present in the density matrix at a time 𝑡 can be extracted by 

the following trace operation1, 45-48 

                                               〈𝐀(𝑡)〉 = 𝐓𝐫{𝐀 𝛔(𝑡)} = 𝐓𝐫{𝐑† 𝐀 𝐑 𝐃(𝑡)}                              Eq 6.13 

Using46 

                                                     𝐃𝐑†𝐒𝐱𝐑 = 𝐒𝐳 cos 𝜙𝑆 − 𝐒𝐲 sin𝜙𝑆 

     𝐑†𝐒𝐲𝐑 = 𝐒𝐳 sin𝜙𝑆 + 𝐒𝐲 cos𝜙𝑆 

                                                                     𝐑†𝐒𝐳𝐑 = −𝐒𝐱                                                     Eq 6.14 

in Eq. (13) yields 

〈𝐒𝐱(𝑡)〉 = cos𝜙𝑆 𝑃(𝑡) − sin𝜙𝑆 𝑄(𝑡) 

〈𝐒𝐲(𝑡)〉 = sin𝜙𝑆  𝑃(𝑡) + cos𝜙𝑆 𝑄(𝑡) 

                                                         〈𝐒𝐳(𝑡)〉 = −𝐓𝐫{𝐒𝐱𝐃(𝑡)}                                                 Eq 6.15 

with 

𝑃(𝑡) ≡ 𝐓𝐫{𝐒𝐳𝐃(𝑡)} 

                                                            𝑄(𝑡) ≡ 𝐓𝐫{𝐒𝐲𝐃(𝑡)}(𝑡)}                                             Eq 6.16 
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Distinction should be drawn between the scalars 〈𝐒𝐱(𝑡)〉, 〈𝐒𝐲(𝑡)〉 and the 4×4 matrices 

𝐒𝐱, 𝐒𝐲, each with just 4 non-zero elements = 
1

2
 or ±𝑖

1

2
. Moreover in Eq. (13), when A is one of the 

16 possible product operators (PO’s)1, 47, 49-51, 𝐑†𝐀𝐑 is mapped back into one of the 16 PO’s. 

Tabulates non-vanishing traces of the PO’s with D. This enables evaluation of expectation values 

for all 16 PO’s by Eq. (13). 

Remarkably, 

                                                            𝑄(𝑡) ≡ 𝐓𝐫{𝐒𝐲𝐃(𝑡)} = 0                                             Eq 6.17 

as shown by Eq. (S31), leaving us with 

                                                 〈𝐒𝐱(𝑡)〉 = cos𝜙𝑆 𝑃(𝑡)                                              

                                                              〈𝐒𝐲(𝑡)〉 = sin𝜙𝑆 𝑃(𝑡)                                                Eq 6.18 

Using the ladder operators1, 45-48 

                                                                   𝐒± = 𝐒𝐱 ± 𝑖𝐒𝐲                                                      Eq 6.19 

on Eq. (18), signal observed in quadrature is given by1-3, 45-47, 52, 53 

                                                          𝑓(𝑡) ≡ 〈𝐒+(𝑡)〉 = 𝑒
𝑖𝜙𝑆𝑃(𝑡)                                         Eq 6.20 

It can be seen that 𝑃(𝑡) is real. It depends only on the CP RF amplitudes and the orientation 

dependent 𝐼 − 𝑆 dipolar interaction, contained in the matrix elements of u(t). 

But the phase 𝜙𝑆, imparted to the signal is impervious to such details, and Eq. (20) is valid 

for any regime (Hartmann-Hahn (HH) match, HH mismatch, HH anti match) of CP RF fields, and 

any distribution of orientations (crystal, partial order, powder). Some of these features have 

emerged in theoretical simulations previously38, extending additional support for Eq. (20). 

 Though the effect of canonical phases of RF fields during CP have been treated before in 

excellent treatises27-29, those pioneering works did not deal with arbitrary RF phases. For example, 

the outcome of phase cycling, employing RF and receiver phases ±𝑥,± 𝑦 only, can be found in a 



160 
 

very helpful table, but without actual derivation27-29; the underlying mechanism is not elucidated. 

It may be possible to arrive at such a dependence purely by trial-and-error experiments, and/or the 

intuition based on the effect of resonant RF pulses on NMR signal phase (see below). 

 Phase acquired1, 47 by a CTP of coherence jump Δm = −1, under an RF “pulse” of phase  

fS  , e
-i Dm fS = ei fS, is the same as in Eq. (20). At first glance, this seems surprising, as CTP theory 

requires1 that the propagator (the ‘block’) comprise of a sequence of RF pulses, including free 

precession intervals. Since the CP Hamiltonian is a sum of the non-commuting RF and dipolar 

Hamiltonians, the ensuing evolution cannot be factored into a simple product of exponential 

operators, apparently failing to meet CTP theory requirements. But, upon closer inspection, Eqs. 

(7) & (8) reveal that the CP evolution, is indeed a product of actual and equivalent RF ’pulses’ 

sandwiching a free precession interval. The propagator’s phases 𝜙𝐼, and 𝜙𝑆 stem from the phases 

of the actual RF irradiation on I and S-spins during CP. The diagonalizing y-rotations in Eq. (S20) 

play the role of RF ’pulses’ along y-axis, and the z-rotation that of a free precession interval. Thus, 

the CTP theory indeed applies to CP evolution. Notice that, under MAS there is an additional 

effective free precession interval associated with the sample rotation, as well as additional 

orientation (ϒ) dependent phase factors, in addition to those imparted due to CP RF phases. 

6.5 Results and Discussion 

First experimental verification of Eq. (20) is furnished in Figure 6.2, which shows static 

13C NMR CP spectrum of U (13C,15N) glycine. (Please see the section on methods for additional 

experimental details.) The spectra were acquired at 13C carrier frequency of 100.673 MHz with a 

spectral width of 50 kHz and 294 complex sampling points in quadrature for an acquisition time 

of 29.4 ms. 𝜙𝐼 and 𝜙𝑆 were independently phase cycled, with 𝜙𝑆
0 as the constant overall phase 

shift, as described in Figure 6.1. Explicitly in units of  
𝜋

2
, 𝜙𝑆 − 𝜙𝑆

0 = 𝜙𝑅 = 0,1,2,3;  𝜙0 = 𝜙𝐼 +
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1; 𝜙𝐼 = 0,0,0,0, 1,1,1,1, 2,2,2,2, 3,3,3,3. The time domain data was subject to Gaussian 

multiplication. The time domain data was subsequently zero filled to 16384 complex points prior 

to Fourier Transformation (FT). Phase correction1, 45-47 on spectra was carried out with the same 

1st order phase correction 𝜙1
𝑐, regardless of the value of 𝜙𝑆

0. On the other hand, the 0th order phase 

correction 𝜙0
𝑐 , depended on 𝜙𝑆

0 . In fact, for spectra acquired with 𝜙𝑆
0  ≠ 0 , corrections of 

𝜙0
𝑐(𝜙𝑆

0) = 𝜙0
𝑐(0) + 𝜙𝑆

0 did the trick, completing the experimental confirmation of Eq. (20). What 

is more, 𝜙𝑆
0 dependence survives phase cycling of  𝜙𝐼 and 𝜙𝑆, further consolidating the validity of 

Eq. (20). Even though Eq. (20) was derived for the static regime, we found that it held for MAS at 

10, 5, and 2.5 kHz, for the same sample as above. 

We also found that, for a powder sample of the tripeptide U(13C,15N) formyl-Methionine-

Leucine-Phenylalanine-OH (MLF), the signal phase obeyed Eq. (20) for 13C CP MAS at 10 kHz. 

In addition, we found that Eq. (20) held not only for the phase cycling employed previously, but 

also under various other schemes (maintaining 𝜙0 = 𝜙𝐼 +
𝜋

2
), such as no phase cycling of 𝜙𝐼 

and/or 𝜙𝑆, 𝑁𝐼 and/or 𝑁𝑆 =2 or 4 steps.  

For the same sample, the 𝜙𝑆  dependence was also tested for 15N CP MAS at 2.5 kHz 

(Figure 6.3) and 10 kHz, adding to the growing list of experiments validating Eq. (20). Further 

affirmation of Eq. (20) followed, by 15N CP MAS at 5 kHz, 1 kHz, and 0 kHz, once again on 

U(13C,15N) glycine. We extended the investigation of 𝜙𝑆 dependence to 31P CP MAS of DMPC 

multilamellar vesicles that contain 25 mg of lipids and 40 mg of water. The MAS at 1 kHz and 5 

kHz demonstrate the phase dependence described by Eq. (20), yet again. 
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Figure 6.2 Effect of  𝜙𝑆 (Figure 6.1) on 13C CP static NMR of U(13C,15N) glycine.  B0=9.4 T and 

Larmor Frequency ν0(
13C)=100 MHz. 𝜙𝐼  and 𝜙𝑆  were independently cycled with NI = NS = 4. 

Phase correction1, 45-47 on spectra was carried out with 1st order phase correction 𝜙1
c = 107°, 

regardless of the value of 𝜙𝑆
0! On the other hand, the 0th order phase correction 𝜙0

c, is a function 

of 𝜙𝑆
0 (Figure 6.1). All spectra were acquired by accumulating N=128 shots. Top row: All with 

same 𝜙0
c = 172°. Left to Right: 𝜙𝑆

0=0°; 45° and 90° respectively. Bottom row: Same as top row, 

but with respective corrections 𝜙0
c = 172° + 𝜙𝑆

0  = 172°; 217° and 262°. 𝜙𝑆
0=0 spectrum was 

superposed in the middle and right panels. In each case, as the displayed difference spectrum 

shows, the overlays are virtually identical, validating Eq. (20). The 𝜙𝑆
0 dependence persists despite 

cycling 𝜙𝐼 and 𝜙𝑆, further supporting Eq. (20). See text for further details. 

6.5.1 Validation on Phospholipid Membranes 

Unlike the MAS spectra, the static CP of the same sample in Figure 6.4, displays a broad 

dip, that is deep in the vicinity of isotropic CS, which has been observed previously.54-58 Figure 

6.4 displays a superposition of static 31P NMR obtained without employing CP — dubbed as direct 

polarization (DP), under CP, and under CP MAS at 1 kHz. 
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Figure 6.3 Effect of  𝜙𝑆  (Figure 6.1) on 15N CP MAS (at 2.5 kHz) spectrum of U(13C,15N) 

tripeptide MLF. Unless otherwise noted, parameters are the same as in Figure 6.2 Larmor 

frequency ν0 (
15N)=40 MHz. N=256 and 𝜙1

c = 95°. Top row: 𝜙0
c = −114°. Left to Right: 𝜙𝑆

0=0°; 

45° and 90° respectively. Bottom row: same as top row but with respective 𝜙0
c = −114° + 𝜙𝑆

0 = 

−114°, −69°, and − 24°. 𝜙𝑆
0 = 0 spectrum was superposed in the middle and right panels, and the 

difference displayed. In each case, the overlays are virtually identical, Like in Figure 6.2, 𝜙𝑆 

dependence is indifferent to phase cycling. See text for further details. 

When molecular rotation about an axis is rapid on the NMR time scale, the 2nd-rank CS 

and dipolar (D) tensors are averaged down in magnitude and projected onto the rotation axis as 

axially symmetric tensors27, 49-51, 59. This is borne out by the DP spectrum, which is characteristic 

of an effectively axially symmetric PAS for CSA, even if the tensor were asymmetric prior to 

averaging. The position of the underlying resonances that make up the powder pattern, 

accompanied by a nominal relative amplitude (1/𝑐𝑜𝑠𝛽𝑀𝐿). 
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For the static CP spectrum, these still determine the resonance position, but the amplitude 

depends on the residual dipolar interaction available for CP, by 

                                                    𝜔𝐷 ≡ 𝑑 = 𝑑00
2 (𝛽𝑃𝑀)𝑑00

2 (𝛽𝑀𝐿)𝑑𝑃                                       Eq 6.21 

 

Figure 6.4 Static 31P NMR (black), under CP (red), and under CP-MAS at 1 kHz (blue) of the 

same sample. The static powder pattern obtained without CP (dubbed as DP spectrum), is 

characteristic of an isotropic distribution of an effectively axially symmetric CSA tensors around 

B0, brought about by fast (on the NMR time scale) rotation about the lipid axis, as shown by Eqs. 

(S62) and (S76). A nominal relative intensity within the spectrum = 1/𝑐𝑜𝑠𝛽𝑀𝐿. On the other hand, 

for the static CP spectrum, for the same resonance position, the actual amplitude is determined by 

Eq. (21). At magic angle, the resonance is at isotropic shift. For DP, the nominal intensity at this 

shift is √3x that at 𝛽𝑀𝐿 = 0 . However, at magic angle, from Eq. (21), the residual dipolar 

interaction =0, resulting in a null signal from Table S2 and Table S3. The overall effect is that of 

a broad pit that is deep at this shift, in the CP spectrum. On the other hand, in the CP-MAS (at 1 

kHz) spectrum, the averaged CSA tensor of size of ~ 8 kHz, breaks up the powder pattern into 

sidebands. See text for further details. 
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Which determines the CP amplitude. Above, 𝛽𝑃𝑀  (see Eq. (S68)) specifies the fixed 

orientation of the internuclear vector in M-frame, while 𝛽𝑀𝐿  specifies the orientation of the 

rotation axis relative to B0. At the magic angle, 𝛽𝑀𝐿 = 𝜃𝑀 , the resonance is at the isotropic shift, 

and 𝑑 = 0. This results in 𝐓𝐫(𝐒𝐳 𝐃) = 0, and in turn, leads to a null signal, corroborated by current 

experiments (Figure 6.4) and consistent with earlier observations54-58. 

For one last time, we interrogated the 𝜙𝑆 dependence, on the static 31P CP spectrum of this 

sample, and confirmed its good agreement with Eq. (20). The totality of experimental findings, 

thus far, can be summarized as follows: 

First and foremost the phase of the S-spin NMR signal obeys Eq. (20). Always (not just for 

0o & 180 o and 90 o & 270 o, corresponding to +/-x and +/- y). 

No dependence on 𝜙𝐼 in the pulse sequence of Figure 6.1, as predicted by Eq. (20). 

Hence, independent of 𝜙𝐼 cycling details. 

When 𝜙𝑆 is cycled, overall shift 𝜙𝑆
0 replaces 𝜙𝑆 in Eq. (20). 

Hence, independent of 𝜙𝑆 cycling details. 

It can be shown rather easily theoretically that cycling f0 between fI +/- p/2 (instead of 

imposing Eq. (1), for the purposes of eliminating thermal equilibrium magnetization of S-spins), 

still preserves Eq. (20), and was confirmed experimentally as well. 

6.5.2 Consideration of CP-MAS 

Attention was drawn earlier to the fact that Eq. (20) was derived under the assumption of 

static condition. Yet, it was found to be valid under MAS, from 1 to 10 kHz, across different 

samples and for different observed nuclei (13C, 15N, and 31P).  Initially, we entertained the idea that 

this is due to slow spinning relative to the CP RF amplitudes (~50kHz), and that Eq. (20) may 

break down as the spinning speed catches up to the CP RF amplitudes. However, we reexamined 
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the problem under the light of pioneering analytical treatments of CP MAS14, 30, 39. Closely 

following Zilm and coworkers14, we rederived the MAS equivalents of the evolution operator u, 

and the operator D, occurring crucially in Eqs. (11), (12), and (13). It can be seen that uMAS and 

DMAS have identical structures as their static counterparts. Thus, remain valid under MAS, with 

elements of D replaced by the elements of DMAS. In particular, all remain valid under MAS, along 

with Eqs. (17) and (20), experimentally validated time and again throughout this manuscript. Also, 

since seem to account for changes in spinning speed, at least the phase dependence given by 

Eq.(20), may survive even ultra-fast MAS rates that are available currently (> 100 kHz), but 

remains to be experimentally confirmed. 

6.6 Conclusions 

We have examined the effect of RF phases during CP on the evolution operator for a 

heteronuclear spin-
1

2
 pair. The process uncovers that the emergent propagator is factored into a 

product of rotations due to equivalent RF pulses and free precession intervals (under both static 

and MAS conditions), in compliance with the CTP theory requirements.1 We have provided 

expressions for the effect of these phases on all 16 PO’s and found both theoretically and 

experimentally that their dependencies remain intact under both static and MAS conditions. We 

can also use this treatment to evaluate the effect of the CP RF phases on any of the 16 single 

transition operators |𝑝⟩⟨𝑞| via Eq. (11), if needed. This work may also help to incorporate the CP 

block with arbitrary and nonstandard 𝜙𝐼  and 𝜙𝑆 in pulse sequences and combine the resulting 

signals to design experiments for desired outcomes. For example, suppose the pulse sequence 

actually starts with CP, followed by a block of pulses, RF irradiations, delays etc. Again, Eq. (11) 

can be used to compute the entire density matrix (not just Sx and Sy) at the end of the 1st CP stage 

for further calculations. E.g., if the next stage is a 2nd CP involving a 3rd spin-1/2 nucleus, we 
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may ’feed’ the result of the 1st stage as the σ(1) parameter to Eq. (6), albeit treating the two active 

nuclei as the spin-1/2 ’CP pair’, to evaluate the entire density matrix after the 2nd stage. 

Additionally, as mentioned earlier, since the phase dependence due to CP Hamiltonian, 

given by Eq. (20), coincides with that due to an “ordinary” RF pulse, similar applications may 

become available utilizing the present work. Knowledge on the effect of arbitrary phases will guide 

the development of novel pulse sequences to expand the capability of NMR technique. For long 

we had difficulty locating a systematic description of the CP phase dependence, which stimulated 

us to undertake this endeavor. We think a complete presentation can be of some interest and might 

benefit many ssNMR researchers. A possible future direction is to find the equivalent of Eq. (20), 

which was derived for a spin-1/2 pair, for the case of CP from 1H to quadrupolar nuclei (static as 

well as MAS and ultra-fast MAS), which may or may not have an analytical solution as it is an 

open-ended physics question. However, a systematic numerical analysis approach may be 

mounted, if analytical solution is out of reach. 
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7.1 Abstract 

Plant cell walls constitute the majority of lignocellulosic biomass and serve as a renewable 

resource of biomaterials and biofuel. Extensive interactions between polysaccharides and the 

aromatic polymer lignin make lignocellulose recalcitrant to enzymatic hydrolysis, but this polymer 

network remains poorly understood. Here we interrogate the nanoscale assembly of lignocellulosic 

components in plant stems using solid-state nuclear magnetic resonance (NMR) and dynamic 

nuclear polarization (DNP) approaches. We show that the extent of glycan-aromatic association 

increases sequentially across grasses, hardwoods, and softwoods. Lignin principally packs with 

the xylan in a non-flat conformation via non-covalent interactions and partially binds the junction 

of flat-ribbon xylan and cellulose surface as a secondary site. All molecules are homogeneously 

mixed in softwoods; this unique feature enables water retention even around the hydrophobic 

aromatics. These findings unveiled the principles of polymer interactions underlying the 

heterogeneous architecture of lignocellulose, which will guide the rational design of more 

digestible plants and more efficient biomass-conversion pathways. 

7.2 Introduction 

With solar energy and carbon dioxide transformed into carbohydrate-rich cell walls, 

terrestrial plants constitute eighty percent of the biomass distributed in the biosphere1. The 
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secondary cell wall is a lignocellulosic composite deposited once the cellular expansion has 

ceased, which has evolved into a major source of biopolymers and biofuels2, 3. Lignification 

mechanically strengthens secondary walls, however, the presence of these intractable polyphenols 

and their association with carbohydrate components contributes to the biomass recalcitrance that 

renders the feedstock resistant to enzymatic hydrolysis during its conversion to liquid 

transportation fuel4, 5. To cost-effectively access structural polysaccharides for ethanol 

fermentation, vast efforts have been dedicated to tailoring plants to produce more digestible walls 

and optimizing deconstruction procedures in biorefineries6-8. These efforts have not yet reached 

the full potential due to our limited understanding of cell wall architecture.  

The secondary cell wall is assembled by carbohydrate and aromatic constituents, with 

remarkable complexity and variability. Each elementary cellulose microfibril contains eighteen 

1,4-β-glucan chains, which are held together by a hydrogen-bonding network9, 10. The exact 

organization of these glucan chains is unresolved, but recent density functional theory (DFT) 

calculations suggest a six-layered organization, likely with 2, 3, 4, 4, 3, and 2 chains in each layer 

(Figure 7.1a)11. Elementary microfibrils frequently coalesce, forming large fibrils that often span 

across tens of nanometers12, 13. Hemicelluloses, such as xylan, glucuronoxylan, arabinoxylan, and 

glucomannan, are highly variable in their monosaccharide composition and linkage pattern. Xylan 

is among the most found hemicelluloses, and its backbone comprises β-1,4-xylose units in a wide 

range of conformations, with substitutions by arabinose (Ara) or glucuronic acid (GlcA), and 

modifications by acetyl (Ac) groups. Lignin contains guaiacyl (G), syringyl (S), and p-

hydroxyphenyl (H) phenolic residues, which are interconnected by different types of covalent 

linkers such as β-O-4 ether-O-aryl, β-β’ resinol, and β-5’ phenylcoumaran14, 15. 
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Conceptually, the mechanical scaffold of crystalline cellulose is dispersed in a matrix formed by 

hemicellulose and lignin16. Our understanding of cell wall organization is supported by many 

studies that employed diffraction methods to reveal the spatial arrangement of cellulose 

microfibrils, imaging techniques to map out cell wall meshes and the microscopic distribution of 

lignin, and solution NMR spectroscopy to identify lignin-carbohydrate linkages17-19. However, the 

interface between lignin and polysaccharides, the focus of this study, is not yet well understood. 

This is partially due to the hardly accessible length scale (angstrom to nanometer) and the 

requirement of both chemical and atomic resolutions. In addition, only a small number of 

molecules reside on this lignin-carbohydrate interface, which needs to be deconvoluted from the 

bulk of the cell wall. As both lignin and polysaccharide exist in the solid state, conventional 

separation methods often perturb their structures and interactions, making it difficult to investigate 

this polymer interface.  

Recently, multidimensional solid-state NMR spectroscopy of Arabidopsis and Zea mays 

(maize) has spotlighted a structure-function relationship of the molecules involved in the 

lignocellulosic interface20, 21. Lignin tends to form hydrophobic and disordered nanodomains, the 

surface of which binds the xylan in a three-fold helical screw conformation (three sugar residues 

per helical turn: a non-flat structure; Figure 7.1a) through non-covalent interactions. The three-

fold domain is connected to its two-fold flat-ribbon region, which is coating the smooth surface of 

cellulose microfibrils22-25. To generalize these structural principles, we need to examine other plant 

systems to evaluate three critical aspects: (i) the conformational bias of hemicellulose’s function, 

(ii) the absence of cellulose-lignin contact, and (iii) the self-aggregating nature of aromatic 

polymers.  
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The combination of solid-state NMR and DNP methods has allowed us to unveil the 

structural and chemical principles underlying the formation of lignocellulosic materials. We 

investigated the 13C-labeled stems of two hardwoods, eucalyptus (Eucalyptus grandis) and poplar 

(Populus x canadensis), and the softwood spruce (Picea abies). These plants are non-food energy 

candidates for the development of second-generation biofuels to reduce our dependence on grain 

crops26. Despite lignin’s preference for binding non-flat xylan, direct contacts are also observed 

between the aromatics and the junctions of cellulose surface and flat-ribbon xylan, which is 

probably enforced by molecular crowding. In these woody plants, molecules experience a highly 

homogeneous mixing on the nanoscale, which inevitably involves polymer interpenetration and 

entanglement. Consequently, the counter-intuitive hydration of aromatics is observed, where water 

is retained and stabilized by the polysaccharides closely packed to lignin. These molecular insights 

have brought our understanding of lignocellulose architecture to an unprecedented level of detail, 

allowing us to envision better biomass-conversion schemes for sustainable energy production.  

7.3 Results 

7.3.1 Polymorphic Structure of Carbohydrates in Woody Stems 

We obtained 13C-labeled plant stems by providing poplar, eucalyptus (gum tree), and 

spruce with 13CO2. Free from chemical treatments, the hydrated lignocellulosic materials were 

directly analyzed using solid-state NMR. Therefore, all biomolecules have fully retained their 

chemical structure and physical packing. Atomic-level information of polysaccharide structure 

was obtained using two-dimensional (2D) 13C-13C correlation experiments (Figure S7.1), which 

spotted 69 allomorphs of monosaccharide residues in three samples (Tables S7.1 and S7.2). These 

sugar units, with a wide range of linkages and conformations, were mainly found in cellulose and 
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four hemicelluloses, including glucuronoxylan, arabinoxylan, galactoglucomannan, and a very 

low amount of xyloglucan (Figure 7.1a).  

 

Figure 7.1 Solid-state NMR resolves the polymorphic structure of polysaccharides using intact 

wood cells. a, Representative structures of cellulose and major types of hemicellulose (xylan and 

galactoglucomannan). The cross-section of an elementary cellulose microfibril is shown, with a 

close view of an individual glucan chain and the hydroxymethyl conformation of surface (gauche-

trans, gt) and internal (trans-gauche, tg) glucan chains. Xylan has two-fold or three-fold helical 

screw conformation in the backbone, with glucuronic acid (GlcA) or arabinose (Ara or A) 

sidechains. Acetyl motifs (Ac) are present in hemicelluloses. b, Representative 2D 13C J-

INADEQUATE spectrum of eucalyptus, which is based  on 13C  cross  polarization  selecting  rigid  
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Figure 7.1 (cont’d) 

molecules. Dash lines track the carbon connectivity of xylan conformers. c, A model of three 

elementary cellulose microfibrils fitting the NMR observables. The hydrophilic (sf) and 

hydrophobic (sg) surfaces, the embedded chains (ic), and the middle layer (ia,b) are color-coded. d, 

Carbon-4 regions measured using 13C direct polarization (orange spectra selecting mobile 

molecules) and cross polarization (grey spectra selecting rigid molecules). Both two- and three-

fold xylan backbones are rigid while arabinose is mobile. e, Arabinose carbon-1 and carbon-2 

regions. The only rigid arabinose is the terminal one in xylan sidechain. f, Eucalyptus has a high 

content of GlcA and spruce is rich in mannose (M). g, Composition of the rigid molecules in cell 

walls determined by peak volumes from 2D spectra. Source Data files are provided. 

The remarkable resolution is evidenced by the narrow 13C linewidths of 0.5-0.9 ppm, which 

allowed us to inspect the multifaceted polymorphism of polysaccharide structures. Locally, the 

structural variation of cellulose happens to the glucose hydroxymethyl conformations defined by 

the O5−C5−C6−O6 (χ) torsional angle (Figure 7.1a)27. The surface (s) and internal (i) chains 

primarily and respectively adopt gauche-trans (gt, χ=+60°) and trans-gauche (tg, χ=180°) 

conformations27, which resulted in well-resolved signals (Figure 7.1b). Upon bundling, the 

averaged structure of a fibril was restrained using the number of glucan chains residing in different 

environments, including the hydrophilic (sf) or hydrophobic (sg) surface, the inaccessible core (ic), 

and the middle layer (ia,b) sandwiched in between (Figure 7.1c)28. A satisfactory fit includes three 

elementary microfibrils, with 15, 12, 6, and 21 chains for the sf
, s

g
, i

c
, and ia,b forms, respectively. 

Assuming uniform interfibrillar association, this averaged structure only designates the minimal 

bundle size, without considering loose packing. Other arrangements disagree with spectral 

observables (Figure S7.2).  
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Hemicellulose structure is highly complex as evidenced by the peak multiplicity. The 

backbones of hardwood xylan encompass two-fold (Xn2f), three-fold (Xn3f), and mixed (Xn) 

conformations (Figure 7.1d). The mixed form is absent in spruce; therefore, softwood xylan has 

higher homogeneity. Xylan was found to be rigid, suggestive of a close association with the stiff 

cellulose microfibrils. This observation differs from previous findings in Arabidopsis, where three-

fold xylan remained mobile due to its spatial separation from cellulose23. Four types of arabinose 

(A) signals were identified, likely induced by the varied linkage sites at carbon 1, 2, 3, and 5 

(Figure 7.1e). Only a single type is partially rigid, which is attributed to the terminal arabinose of 

xylan sidechains in secondary cell walls, whereas the mobile ones are from pectic polymers in 

primary walls. Hardwoods showed a high content of glucuronic (GlcA), while the softwood spruce 

exhibited unique signals of mannoses (M), one of the major constituents of galactoglucomannan 

(Figure 7.1f)29.  

Analysis of the spectral intensities led to the molar composition of rigid polysaccharides 

(Figure 7.1g). Around three quarters (74-81%) are cellulose, making it the most abundant polymer 

in woody stems (Table S7.3). Xylan makes up 18-26% of hardwood polysaccharides. Spruce has 

equal shares of xylan and mannan, each accounting for 10-12%. Consistent across these samples, 

the amount of two-fold xylan has doubled that of the three-fold counterpart, likely due to their 

promoted interactions with cellulose. Xylan sidechains are predominantly GlcA (therefore, 

glucuronoxylan) in hardwoods but mainly Ara (that is, arabinoxylan) in spruce.  

7.3.2 Complex Structure and Linkage of Lignin 

Wood lignin mainly contains guaiacyl (G) and syringyl (S) residues, with a single and two 

methoxyl groups, respectively (Figure 7.2a, b). The unsubstituted ring, p-hydroxyphenyl (H), was 

not observed in solid-state NMR spectra due to its low abundance in these plants. The aromatic 
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signals are dispersed over an extensive range of chemical shifts. For instance, four types of S/S’ 

residues and four forms of G units were identified in eucalyptus and spruce, respectively. The 

multiplicity should be triggered by the varied oxidation states (for example, S’ is a Cα-oxidized 

form of S unit), the assorted linkages, and presumably, the wide-ranging conformation and packing 

in native solids.  

Aromatic rings are interconnected by a diverse array of covalent linkers. For example, β-

ethers (A), with a characteristic one-bond cross peak between carbons β and γ at (85, 59) ppm 

(Figure 7.2a), have the β-O-4 linkages that are readily cleavable during degradation. Other signals 

emerged from resinol (B) that has β-β connections, phenylcoumaran (C) that encompasses β-5 and 

α-O-4 linkages and spirodienone (E) that contains β-1 and α-O-α links (Figure 7.2c). These signals 

are detectable by two experimental schemes based on 1H-13C cross polarization (CP) and 13C direct 

polarization (DP) methods, indicating the distribution of these linkers in the rigid and mobile 

phases of lignin (Figure S7.3). Despite the low intensity, we managed to detect several cross peaks 

between these linkers and aromatic carbons (Figure 7.2a). For example, the connection between 

the carbon α of β-ethers and the carbon 1 of S residues yielded a cross peak at (72, 135) ppm in 

eucalyptus and poplar. Similar correlations were also found between the carbon 1 of S residues 

and the carbon α of B and E linkers. In spruce, analogous connections were observed for G units. 

These junctions typically evade solution-NMR characterization because the aromatic carbon 1 of 

lignin is non-protonated. These results demonstrated the feasibility of using solid-state NMR to 

characterize lignin structure and linkage, but the technical capability still requires further 

development. 

Hardwood samples are rich in S residues (63-86 mol%) while the softwood only contains 

G units (Figure 7.2d). This observation agrees with our freshly collected solution NMR data of 
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ball-milled and dissolved lignocellulose (Figure S7.4 and Table S7.4), average S/G ratios found 

in the literature (Table S7.5) as well as the quantification using deconvoluted 1D solid-state NMR 

spectra (Figure S7.5 and Table S7.6). Both solid-state and solution NMR results (Figure 7.2e) 

suggest that these woody plants contain a large amount of β-ethers30. Solution NMR spectra also 

show considerable signals of both resinol and phenylcoumaran in poplar and spruce (Figure 7.2e), 

while the phenylcoumaran peaks become very weak in eucalyptus15, 30-36. Since these linkers 

respond differently to degradation, such analysis helps identify the plant candidates for 

saccharification.  

 

Figure 7.2 Chemical structure of lignin determined using solid-state and liquid NMR. Lignin 

signals are resolved using the aromatic regions of a, 2D 13C-13C RFDR spectra and b, 2D 13C J-

INADEQUATE spectra of intact plant cells of eucalyptus, poplar, and spruce. c, The structure of 
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Figure 7.2 (cont’d) 

lignin units and linkages resolved in wood stems. The observed 13C chemical shifts are labeled for 

each carbon site. Key inter-residual linkages are highlighted. d, Composition of lignin units 

quantified using the integration of one-bond cross peaks in 2D 13C RFDR spectra (left panel) and 

using solution NMR as reported in the literature (right panel)30, 32, 33, 35, 37-39. Eucalyptus and poplar 

are S-rich while spruce is G-rich. Source Data files are provided. e, Molar fractions of the major 

linkage types quantified using the integration of one-bond cross peaks in 2D 13C RFDR spectra. e, 

Representative lignin linkages detected by 2D 1H-13C HSQC spectra of ball-milled biomass in d6-

DMSO.  

7.3.3 Distinct Patterns of Lignin-Carbohydrate Packing Across Plant Species 

The supramolecular architecture of lignocellulose differs dramatically in hardwood and 

softwood. In both eucalyptus and poplar, the use of a long-mixing period (1.0 s) in 2D 13C-13C 

correlation spectra has generated many long-range intermolecular cross peaks that are absent in 

the short-mixing (0.1 s) spectrum (Figure 7.3a and Figure S7.6). Puzzlingly, these two spectra 

showed a comparable pattern in spruce, which signified that 13C magnetization was already 

equilibrated among polymers within 0.1 s. This is not caused by variations of spin diffusion 

coefficients or polymer dynamics in hardwood and softwood as validated experimentally (Figure 

S7.7 and S7.8). Therefore, the rapid equilibrium observed in spruce indicates that lignin and 

polysaccharides are well-mixed on the nanoscale in spruce but stay apart in hardwoods.  

The spatial association of polymers was pinpointed by 272 intermolecular cross peaks, 

each of which represents a sub-nanometer, physical contact between two carbons from different 

molecules (Figure 7.3b and Figure S7.9). For example, the methyl carbon in the acetyl group of 

xylan (AcMe) exhibited cross peaks with the carbon 3 or 5 of S-lignin (S3/5) at (21, 153) ppm and 
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with the carbon 3 of G-lignin (G3) at (21, 148) ppm (Figure 7.3b). These interactions happen 

between i) acetyl groups and lignin, ii) xylan and lignin, iii) acetyl and cellulose, iv) acetyl and 

lignin methyl, v) lignin methoxyl group and cellulose, and vi) different lignin residues (Figure 

S7.10)21.  

 

Figure 7.3 DNP-assisted detection of long-range interactions defines lignin-carbohydrate packing. 

a, Overlay of long-range (1.0 s mixing; grey) and short-range (0.1 s mixing; orange) 2D 13C-13C 

correlation spectra. The long- and short-range spectra showed similar spectral patterns in spruce: 

softwood polymers are homogeneously mixed on the molecular level. b, Dipolar-gated 2D 13C-

13C correlation spectra showing 98 intermolecular cross peaks in eucalyptus. c, Summary of 272 

intermolecular   interactions   identified   in   eucalyptus,   poplar,   and   spruce.  d,  The  count  of  
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Figure 7.3 (cont’d) 

lignin-lignin, cellulose-lignin, and xylan-lignin interactions in eucalyptus, poplar, spruce, 

Arabidopsis, and grasses (maize, rice, and switchgrass). Lignin-cellulose interactions are scarce in 

Arabidopsis and grasses but become abundant in woods. e, DNP enhancing NMR sensitivity of 

eucalyptus by 24-fold. Inset shows a picture of the plant material in a sapphire DNP-NMR rotor. 

f, Comparison of the equilibrium spectrum (bottom) of eucalyptus that detects all components with 

the aromatic-edited spectrum (top) that only shows lignin-bound molecules. The lignin-bound 

polysaccharides include the two-fold, three-fold, and mixed conformers of xylan as well as the 

surface and interior cellulose. The deeply embedded glucan chains in cellulose (ic) are absent as 

highlighted using the dash line circle. g, DFT energy-minimized structures showing the possible 

packing between lignin units and polysaccharides. 

A statistical view of the number and intensities of intermolecular contacts (Tables S7.7-

S7.10) designated xylan as the major interactor with lignin, which is manifested by the extensive 

correlations between G/S and xylan carbons, including the carbonyl and methyl carbons of acetyl 

(AcCO and AcMe) and xylose ring carbons (Figure 7.3c). This result echoes with the recent findings 

in Arabidopsis and commelinid monocots (grasses, for example, maize and switchgrass)24, 

validating the principal role of xylan-lignin interaction in stabilizing lignocellulose. Mannan has a 

small number of resolvable sites; therefore, it only showed a few cross peaks with lignin. However, 

the equilibrated pattern in Figure 7.3a supports a widespread association of mannan and lignin in 

spruce.  

Unexpectedly, wood lignin also exhibited extensive correlations with cellulose (Figure 

7.3c), which accounts for 20-30% of all intermolecular cross peaks (Figure 7.3d). Such 

interactions are particularly abundant in spruce, consistent with the homogeneous mixing of 
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molecules in this sample. In contrast, cellulose-lignin contacts only account for 9-14% of polymer 

interactions in Arabidopsis and grasses24. Thus, cellulose-lignin interaction is a unique feature of 

woody plants, which should contribute, at least in part, to the mechanical strengths of their stiff 

stems. 

7.3.4 Visualization of the Polysaccharide-Lignin Interface 

The unanticipated lignin-cellulose interactions were verified using the sensitivity-

enhancing DNP technique40-42. The eucalyptus stem showed a 24-fold enhancement of NMR 

intensity (Figure 7.3e), which was achieved by transferring the polarization of electrons in the 

stable biradical AMUPol to the protons of biopolymers. This sensitivity enhancement shortens the 

measurements by 576 times (a 1.5-year experiment in a day), allowing us to take snapshots of the 

lowly populated boundaries between polysaccharides and lignin. Eucalyptus cellulose was found 

in the lignin-bound part of polysaccharides (Figure 7.3f), but such signals were missing in maize24. 

Only the surface glucan chains of cellulose (s) or those chains right underneath the surface layer 

(ia,b) correlated with lignin, while the embedded core (ic) lacked such interaction. The three-fold 

xylan (Xn3f) is still favorable for binding lignin, showing stronger signals than the two-fold (Xn2f) 

and the mixed (Xn) conformers.  

Favorable lignin-polysaccharide interactions were revealed using quantum mechanical 

geometry optimizations conducted using the DFT method in continuum solvation models (Figure 

7.3g). The three-fold xylan formed a packet to enclose aromatics. Conversely, the flat chains from 

cellulose surface or two-fold xylan relied on their pyranose/furanose rings to align with an 

aromatic unit. Examination of recently reported DFT structures43 showed that S-units 

preferentially aligned to carbohydrate rings as stabilized by the two methoxyl groups on both sides 

of the aromatic ring (Figure S7.11). The G unit, on the other hand, typically has its single methoxyl 
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group closer to the carbohydrates. Such orientational preference supports the strong interactions 

experimentally observed between lignin methoxyl groups and xylan acetyls (Figure S7.10). 

Consequently, the methoxyl-rich S-residues correlate better with xylan in space. Therefore, non-

covalent interactions between these polar groups are essential to the existence of lignin-xylan 

complex.  

7.3.5 Landscape of Biomolecular Hydration and Dynamics  

Biopolymers have sophisticated dynamics and variable water-association in their native 

environments. Among the three plants, poplar turned out to be the worst hydrated sample as 

shown by its slowest water-to-polymer 1H polarization transfer buildup curves, which were 

consistent for both cellulose and xylan (i4 and Xn3f1, Figure 7.4a), as well as lignin (Figure 

S7.12). The relative intensities (S/S0) of a hydration heatmap reflect the degree of water 

association (Figure 7.4b and Figure S7.13). Plots of the S/S0 ratios against 127 carbon sites 

show that the hydration level increases sequentially from poplar to eucalyptus and spruce 

(Figure 7.4c). Within each sample, polymer hydration generally increases from cellulose to 

xylan, and then to mannan, if present.  

Surprisingly, wood lignin retained high S/S0 ratios, typically on the same range as those of 

xylan, indicating a high level of hydration (Figure 7.4c). This is intriguing because these aromatic 

polymers are perceived as relatively hydrophobic, which by expectation, should hinder water 

retention. For example, maize lignin was previously found to self-aggregate, forming nanodomains 

that are largely separated from water24. The water contact observed here should originate from 

lignin’s tight association with those carbohydrates that kept water localized. Likewise, wood 

biopolymers should experience frequent entanglement and interpenetration instead of domain 

separation. 
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Figure 7.4 Site-specific hydration and dynamic landscape of biomolecules. a, Representative 

water-to-biomolecule 1H polarization transfer buildup curves. The data of interior cellulose carbon 

4 (i4) and three-fold xylan carbon 1 (Xn3f1) are compared across plants. Poplar has slow buildup 

due to the limited water contact. b, Hydration map on top of a 2D spectrum plotting the ratio (S/S0) 

of water-edited intensity (S) to the equilibrium intensity (S0). A larger S/S0 ratio indicates better 

polymer hydration. c, Distribution of the relative water-edited intensities (S/S0) of polysaccharides 

and lignin in eucalyptus, poplar, and spruce. Molecules with better water retention show higher 

water-edited intensities. Poplar is poorly hydrated. d, 13C-T1 relaxation times of rigid (blue 

rectangles) and all molecules (colored as yellow, red, purple, and magenta for different molecules) 

in three woody plants, which represent nanosecond timescale motions. e, 1H-T1ρ relaxation times 

reflecting microsecond timescale dynamics. The average value and standard deviation (error bars) 

are presented for each violin plot in panels c-e, the dataset of which are tabulated in Tables S7.11-

7.15. Source Data files are provided.  
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Polymer dynamics were examined using 13C-T1 and 1H-T1ρ relaxation measurements, 

which generated 150 relaxation curves (Figure S7.14 and S7.15). When all molecules were 

considered, the 13C-T1 relaxation time decreased in the order of cellulose, lignin, xylan, and 

mannan, if any (Figure 7.4d). The short 13C-T1 time constants of lignin and hemicellulose revealed 

the efficient 13C-T1 relaxation in these non-cellulosic polymers, and furthermore, their enhanced 

motion on the nanosecond timescale. Such differences became indistinguishable if only rigid 

molecules were focused on, for example, all rigid molecules of eucalyptus showed 13C-T1 time 

constants of 4-5 s. This observation contradicts previous results in which maize lignin showed 

substantially longer 13C-T1 than any polysaccharide24. This can be comprehended using the 

efficient spin-exchange between lignin and carbohydrates (mediated by the better molecular 

mixing), which has averaged the 13C-T1 relaxation times in wood. On the microsecond timescale, 

cellulose had the longest 1H-T1ρ relaxation times (30-40 ms) due to the restricted motion in the 

massively hydrogen-bonded microfibrils (Figure 7.4e). Both lignin and hemicellulose had short 

1H-T1ρ times of 10-15 ms, like the counterparts in maize24. Compared to G residues, S units 

exhibited slower 1H-T1ρ relaxation, indicating attenuated dynamics due to interactions with 

polysaccharides (Figure S7.15). Among the three samples, spruce displayed the shortest 13C-T1 

and 1H-T1ρ relaxation times, revealing a unique profile of molecular dynamics in softwood.  

7.3.6 Effects of Rehydration on Water-Retention and Polymer Dynamics 

Water molecules are important for stabilizing the nanostructure of cell wall biomaterials, 

and the complete removal of water could potentially cause irreversible changes. In a recent NMR 

study of the softwood Pinus radiata, oven-drying (for complete dehydration) and rehydration were 

found to promote polymer association (e.g. xylan-cellulose and lignin-cellulose packing) and 

irreversibly alter the dynamics and conformation of mannan in the secondary cell walls44. Similarly, 
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the lyophilized-rehydrated grass sorghum (Sorghum bicolor L. Moench) has shown permanent 

changes of hemicellulose, with enhanced mobility for the three-fold xylan backbone and some 

arabinose residues45. Differently, dehydration only caused reversible structural changes to the 

primary cell walls of Arabidopsis, likely due to the high content of pectic polymers that can 

efficiently associate with water molecules46.   

We measured the never-dried samples of spruce and eucalyptus, followed by re-

examination of the same materials after lyophilization and rehydration. In spruce, the 

lignocellulosic complex was not dramatically affected by the rehydration process, which differs 

from lipids and proteins (Figure 7.5a). The structure of the carbohydrates and lignin, as well as 

their distribution in dynamically distinct domains, can be efficiently retained in the rehydrated 

biomass, occasionally with minor intensity variations that are well below 10% for each 

carbohydrate or lignin carbon site (Figure 7.5a). The retention of water molecules can also be 

fully restored, as shown by the identical spectral patterns in 1D water-edited spectra (Figure 7.5b) 

and the comparable 2D heatmap representation for both carbohydrates and aromatics in the never-

dried and rehydrated samples (Figure 7.5c). The nanosecond-timescale motion and the 

subnanometer polymer packing (reflected by spin-exchange) are unaffected since there is no 

deviation of 13C-T1 relaxation within the well-controlled error margin (Figure 7.5d). Both lignin 

and carbohydrates showed a 10-20% increase in the 1H-T1ρ relaxation time constants; therefore, 

the only notable change happened to the microsecond scale motions of biopolymers (Figure 7.5e). 

Eucalyptus behaves differently: this plant fully restored the structural and dynamical features but 

moderately improved polymer-water association after rehydration (Figure S7.16).  
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Figure 7.5 Molecular-level dynamics and water association after dehydration and rehydration. A 

never-dried spruce sample was first measured, and then freeze-dried and rehydrated for direct 

comparison. a, Overlay of spectra collected using never-dried (black) and lyophilized and then 

rehydrated (orange) spruce stem samples showing high similarity for polysaccharides and lignin. 

From top to bottom are the CP, quantitative DP, and short recycle-delay DP spectra. The key 

regions of lignin, carbohydrate, and lipid are marked. b, 1D water-to-carbohydrate polarization 

transfer spectra revealing similar water association for never-dried and rehydrated samples. The 

well-hydrated molecules are selected using a short 1H mixing time of 4 ms while the equilibrated 

state is measured using 36 ms 1H mixing.  c, Water-edited 2D hydration map showing comparable 

water-edited intensities for both lignin and carbohydrate regions in the never-dried and the 

rehydrated samples. d, Average 13C-T1 relaxation plot, using the integrals of spectral regions for 

carbohydrates (left) and lignin (right). e, Average T1ρ  relaxation  of  carbohydrates  and  lignin  in  
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Figure 7.5 (cont’d) 

never-dried (black) and rehydrated (orange) samples. Error bars are standard deviations of the 

fitting derived parameters. 

7.4 Discussion 

The abundant molecular-level evidence presented four novel features of lignocellulosic 

materials, each exploring a structural or chemical foundation of the supramolecular architecture 

(Figure 7.6). First, even though three-fold xylan is favored for binding lignin, in wood, other xylan 

conformers can also coexist with lignin in part. Accompanying with this functional resemblance 

is the hydration equivalence of these xylan forms (Figure 7.4c). These results have extended the 

conceptual model of lignocellulose derived from maize, in which lignin mainly interacts with the 

three-fold xylan, and vice versa. Actually, interactions between three-fold xylan and cellulose have 

been reported in a grass Sorghum45, which also implies the interchangeable roles of xylan 

conformers. Uniquely, wood xylan is mainly in two-fold helical screw, which is energetically 

unfavorable unless forced by the binding to cellulose surface. Therefore, the unanticipated 

proximity of lignin to the two-fold xylan, as well as its associated cellulose surface, might be a 

destined consequence of spatial crowding in densely packed lignocellulosic materials. 

Second, the packing between cellulose and lignin is plant-specific and only serves as a 

secondary interaction. In Arabidopsis and grasses, lignin and cellulose are spatially separated24. 

The situation has changed for woody biomass, where lignin and cellulose become colocalized. 

Although Arabidopsis is widely used as a model system for investigating the biophysical traits of 

hardwoods, it becomes apparent that these plants differ in their cell wall organization. Our DFT 

results and a recent molecular simulation study47 consistently suggest that lignin is mainly docked 

on the hydrophobic surface of cellulose, with aligned phenyl and pyranose rings. The increased 
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coverage of cellulose surface by aromatic polymers might reduce enzyme accessibility and 

contribute to biomass recalcitrance. 

Third, the structural feature of aromatic polymer needs reconsideration. Lignin 

nanodomains observed in maize are absent in woody plants due to the promoted polymer mixing 

on the nanoscale (Figure 7.3). Accordingly, polymer entanglements and inter-penetration, rather 

than superficial contact between domain surfaces, should govern lignin-carbohydrate interactions 

in wood48. Once well-mixed with polysaccharides, even the aromatics could effectively retain and 

immobilize water molecules (Figure 7.4c). The thermodynamical driving force of this peculiar 

phenomenon awaits inputs from modeling methods.  

 

Figure 7.6 Comparative schemes of secondary cell walls in grass, hardwood, and softwood. 

The figure shows the spatial arrangement of lignin (yellow), cellulose (white fibrils), two-fold 

xylan (red flat ribbons), three-fold xylan (blue twisted ribbons), mixed forms of xylan (magenta), 

and mannan (GGM; green) in secondary plant cell walls. Numbered spheres highlight the 

structural features of (1) lignin-xylan interaction in all plants, (2) cellulose bundles in woody plants,  
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Figure 7.6 (cont’d) 

(3-6) twofold and threefold xylan with different sidechains, and (7) galactoglucomannan. The 

molecular fraction of polysaccharides is considered in the depiction, but the illustration may not 

be strictly to scale. The model of grass cell wall is generated using the data recently reported24, for 

comparison with the models of woody plants. Lignin and carbohydrates are much better mixed in 

woody plants than in grass, resulting in the binding of lignin to both three-fold and two-fold xylan 

as well as to cellulose microfibrils. The structural assembly of woody cell walls is thus different 

from the domain-separation scheme of grass cell walls. 

Finally, the ultrastructure of softwood is featured by homogeneous molecular mixing 

(Figure 7.3a). This structural hallmark has revised the prevailing model in which well-aligned and 

partially crystalline glucomannans were perceived as being sandwiched between an internal 

cylinder of cellulose microfibrils and an outside tubular domain of lignin, with xylan forming an 

outermost layer49. Actually, our results better align with a recent study reporting that glucomannan 

and xylan could potentially associate with both cellulose and lignin29.  

Although the focus of this exploratory study is to understand the chemical and physical 

principles underlying polymer packing and lignocellulose architecture, the structural foundation 

and methodology established here would inspire more in-depth investigations for understanding 

the structural diversity and mechanical properties presented by numerous plant species and 

mutants, various cell types, and different growth stages50. These structural insights will guide the 

utilization of forestry resources for the production of biomaterials and biofuels51, and the 

spectroscopic toolbox will stimulate structural investigations of polymer assemblies in other 

organisms, such as bacteria, fungi, and algae, as well as bio-inspired materials52-60.  
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7.5 Methods 

7.5.1 Plant Material.  

Uniformly 13C-enriched stems (97% 13C) of eucalyptus (Eucalyptus grandis; age 16 

weeks), poplar wood (Populus x canadensis; 27 weeks), and spruce (Picea abies; 16 weeks) were 

obtained for structural characterization from IsoLife (The Netherlands). Eucalyptus and spruce 

were obtained from seeds while poplar was obtained from stem cutting. Poplar plants were saplings 

of close to 1 m height at harvest. Immediately after removing the plants from the growth chamber, 

plant shoots were dissected into leaves and stems. The stem-sections were split, cut, and debarked 

after freeze-drying. Debarking was strived to be complete, which was conducted through the 

longitudinal cutting of the bark followed by separation from the xylem at the cambium interface. 

Debarked stems were hydrated for NMR analysis. The material was briefly hand-grinded using a 

pestle and a mortar, resulting in small pieces on the range of a few mm across. The homogeneity 

helps to avoid potential issues during magic-angle spinning. The technical details of isotope 

labeling are presented in the Supplementary Methods.  

To test the effect of freeze-drying, we obtained never-dried 13C-labeled spruce and 

eucalyptus wood from IsoLife, without lyophilization. The debarking process is finished manually 

by carefully removing the outside soft bark layer with tweezers. Around 104 mg of debarked 

spruce was cut into mm scale pieces, packed into 4-mm rotor, and measured under 10 kHz MAS 

on a 400 MHz Bruker NMR spectrometer. The never-dried samples were first measured freshly. 

After ssNMR measurements, overnight lyophilization was conducted, giving 43.5 mg of freeze-

dried spruce stem. The sample is then sufficiently rehydrated (with a final weight of 107 mg), and 

all ssNMR experiments were conducted again on the rehydrated material for direct comparison 

with never-dried samples (Figure 7.5). Besides, never-dried (96 mg) eucalyptus stem, and the 
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dehydrated and then rehydrated material (94mg including 68 wt% H2O) were also examined 

(Figure S7.16). 

7.5.2 Solid-State NMR Experiments for Assignment.  

The plant stems were packed into MAS rotors for measurements on 600 MHz and 400 

MHz Bruker spectrometers using 3.2-mm and 4-mm MAS probes, respectively. Most experiments 

were collected under 10-14 kHz MAS at 293 K unless otherwise stated. 13C chemical shifts were 

referenced to the tetramethylsilane (TMS) scale. Radiofrequency field strengths were 80-100 kHz 

for 1H decoupling, 62.5 kHz for 1H CP contact pulse, and 50–62.5 kHz for 13C. The technical 

parameters of all solid-state NMR experiments were summarized in Tables S7.16 and S7.17 for 

the initial batch of rehydrated samples, and in Table S7.18 for the more recently obtained never-

dried and the subsequent freeze-dried and rehydrated samples.  

To assign NMR signals, 2D correlation spectra were recorded using the refocused CP J-

INADEQUATE sequence61, which was coupled with 13C DP for detecting mobile molecules or 

1H-13C CP for detecting rigid polymers. A 2D 13C radio frequency-driven recoupling (RFDR) 

correlation experiment was measured under 10 kHz MAS and 83 kHz 1H decoupling to assign 

intra-residue cross peaks62. A recoupling time of 1.6 ms was used to detect one-bond 13C−13C cross 

peaks. An additional set of 13C-DP PDSD experiments were conducted  to examine the structure 

of lignin in the mobile phase, which were selected through the short recycle delay of 2 s. The 

standard flow chart of resonance assignment is presented in Figure S7.17. All chemical shifts are 

validated by comparison with literature-reported values (Table S7.19). 

To enhance aromatic signals, we measured a dipolar-coupling-gated version of the proton-

driven spin diffusion (PDSD) experiment24, 63, 64. A dipolar-dephasing period of 48 µs was 

employed to efficiently suppress the signals of protonated carbons, allowing the preferential 
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detection of non-protonated carbons in the aromatic lignin. This period was asymmetric with 

respect to the π pulse in the Hahn echo, containing two undecoupled delays of 32 µs and 16 µs. A 

0.1-s PDSD mixing was used to report intramolecular cross peaks in all samples. A 20-ms mixing 

was also used for spruce. The observed chemical shifts were compared with values deposited in 

the Complex Carbohydrate Magnetic Resonance Database to facilitate resonance assignment65. 

7.5.3 Solid-State NMR Experiments for Structural Analysis.  

The 2D gated PDSD experiment was also conducted to determine lignin-carbohydrate 

packing, with a long mixing time (1 s) for intermolecular polarization transfer. We have identified 

98, 80, and 94 cross peaks for eucalyptus, poplar, and spruce, respectively. These 272 correlations 

were categorized as 112 strong, 75 medium, and 85 weak restraints according to their relative 

intensities (area of a peak relative to that of the 1D cross-section), with cutoffs set to >4.0% 

(strong), 2.0–4.0% (medium), and <2.0 (weak) as tabulated in Tables S7.7-S7.10. 

Polymer hydration was determined using water-edited 2D 13C−13C correlation experiment 

at 277 K (Figure 7.4 a, b)66, 67, which generated 44, 48, and 37 datasets for eucalyptus, poplar, and 

spruce, respectively. This experiment used a 1H-T2 relaxation filter of 120 µs × 2 to suppress the 

polysaccharide signals to <5% and retain >85% of water magnetization. Water-polarization was 

transferred to spatially proximal polymers using a 4-ms 1H mixing period, followed by a 1-ms CP 

for 13C detection. A 100-ms DARR mixing was used for both water-edited and control spectra. 1D 

buildup curves were measured at 277 K using a 1H-T2 filter of 120 µs × 2 and a 1H mixing of 0-81 

ms for spruce, 0-121 ms for eucalyptus, and 0- 169 ms for poplar. 

To probe dynamics, we measured 13C spin-lattice relaxation (T1) and 1H rotating frame 

spin-lattice relaxation (T1ρ). 
13C-T1 was measured using Torchia-CP 68 and standard 13C DP 

inversion recovery schemes. Torchia-CP preferentially detected rigid molecules, with a z-filter of 
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0-12 s. A 30-s recycle delay was used in the DP inversion recovery experiment for quantitatively 

detecting all molecules, with a z-period of 0-35 s. 1H–T1ρ was measured using an effective 1H spin-

lock field of 62.5 kHz with a duration of 0-19 ms. Relaxation data were fit using single exponential 

functions (Tables S7.14 and S7.15). Also, the dipolar-chemical shift (DIPSHIFT) experiment69 

was conducted under 7.5 kHz MAS, to report dipolar order parameters of biopolymers in three 

wood samples. Frequency-Switched Lee Goldburg (FSLG) 1H homonuclear decoupling sequence 

was utilized, the scaling factor was verified to be 0.577. 

7.5.4 Solution NMR Sample Preparation and Experiments.  

To validate the lignin assignment obtained using the solid-state method, we conducted 

solution NMR analysis, which has well-documented chemical shifts of lignin polymers. A 

summary of the lignin chemical shifts is included in Table S7.4. Wood samples were ball-milled 

for 1 h with a motor running at 1750 rpm. About 30 mg of each powdered wood sample was 

dissolved in 10 mL DMSO-d6 with constant stirring using a magnetic stirrer for 2 h at 60°C for 

solution NMR experiments. To identify linkages in lignin, we conducted 2D 1H-13C HSQC spectra 

conducted on a Bruker Avance III 500 MHz 1H Larmor frequency and equipped with a 5 mm z-

gradient Prodigy TCI probe. Both the 1H and the 13C chemical shifts gave indications of the 

linkage types using the chemical shifts reported previously39, 70-74.  

7.5.5 MAS-DNP Experiment.  

About 30-35 mg of eucalyptus stems were impregnated into 50 µL DNP matrix solution 

containing 10 mM AMUPol75 radical in d8-glycerol/D2O/H2O (60/30/10 Vol%). The material was 

softly ground for 10-15 min to allow radical distribution and packed into a 3.2-mm sapphire rotor. 

The NMR sensitivity was enhanced by 24-fold with microwave irradiation on a 600 MHz/395 

GHz MAS-DNP spectrometer under 10 kHz MAS. DNP analysis has been applied to various 



198 
 

carbohydrate and plant systems using different protocols76-78. Recently, we have demonstrated that 

the radical can effectively and homogeneously polarize all molecules in cell wall materials79. 

Lignin had a slightly shorter DNP buildup time (1.8 s) compared with polysaccharides (2.2 s). The 

recycle delay was set to 2.3 s to facilitate the selection of lignin against carbohydrates in the 2D 

experiments. A lignin-edited 2D 13C-13C experiment was measured to detect the signals of lignin-

bound carbohydrates, with a 0.5-s PDSD mixing to transfer lignin polarization to carbohydrates, 

followed by a 20-ms PDSD mixing for 2D 13C-13C correlation24. For comparison, a 20-ms PDSD 

spectrum was measured as a control. 

7.5.6 DFT Calculation.  

DFT calculations were used to investigate the interactions between the S or G units in 

lignin and cellulose, or xylan with two- and three-fold conformations. Tetramers of β-1,4-linked 

glucose and xylose were built to represent cellulose and two-fold xylan, respectively. Hexamers 

of β-1,4-linked xylose were built to represent three-fold xylan, based on a crystal structure of three-

fold xylopentaose (PDB ID: 1GNY).80 Six models were constructed: G unit-cellulose, G unit-

xylan (two-fold), G unit-xylan (three-fold), S unit-cellulose, S unit-xylan (two-fold), and S unit-

xylan (three-fold). Previously, it has been shown that for lignin-cellulose and lignin-xylan 

interactions, the stacked configurations tend to have the largest interaction energies43. Therefore, 

the initial starting configurations of the six models were constructed by positioning the G/S units 

parallel to the surface of the glucose/xylose residues, ~4 Å away. The geometry optimizations were 

conducted using the DFT method, M05-2X/6-31+G*81 with the integral equation formalism for 

the polarizable continuum model (IEFPCM)82 solvation model in Gaussian 0983. Although other 

methods may be available, this exchange-correlation functional with dispersion corrections 

performs reasonably well for carbohydrate and carbohydrate-aromatic  interactions11, 84, 85. 
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APPENDIX  

S7.1 Supplementary Methods 

S7.1.1 Isotope Labeling.  

Plant samples from eucalyptus, poplar, and spruce were produced under identical growth 

conditions in custom-designed, air-tight, high-irradiance labeling chambers of the Experimental 

Soil Plant Atmosphere System at IsoLife (Wageningen, The Netherlands). Under regulated 

environmental conditions, these plants were grown hydroponically in a closed atmosphere 

containing 97 atom% 13CO2 from germinated seed or rooted stem cutting till harvest: 

photosynthetic photon flux density (PPFD) 800 µmol m–2 s–1 (top of plants); CO2 concentration 

(Day); 400 ppm (v/v); 15 h (eucalyptus), 21 h (poplar), and 16 h (spruce) day lengths; day/night 

temperature of 22/16 °C (eucalyptus), 22/15 °C (poplar), and 24/20 °C (spruce). The day/night 

relative humidity is 75/75% for eucalyptus, 70/80% for poplar, and 70/75% for spruce. Minerals 

and water were supplied as aerated modified Hoagland nutrient solutions with micronutrients and 

iron86,87, maintaining nitrogen concentration between 25 and 200 mg/L; pH close to 5; EC between 

0.4 – 0.7 mS/cm; 25% of total nitrogen was supplied as ammonium. Plant shoots were dissected 

into leaves and stems after removing the plants from the growth chamber. After freeze-drying, 

these plant stems were kept stored at -20°C, in the dark with silica-gel drying bags. All plants were 

rehydrated for solid-state NMR analysis.  

S7.1.2 Effects of Plant Age on Cell Walls.  

Given our ever-increasing knowledge on plant secondary cell wall, impacts of the plant 

age at which the material is harvested relative to its natural growth cycle can be considered. Our 

6.5-months old poplar can be put in perspective of 3-, 6- and 18-month-old poplar samples reported 

in literature88. Overall, there is no significant change in cellulose to hemicellulose proportions, and 
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cellulose crystallinity has become a stable parameter after 6 months. However, a slight increase in 

lignin content with age has been consistently reported for both poplar and eucalyptus89. Solution 

NMR data have demonstrated that lignin structure undergoes substantial evolution over a longer 

period of time, in both unit nature. For example, S lignin is deposited at later stages and the 

proportions of different linkage types. In-depth analyses of polysaccharide structure, lignin 

composition and linkage types, the consequential effect on lignocellulose architecture is thus of 

significant interest for future solid-state NMR research. 
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Figure S7.1 2D 13C-13C spectra of polysaccharides in softwood and hardwood. a, 2D 13C-13C 

RFDR spectra showing the rigid components of eucalyptus, poplar, and spruce. Uniquely, spruce 

has mannan and arabinose signals in the CP-based RFDR spectrum. b, 2D 13C DP J-

INADEQUATE spectra of eucalyptus, poplar, and spruce. The combination of 13C DP with a short 

recycle delay of 2 s selectively detects the mobile molecules. Arabinose (A) signals dominate the 

spectra, and the four major types of arabinose are distinguished by the superscript, from Aa to Ad. 

The carbon connectivity of arabinose is highlighted by yellow lines. Poplar has relatively weak 

signals of arabinose. The 13C chemical shifts are summarized in Tables S7.1 and S7.2.   
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Figure S7.2 Cellulose bundling models that violate the NMR constraints. The cartoon illustrations 

include a and b, two elementary microfibrils, c, four elementary microfibrils, and d, five 

elementary microfibrils. Each elementary microfibril is depicted to contain 18 glucan chains 

following the current biochemical evidence90, 91. The number of hydrophobic surface chains (sg), 

hydrophilic surface chains (sf), middle layer internal chains (ia,b), and the deeply embedded core 

chains (ic) are labeled92, 93. The matrix polymers are added to better fit the NMR constraints, but 

major violations still exist for all these models.  
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Figure S7.3 Lignin distributed in the mobile and rigid phases. The top row is the quantitative-

detected DP (orange), mobile molecule detected DP, rigid component detected CP spectra of a, 

eucalyptus, b, poplar, and c, spruce. All the three difference spectra of 13C DP spectra with long 

and short recycle delays showing peaks of the rigid components, are comparable to the 

corresponding CP spectra. Both 2-s DP and CP spectra give well-resolved aromatic peaks, 

indicating dynamically heterogeneous lignin components. The bottom row is DP-PDSD spectra 

(1.7s recycle delay) of d, eucalyptus, e, poplar, and f, spruce. Abundant signals of aromatics and 

linkers are identified, suggesting that these linkers are also revolved at mobile phases of lignin. 
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Figure S7.4 Solution NMR of lignin and polysaccharides in woody stems. 2D 1H-13C HSQC 

spectra showing selected regions of a, mainly lignin signals and b, mainly polysaccharide peaks. 

Arabinose (Ara) is more predominant in spruce than in eucalyptus and poplar. c, Full HSQC 

spectra of the three samples. The 13C and 1H chemical shifts are documented in Table S7.4 and 

supported by a literature surveil compiled in Table S7.5.  
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Figure S7.5 Spectral deconvolution reveals the lignin composition. Deconvolution is conducted 

on 1D quantitative 13C DP spectra collected with long recycle delays of 35-40 s. The 

experimentally measured spectra (black) is overlaid with the simulated spectra (red) for 

eucalyptus, poplar, and spruce. The bottom panels show the deconvoluted peaks. Attributed 

resonances are plotted in blue and uncertain resonances are in purple. Deconvolution is conducted 

using the DMfit software94, using a Lorentzian model on a 92-195 ppm chemical shift window. 

The fitting parameters are summarized in Table S7.6.  
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Figure S7.6 1D 13C cross sections of lignin region reveal the polymer mixing patterns. 

Representative cross sections are obtained from dipolar gated 2D 13C-13C correlation spectra 

(Figure 7.3a) of a, eucalyptus, b, poplar, and c, spruce. For eucalyptus and poplar, the first column 

shows the cross sections from S-lignin units and the second column shows those from G units. All 

the cross sections are normalized by the diagonal peaks (blue asterisks). The more similar the 

spectral pattern between 0.1 s and 1.0 s, the more homogeneous the polymers are mixed on the 

sub-nanometer scale. The spruce cross sections are more equilibrated.  
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Figure S7.7 Comparable spin diffusion rates of biopolymers in three wood samples. a, Aromatics 

regions (top row) and carbohydrates regions (second row) of 0.1s PDSD spectra of three woody 

plants. b, Representative cross peaks for cellulose, xylan, and lignin are obtained from 0.1s PDSD 

spectra, which are normalized by the diagonal peaks (red asterisks). The similar spectral patterns 

among three wood samples indicates the spin diffusion rates of lignin and carbohydrates are 

comparable in all three woody stems. 
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Figure S7.8 13C–1H dipolar order parameters of biopolymers in wood cell walls. a, Dipolar 

dephasing curves of carbohydrates and lignin processed from DIPSHIFT spectra. The spectra were 

collected under 7.5 kHz MAS with a 0.577 scaling factor for C-H bond. b, Summary of C–H 

dipolar order parameters with error bars. Spruce shows a relatively smaller order parameter for 

xylan. c, The first (0 μs dipolar dephasing) and middle (67 μs dipolar dephasing) slices of the 2D 

DIPSHIFT experiment imply how much the spectra are suppressed at a half rotor period. Source 

data are provided as a Source Data file. 
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Figure S7.9 Intermolecular interactions of polymers in woody plants.  Dipolar-gated 2D 13C-13C 

correlation spectra measured with 1.0 s and 100 ms (poplar), 1.0 s and 20 ms (spruce) are overlaid 

for a, poplar and b, spruce. 100 ms (poplar) and 20 ms (spruce) spectra mainly detect the 

intramolecular correlations, and the 1 s spectra show many intermolecular cross peaks. Only the 
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Figure S7.9 (cont’d) 

intermolecular cross peaks are labeled. c, The bar diagrams show the number of interactions 

between different molecules in the woods. The interactions are categorized according to the peak 

intensity. The details of the short-range and long-range cross peaks are summarized in Tables S7.7-

7.10. Source data are provided as a Source Data file.  
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Figure S7.10 NMR restraints of polymer packing in secondary cell walls. Thick lines, thin lines, 

and dash lines are used to represent strong, medium, and weak cross peaks observed in solid-state 

NMR spectra, respectively. Three major types of interactions happen between xylan acetyl and 

lignin (brown), between lignin methyl ether and carbohydrates (orange), and between lignin 

aromatics and carbohydrates (yellow). The details of these cross peaks are tabulated in Tables 

S7.7-7.10. 
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Figure S7.11 DFT structures of lignin-carbohydrate packing. The structure includes the complex 

formed between G (yellow) or S (cyan) unit of lignin and three types of polysaccharides. The 

structures were adapted from an earlier study. 95  
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Figure S7.12 Buildup curves for water-to-polysaccharides/lignin. The water 1H spin diffusion 

curves for cellulose, xylan, and lignin for a, Eucalyptus, b, poplar and c, spruce. Dash lines indicate 

the intensities of 4-ms 1H mixing. Poplar has the slowest spin diffusion from water among the 

three woods, with ~15-20% of the equilibrium intensity detected at 4-ms 1H mixing. Eucalyptus 

and spruce have the fastest spin diffusion with ~45-60% of the equilibrium intensity detected at 4-

ms 1H mixing. d, Water-edited spectra measured with different mixing times. The 4-ms spectrum  
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Figure S7.12 (cont’d) 

detects the hydrated molecules and the 36-ms (eucalyptus and spruce) and 169-ms (poplar) spectra 

report equilibrium intensities. The difference spectrum only shows well-hydrated molecules. 

Source data are provided as a Source Data file. 
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Figure S7.13 Water-edited 2D 13C-13C correlation spectra of polysaccharides. Overlay of water-

edited and equilibrium spectra showing hydration maps with S/S0 values for a, Eucalyptus, b, 

poplar, and c, spruce. The blue dash lines indicate the positions at which the 13C cross sections are 

extracted. The representative 1D 13C cross sections of cellulose (interior: i4; surface: s4) and xylan 

(Xn4 and Xn5) are shown for a, Eucalyptus, b, poplar, and c, spruce. The water-edited spectra and 

the equilibrium spectra are plotted in orange and black, respectively. The 3-fold and 2-fold xylans 

have enhanced intensity in the water-edited spectra, indicating better interactions with water 

molecules. e, Hydration maps of lignin regions with S/S0 values for poplar (top) and spruce 

(bottom). Spruce is well hydrated compared to poplar as it shows higher S/S0 values. The water-

edited intensities are summarized in Tables S7.11-7.13.  
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Figure S7.14 The 13C-T1 relaxation curves of polysaccharides and lignin. The 13C-T1 relaxation 

curves of a, cellulose (interior and surface glucan chains), b, hemicellulose (2-fold and 3-fold 

xylan; mannan), and c, lignin (S and G units) are shown. The left, middle, and right columns are 

for eucalyptus, poplar, and spruce, respectively. The data are fitted using a single exponential 

equation. The fit parameters are summarized in Table S7.14. Source data are provided as a Source 

Data file. 
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Figure S7.15 1H-T1ρ relaxation curves of polysaccharides and lignin in woody plants. The 1H-T1ρ 

relaxation curves of a, polysaccharides and b, lignin data are shown for eucalyptus, poplar, and 

spruce. The data are fitted using a single exponential equation. Xylan shows faster relaxation times 

compared to cellulose. Within lignin, the G residue has faster 1H-T1ρ relaxation than the S unit. 

The fit parameters are summarized in Table S7.15. Source data are provided as a Source Data file.
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Figure S7.16 Effect of freeze-drying and rehydration on hardwood eucalyptus. a, CP (rigid 

components selection), quantitative DP and DP (mobile components selection) normalized to i4 

peak at 89 ppm. Distinct chemical shift intervals for lignin, carbohydrate, and lipid are highlighted. 

b, T2-filtered (water-edited) 1D experiments. Signal maxima observed after 64 ms of spin 

diffusion, in comparison to the previous 36 ms and 26% signal difference in the absence of 

diffusion upon rehydration are consistent with both a sample less prone to deep hydration and a 

slight betterment of its surface water access after freeze-drying. c, Average 13C T1 relaxation 

curves, using an evolution of integrals of spectral regions established in panel (a). d, Average 1H-

T1ρ relaxation using the same two integrated intervals. Error bars are standard deviations of the 

fitting derived parameters. Source data are provided as a Source Data file. All these spectra and 

fitted relaxation parameters are very close for the fresh and rehydrated samples, demonstrating that 

structure and dynamics are not significantly altered by this sample preparation method. Their 

overall consistency with the main text eucalyptus sample also validates experimental 

reproducibility. 
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Figure S7.17 Representative flow chart for resonance assignment. Shading and numbering on the 

left highlight the four main steps, while red coloring denotes essential sub-steps of the protocol 

followed for assigning chemical shifts. 1) Collection of reference chemical shifts for expected 

resolved peaks from solid-state NMR literature and databases. For each carbon site, we report 

associated references in Table S7.19. 2) Acquisition of 2D solid-state NMR spectra. Subsequent 

assignments rely primarily on the resolution provided by the DQ dimension of INADEQUATE 

spectra. 3) Sequential assignment (boxes from right to left), from well-established cellulose and 

xylan conformers to mobile primary cell wall polysaccharides, ending with lignin and its linkages. 

For each polymer, we indicate a well-established site from which assignment can be easily 

initiated, while less resolved sites are either identified via cross-peaks connections or from 

literature reported values. 4) Safeguarding steps taken to provide accountability in the final 

assignments. Particularly for the complex lignin assignment, a good match is demanded with 

solution NMR spectra, as summarized in Tables S7.5 and S7.19. 
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Table S7.1. 13C chemical shifts of rigid polysaccharides and lignin in wood secondary cell walls. The rigid components are identified 

from 13C CP-based INADEQUATE and RFDR spectra. Superscripts are used to denote different allomorphs. Unidentified signals are 

indicated as (-). Not applicable (/) 

 Lignin C1 C2 C3 C4 C5 C6 OMe C7 (α) C8(β) C9(γ) Plant 

G 

guaiacyl 

- 111.1 148.9 144.9 115.9 - 57.0 / / / Eucalyptus 

Ga 130.7 113.4 152.2 145.3 116.3 - 56.7 / / / Spruce 

Gb 133.5 110.5 149.7 146.1 - 120.2 57.0 / / / Spruce 

Gc 134.2 113.5 147.6 144.1 - 119.2 57.0 / / / Spruce 

Gd 136.0 109.5 151.6 142.2 - 121.1 57.0 / / / Spruce 

Ga - 112.1 148.2 144.9 116.1 - 56.6    Poplar 

Gb - 113.8 148.2 144.9 116.1 - 56.6 / / / Poplar 

Sa 

syringyl 

134.9 102.8 153.3 133.5 153.3 102.8 57.0 / / / Eucalyptus 

Sb - 109.7 153.2 137.2 153.2 109.7 57.0 / / / Eucalyptus 

Sa 134.2 104.0 153.1 134.6 153.1 104.0 56.6 / / / Poplar 

Sb 137.1 102.5 152.7 135.8 152.7 102.5 56.6 / / / Poplar 

S’a 

Cα-oxidized syringyl 
134.1 109.2 144.8 136.3 144.8 109.2 56.5 / / / Eucalyptus 

S’b 136.5 112.5 145.5 138.5 145.5 112.5 56.5 / / / Eucalyptus 

A(S) 

β-O-4’ 

/ / / / / / / 72.3 84.5 59.4 Eucalyptus 

A (G) / / / / / / / 72.4 84.3 59.9 Spruce 

A(S) / / / / / / / 72.0 86.3 60.4 Poplar 

B γ-acylated β-β’ 

β-β’ 

/ / / / / / / 84.4 53.5 71.2 Eucalyptus 

B’ / / / / / / /  53.5 74.4 Eucalyptus 

B  / / / / / / /  53.9 70.3 Spruce 

B’ 
 

/ / / / / / / 83.9 52.9 74.1 Spruce 

B / / / / / / / 84.8 52.6 70.5 Poplar 

C’ 
β-5’ 

γ-acylated β-5’ 

/ / / / / / / 90.2 49.9  Spruce 

C’ / / / / / / / 86.7 49.6  Spruce 

C / / / / / / / 88.1 54.2  Spruce 

E  β’-1’ / / / / / / / 81.1 59.6  Eucalyptus 

 / / / / / / / 81.4 60.0  Spruce 
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Table S7.1 (cont’d) 
 / / / / / / / 80.3 59.7  Poplar 

 Carbohydrate C1 C2 C3 C4 C5 C6 AcCO AcMe    

Xn2f 2-fold xylan 104.8 72.2 74.0 82.2 64.0 / 174.0 21.0   
Eucalyptus 

Xn3f 3-fold xylan 102.5 73.4 74.1 77.4 63.3 / 174.0 21.0   

Xn xylan mix - - 74.2 78.5 64.1 / 174.0 21.0   Eucalyptus 

Xn2f 2-fold xylan 104.8 72.1 73.2 82.0 63.9 / 174.0 21.0   Poplar 

Xn3f 3-fold xylan 102.2 73.6 74.2 77.9 64.1 / 174.0 21.0   

Xn2f 2-fold xylan 104.8 72.2 73.3 82.2 63.9 / 174.0 21.0   Spruce 

Xn3f 3-fold xylan 103.5 73.9 74.2 77.8 65.4 / 174.0 21.0   

x xylose in XyG - - 74.1 70.4 62.5 / / /   All samples 

GlcAa GlcA in GAX 101.5 71.3 79.8 69.9 76.6 -     All samples 

GlcAb GlcA in GAX 99.2 69.9 - - - -     All samples 

GlcAc GlcA in GAX 98.5 71.6 80.8 - - -     All samples 

GalA galacturonic acid 100.2 68.1 - 79.6 - -     All samples 

M mannan  101.2 71.3 75.1 - 75.1 62.1     Spruce 

MAc acetylated mannan 101.6 72.1 75.1 80.7 75.1 62.1     Spruce 

A (t-Ara) arabinose 108.1 82.1 - 85.6 62.1 /     Spruce 

ia  

interior cellulose 

104.9 72.1 75.2 88.7 72.3 65.0      

ib 104.9 72.1 75.2 88.7 72.3 65.0     Eucalyptus 

ic 104.9 72.1 74.1 87.9 71.1 65.7      

sf 
surface cellulose 

104.9 72.1 74.6 84.4 74.6 62.3     Eucalyptus 

sg 104.9 72.1 73.6 83.5 73.6 61.4     

ia 

interior cellulose 

104.8 72.1 75.0 88.9 72.4 64.9      

ib 104.8 72.1 75.0 88.9 72.4 64.9     Poplar 

ic 104.8 72.1 74.3 87.9 70.1 65.5      

sf 
surface cellulose 

104.8 72.1 75.7 84.3 75.0 62.3     
Poplar 

sg 104.8 72.1 75.2 83.4 73.7 61.3     

ia  104.8 72.2 75.3 89.0 72.4 65.0      

ib interior cellulose 104.8 72.2 75.3 89.0 72.4 65.0     Spruce 

sf 
surface cellulose 

104.8 72.2 75.1 84.5 75.0 62.1     
Spruce 

sg 104.8 72.2 74.3 84.3 74.3 61.4     
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Table S7.2. 13C chemical shifts of mobile molecules in woods. The mobile components are 

identified from 13C DP-based INADEQUATE spectra measured with short recycle delays of 2 s. 

Superscripts are used to denote different allomorphs. Not applicable (/). Unidentified (-). 

 carbohydrate C1 C2 C3 C4 C5 C6 Plants 

Aa 

arabinose 

107.8 81.8 77.2 84.6 61.8 / All samples 

Ab 107.8 80.1 - - - / All samples 

Ac 109.7 81.8 77.4 82.9 67.6 / All samples 

Ad 106.9 85.3 - - - / Eucalyptus 

Gal galactose 104.9 72.3 - - - - All samples 

α-Glc α-glucose 92.7 - - - - - Spruce 

β-Glc β-glucose 96.6  - - - - Spruce 

x xylose in XyG 100.3 72.3 - 71.9 61.3 / All samples 

ia,b 

cellulose 

- - 75.5 88.9 72.4 64.9 Eucalyptus 

ic - - 75.5 88.9 70.9 65.8 Eucalyptus 

ia,b - - 75.5 88.9 72.4 64.9 Poplar 

ic - - 75.5 88.9 70.9 65.8 Poplar 

sf - - - - 75.0 61.4 All samples 

sg - - - - 73.7 61.2 Eucalyptus 

sg  - - - - 73.7 61.2 Poplar 

 lignin C1 C2 C3 C4 C5 C6 Plants 

Ga 
guaiacyl 

136.3 - 144.1 144.1 - - 

Eucalyptus 
Gb 136.3 - 145.2 145.2 - - 

Sa 
syringyl 

136.7 - 152.9 - 152.9 - 

Sb 135.5 - 151.7 - 151.7 - 

G guaiacyl 130.1 - 147.8 146.4 - - 

Poplar Sa 
syringyl 

- - 152.6 - 152.6 - 

Sb - - 151.9 - 151.9 - 

G 
guaiacyl 

- - 148.9 144.7 - - 
Spruce 

G - - 152.3 - 152.3 - 
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Table S7.3. Molar composition of polysaccharides in wood secondary cell walls. For each 

plant, the composition of cellulose, xylan, mannan, and the primary cell wall component 

xyloglucan (XyG) is given. Cellulose contains interior glucan chains (ia,b: middle layer; ic: 

embedded core chains) and surface glucan chains (sf: hydrophilic surface; sg: hydrophobic 

surface). Xylan contains the backbone (Xn2f: two-fold xylan; Xn3f: three-fold xylan; Xn: mixed 

conformation) and sidechains (GlcA and/or Ara). For Mannan, only the mannose residues (M: 

unacetylated; MAc: acetylated) are resolved, while the actual fraction of mannan should be higher 

than the value reported here due to the presence of Glc residues in the backbone. The sidechain α-

xylose (x) is used to denote xyloglucan.  

Eucalyptus 

Cellulose Xylan Mannan XyG 

74.0% 25.5% - 0.5% 

interior chains surface chains backbone sidechains -  

38.2% 35.8% 16.8% 8.7% -  

ia,b ic sf sg Xn2f Xn Xn3f GlcA Ara M MAc x 

28.3% 9.8% 21.2% 14.6% 10.0% 2.0% 4.9% 8.7% - - - 0.5% 

Poplar 

Cellulose Xylan Mannan XyG 

81.4% 18.0% - 0.6% 

interior chains surface chains backbone sidechains -  

45.0% 36.4% 13.3% 4.8%   

ia,b ic sf sg Xn2f Xn Xn3f GlcA Ara M MAc x 

32.7% 12.3% 21.9% 14.6% 7.9% 1.6% 3.8% 4.8% - - - 0.6% 

Spruce 

Cellulose Xylan Mannan XyG 

75.8% 11.8% 10.5% 1.9% 

interior chains surface chains backbone sidechains   

37.1% 38.7% 10.4% 1.5%   

ia,b ic sf sg Xn2f Xn Xn3f GlcA Ara M MAc x 

28.1% 8.9% 23.6% 15.2% 6.9% - 3.5% 0.5% 1.0% 6.2% 4.3% 1.9% 

 

The area of the following well-resolved peak pairs in CP J-INADEQUATE spectra are used: 

ia,b : the average of i5a,b - i6a,b, i4a,b - i5a,b , and i3a,b - i4a,b. 
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Table S7.3 (cont’d) 

ic : the average of i5c - i6c, i4c - i5c , and i3c - i4c. 

sf : the average of s5f - s6f, s4f - i5/3f. The integration of s4f - i5/3f has been doubled because 2 

peak pairs are included (carbon 4-carbon 5 and carbon 4-carbon 3). 

sg : the average of s5g - s6g, s4g - i5/3g. The integration of s4g - i5/3g has been doubled because 2 

peak pairs are included (carbon 4-carbon 5 and carbon 4-carbon 3). 

Xn2f: the average of Xn42f and Xn52f. 

Xn: the average of Xn4 and Xn5. 

Xn3f: the average of Xn43f and Xn53f. 

GlcA: the average of GlcA1 and GlcA2. The value reported are the sum of GlcAa, GlcAb and 

GlcAc.  

Ara: the average of A1 and A2. 

M: the average of M1 and M2.  

MAc, the average of M1Ac and M2Ac. 

x: the average of x4 and x5. 
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Table S7.4. Solution NMR HSQC 1H and 13C chemical shifts of lignin aromatics and linkages. 

Unidentified or unresolved (-). 

 

  Eucalyptus Poplar Spruce 

  13C 

(ppm) 

1H 

(ppm) 

13C (ppm) 1H 

(ppm) 

13C 

(ppm) 

1H 

(ppm) 

G2 guaiacyl 111.9 6.99 111.6 7.00  111.6 7.0 

G5 guaiacyl 115.5 6.67 115.7 6.78 114.9 6.77 

  & 115.8 & 6.97  & 115.8 & 

6.97 

& 

115.9 

& 

6.93 

G6 guaiacyl 119.9 6.99 119.8 6.83 119.7 6.86 

G’2 oxidized guaiacyl 112.2 7.53 112.4 7.53 112.2 7.51 

G’6 oxidized guaiacyl 124.2 7.16 123.8 7.60 123.6 7.57 

S2/6 syringyl 104.3 6.71 104.6 6.73 - - 

S’2/6 oxidized syringyl 107.3 7.32 107.2 7.24 - - 

   & 7.12  & 

7.09 

  

H2/6  126.9 7.20 128.6 7.22 - - 

Aα 

(G) 

β-O-4’ 71.8 4.65 71.8 4.65 

71.9 4.77 
Aα 

(S) 

β-O-4’ 72.6 4.88 72.6 4.88 

Aβ(G) β-O-4’ 84.5 4.31 84.6 4.31 84.6 4.31 

Aβ(S) β-O-4’ 86.7 4.14 86.7 4.14   

Aγ β-O-4’ 60.5 3.42 - - - - 

   & 3.67     

Bα β-β’ (resinol) 85.8 4.68 84.6 4.76 85.6 4.65 

Bβ β-β’ (resinol) 53.8 3.14 54.3 3.10 53.9 3.14 

Bγ β-β’ (resinol) 71.7 3.88 70.5 3.73 70.3 3.77 

   & 4.20     

Cα β-5’ 

(phenylcoumaran) 

87.7 5.49 87.7 5.49 87.6 5.49 

Cβ β-5’ 

(phenylcoumaran) 

53.8 3.14 54.1 3.49 54.2 3.42 

Cγ β-5’ 

(phenylcoumaran) 

62.7 3.44 - - - - 

   & 3.59     
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Table S7.4 (cont’d) 

Dα 5-5’ 

(dibenzodioxocin) 

83.8 4.90 - - - - 

Dβ 5-5’ 

(dibenzodioxocin) 

85.6 3.91 85.6 3.92 84.9 3.88 

Eα β-1’ (spirodienone) 81.8 5.07 81.9 5.08 83.7 5.02 

Eα’ β-1’ (spirodienone) 86.9 4.41 87.0 4.42 - - 

Eβ β-1’ (spirodienone) 60.4 2.79 60.7 2.80 61.8 2.8 

Eβ’ β-1’ (spirodienone) - - 78.7 4.14 - - 

E2/2’ β-1’ (spirodienone) 114.9 6.24 114.2 6.23 114.3 6.21 

E6/6’ β-1’ (spirodienone) 119.5 6.12 119.2 6.15 119.5 6.11 

Iα cinnamyl alcohol 128.3 6.46 129.0 6.45 129.5 6.48 

Iβ cinnamyl alcohol 129.7 6.25 129.5 6.27 129.1 6.32 

Iγ cinnamyl alcohol 62.4 4.11 62.3 4.12 62.5 4.13 

Jα cinnamaldehyde 154.5 7.65 154.2 7.64 154.4 7.66 

Jβ cinnamaldehyde 126.7 6.81 127.1 6.80 127.4 6.88 

J6 cinnamaldehyde 122.4 7.21 123.9 7.22 124.3 7.20 

PB2/6 p-hydroxybenzoate - - 132.1 7.70 - - 

Stα/β stilbene - - - - 127.1 6.88 
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Table S7.5. Average solution NMR chemical shifts of lignin from literature. The reference 

(Ref.) for each chemical shift is provided. Not detected (-). 

 Eucalyptus Poplar Spruce 

 13C 

(ppm) 

1H 

(ppm) 
Ref. 

13C 

(ppm) 

1H 

(ppm) 
ref 

13C 

(ppm) 

1H 

(ppm) 
ref 

G2 111.3 6.98 89, 96-99 111.1 6.98 88, 100-103 110.3 6.94 104, 105 

G5 115.2 6.72 89, 96-99 115.0 6.80 88, 100-103 115.2 6.85 104, 105 

  6.94 89, 96-99 - - - - - - 

G6 119.3 6.80 89, 96-99 119.1 6.8 88, 100-103 118.9 6.83 104, 105 

G’2 112.4 7.50 98 111.4 7.51 100 - - 98, 100 

G’6 124.0 7.00 98 123.3 7.60 100 - - 100 

S2/6 104.2 6.99 89, 96-99 103.8 6.67 88, 100-103 - - - 

S’2/6 106.5 7.31 89, 96-99 106.1 7.22 88, 100-103 - - - 

H2/6 - - - 127.9 7.19 100 - - - 

Aα(G) 71.6 4.74 89, 96-99 71.5 4.75 101 71.1 4.75 104, 106 

Aα (S) 72.2 4.87 89, 96-99 71.9 4.83 88, 101-103 - - 104, 106 

Aβ(G) 83.9 4.29 89, 96-99 83.7 a 4.29 88, 100, 101 84.0 4.29 104, 106 

Aβ(S) 86.4 4.09 89, 96-99 85.8 4.13 88, 100-103 - - 104, 106 

Aγ 59.8 3.39 96-99 59.9 3.45 100-103 59.9 3.24 104, 106 

  3.69 96-99   100, 101  3.61 104, 106 

Bα 85.2 4.66 89, 96-99 85.0 4.64 88, 100-103 85.0 4.65 104, 106 

Bβ 53.7 3.08 96-99 53.6 3.07 100-103 53.6 3.07 104, 106 

Bγ 71.4 3.82 96-99 70.6 3.81 100, 101 70.9 3.74 104, 106 

Cα 87.1 5.46 89, 96-99 87.0 5.47 88, 100-103 87.0 5.47 104, 106 

Cβ 53.5 3.45 96-99 53.2 3.48 100-102 53.1 3.46 104, 106 

Cγ 62.7 3.67 96-99 62.5 3.74 100, 101 62.8 3.72 104, 106 

Dα 83.6 4.83 96 81.4 4.7 101 83.3 4.84 104, 106 

Dβ 85.9 3.88 96 - - - 85.4 3.88 104, 106 

Eα 81.4 5.09 96, 97 81.2 5.07 100 81.7 5.03 106 

Eα’ 86.6 4.39 96 - - - - - - 

Eβ 60.0 2.74 96, 97 59.7 2.77 100 59.3 2.77 106 

Eβ’ 79.5 4.11 96, 97 79.5 4.12 100 - - - 

E2/2’ 112.4 6.26 96, 97 113.3 6.22 100 - - 96, 97, 100 

E6/6’ 119.1 6.07 96, 97 118.9 6.07 100 - - 96, 97, 100 

Iα - - - 128.4 6.44 100 - - - 

Iβ - - - 128.2 6.25 100 - - - 
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Table S7.5 (cont’d) 

 

Iγ 61.7 4.09 96-98 61.4 4.10 100 61.5 4.08 104, 106 

Jα - - - 153.5 7.60 100 153.7 7.61 104 

Jβ - - - 126.1 6.76 100 126.3 6.77 104 

J6 - - - - - - 123.2 7.22 104 

PB2/6 - - - 131.1 7.66 88, 100-103 - - 104 

Stα/β 126 7.0 99 - - - 128.3 7.12 104 
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Table S7.6. Spectral deconvolution of quantitative 13C spectra for lignin compositional 

analysis. The attributed chemical shifts are labeled. Unidentified (-). 

Eucalyptus 

Chemical Shift [ppm] Amplitude Width [ppm] Integral [%] Attribution 

180.6 117 4.2 2.2 - 

177.9 170 2.6 1.9 - 

173.8 956 3.9 16.2 AcCO 

171.8 211 3.2 3.0 - 

169.4 306 1.5 2.0 - 

168.4 314 0.4 0.5 - 

167.5 385 0.4 0.7 - 

157.3 36 0.1 0.02 - 

152.2 401 3.5 6.2 S3/5 

147.7 171 3.4 2.6 G3 

144.8 550 2.6 6.3 G4/S’3 

138.4 63 2.6 0.7 S’b4 

136.4 341 4.4 6.6 S1/S’a4 

132.2 149 5.5 3.6 - 

129.8 79 0.6 0.2 - 

128.2 128 1.9 1.1 - 

125.0 133 2.0 1.2 - 

119.9 70 3.8 1.2  
114.7 195 6.0 5.2 G5 

109.4 185 4.9 4.0 S’2/6 

107.6 229 0.9 0.9 A1 

104.6 2261 2.6 25.5 i/s/Xn12f 

102.2 75 0.3 0.1 Xn13f 

100.8 444 2.4 4.6 Man1 

98.5 281 1.9 2.4 - 

96.4 209 0.8 0.7 - 

92.6 135 0.8 0.5 - 

Poplar 

Chemical Shift [ppm] Amplitude Width [ppm] Integral [%] Attribution 

181.0 109 6.7 3.1  

173.6 1037 3.2 14.1 AcCO 

171.7 173 1.1 0.8  

152.6 744 3.8 12.2 S3/5 

148.2 217 3.3 3.0 G3 

145.2 151 2.3 1.5 G4 

136.9 165 2.9 2.0 Sb4 

134.2 315 3.8 5.1 Sa4 
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Table S7.6 (cont’d) 

131.2 193 3.9 3.2  

120.0 42 2.4 0.4  

115.5 188 8.4 6.8 G5 

108.9 16 1.9 0.1  

104.7 3650 2.6 40.1 i/s/Xn12f  

102.4 60 0.5 0.1 Xn13f 

100.6 632 2.7 7.2  

96.5 62 0.3 0.1  

Spruce 

Chemical Shift [ppm] Amplitude Width [ppm] Integral [%] Attribution 

183.0 96 3.3 1.2  

181.7 248 1.4 1.3  

178.0 206 2.5 1.9  

174.1 836 3.1 9.5 AcCO 

171.9 224 2.1 1.7  

169.5 36 1.1 0.1  

157.4 375 0.4 0.6  

153.4 323 5.3 6.3  

148.2 466 5.3 9.2 Ga3/4 

145.5 289 3.6 3.8 Gb3/4 

137.1 89 2.8 0.9 Gb1 

134.6 163 2.6 1.6 Gc/d1 

132.1 322 3.8 4.5  

129.9 389 1.2 1.7 Ga1 

128.6 266 1.7 1.7  

125.0 52 7.6 1.4  

120.1 57 2.9 0.6 G6 

114.7 389 14.2 20.6 G2/5 

107.7 623 0.9 2.1 A1 

104.8 2103 2.6 18.4  

101.8 275 1.6 1.6  

100.4 907 1.4 4.6 M1 

98.8 492 1.5 2.8  

96.5 477 0.7 1.2 β-Glc1 

92.6 308 0.7 0.7 α-Glc1 
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Table S7.7. The Intensities of intermolecular cross peaks of eucalyptus. In sum, 98 

intermolecular interactions are identified, including 45 strong, 29 medium, and 24 weak restraints. 

In gated 1-s PDSD spectra, a peak higher than 4% is categorized as a strong restraint (s, in bold), 

between 2% - 4% for medium (m) restraint, and below 2% for weak (w) restraint. All the peaks 

shown in the gated 100-ms PDSD spectrum are categorized as strong restraints.  The intensity is a 

relative ratio of the peak, which is normalized by the integral of the 13C cross-section. 

 Atom1 (ω1) Atom2 (ω2) Gated 100 

ms PDSD 

(%) 

Gated 1s 

PDSD 

(%) 

Type 

cellulose-xylan 

AcCO i4  0.13 w 

AcMe i4  1.40 w 

AcCO s4  0.16 w 

AcMe s4  0.85 w 

cellulose-

lignin 

G3 i4  1.84 w 

G4,S’3/5 i4  0.49 w 

G5 i4  3.29 m 

S1/4a,S’1a i4 2.11 7.81 s 

S/S’4b i4  1.28 w 

S3/5 i4  1.27 w 

OMe i4 0.67 0.99 s 

G3 s4  2.39 m 

G3 s6 0.94 4.05 s 

G4,S’3/5 s4  1.24 w 

G4,S’3/5 s6  3.49 m 

G5 s4  0.83 w 

S1/4a,S’1a s4  2.35 m 

S1/4a,S’1a s6 1.23 5.49 s 

S3/5 s4  1.34 w 

S3/5 s6  4.21 s 

S/S’4b s4  1.24 w 

S/S’4b s6  5.25 s 

OMe s4 0.98 1.77 s 

OMe s6 1.34 3.39 s 

lignin-lignin 

G3 S1/4a,S’1a  3.42 m 

G3 S2/6b  2.41 m 

G3 S3/5  7.00 s 

G3 S/S’4b  3.37 m 

G4,S’3/5 S2/6a  1.34 w 

G4,S’3/5 S2/6b  3.45 m 
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Table S7.7 (cont’d) 

 G4,S’3/5 S3/5  4.75 s 

G5 S1/4a,S’1a 1.36 7.34 s 

G5 S2/6a  3.26 m 

G5 S3/5  5.18 s 

G5 S/S’4b  3.91 m 

S1/4a,S’1a G3  3.87 m 

S3/5 G2  2.40 m 

S3/5 G3  1.88 w 

S3/5 G4,S’3/5  1.88 w 

S3/5 G5  0.48 w 

S3/5 S’1b/4a  3.39 m 

S/S’4b G3  2.58 m 

S/S’4b G5  2.20 m 

 AcCO G4,S’3/5  2.26 m 

xylan-lignin 

AcCO G5  0.47 w 

AcCO S1/4a,S’1a  1.83 w 

AcCO S3/5  2.01 m 

AcCO OMe  4.61 s 

G3 AcCO  3.85 m 

G4,S’3/5 AcCO 3.12 8.98 s 

G5 AcCO  6.87 s 

S1/4a,S’1a AcCO 2.36 9.32 s 

S3/5 AcCO  3.58 m 

S/S’4b AcCO 2.65 8.08 s 

OMe AcCO  6.01 s 

AcMe G4,S’3/5  1.56 w 

AcMe S3/5  2.33 m 

AcMe S/S’4b  1.95 w 

AcMe OMe  2.85 m 

G3 AcMe  5.12 s 

G4,S’3/5 AcMe 0.99 6.31 s 

G5 AcMe 1.19 6.94 s 

S1/4a,S’1a AcMe  4.26 s 

S3/5 AcMe  3.60 m 

S/S’4b AcMe  4.27 s 

OMe AcMe  4.34 s 

G3 Xn42f  3.34 m 

G3 Xn52f, 3f  3.34 m 

G4,S’3/5 Xn42f  1.59 w 

G4,S’3/5 Xn43f  1.19 w 

G4,S’3/5 Xn52f, 3f 1.68 5.03 s 

G5 Xn42f  2.11 m 

G5 Xn43f  2.81 m 

G5 Xn52f, 3f  1.33 w 
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Table S7.7 (cont’d) 

 S1/4a,S’1a Xn42f  5.29 s 

S1/4a,S’1a Xn43f 0.64 2.71 s 

S1/4a,S’1a Xn52f, 3f  5.64 s 

S3/5 Xn42f  3.42 m 

S3/5 Xn52f, 3f  4.92 s 

S/S’4b Xn42f  2.86 m 

S/S’4b Xn43f  4.07 s 

S/S’4b Xn52f, 3f  4.15 s 

OMe Xn42f 0.96 3.66 s 

OMe Xn43f 1.34 1.55 s 

OMe Xn52f, 3f 1.67 3.85 s 

mixed sugar-

lignin 

G3 i/s/Xn12f 2.61 6.08 s 

G3 Xn2/33f,Xn32f,i2/5,s2/3 4.36 23.70 s 

G4,S’3/5 i/s/Xn12f  1.23 w 

G4,S’3/5 Xn2/33f,Xn32f,i2/5,s2/3 3.96 18.03 s 

G5 i/s/Xn12f  5.84 s 

G5 Xn2/33f,Xn32f,i2/5,s2/3 7.36 22.50 s 

S1/4a,S’1a i/s/Xn12f 2.71 8.47 s 

S3/5 i/s/Xn12f 2.62 7.68 s 

S3/5 Xn2/33f,Xn32f,i2/5,s2/3  26.12 s 

S/S’4b i/s/Xn12f  2.22 m 

S/S’4b Xn2/33f,Xn32f,i2/5,s2/3  17.08 s 

OMe i/s/Xn12f  8.71 s 

OMe Xn2/33f,Xn32f,i2/5,s2/3  14.56 s 
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Table S7.8. The Intensities of intermolecular cross peaks of poplar wood. In sum, 80 

intermolecular interactions are identified, including 22 strong, 33 medium, and 25 weak restraints. 

In gated 1-s PDSD spectra, a peak higher than 4% is categorized as a strong restraint (s, in bold), 

between 2% - 4% for medium (m) restraint, and below 2% for weak (w) restraint. All the peaks 

shown in the gated 100-ms PDSD spectrum are categorized as strong restraints.  The intensity is a 

relative ratio of the peak, which is normalized by the integral of the 13C cross-section. 

 

 Atom1 (ꞷ1) Atom2 (ꞷ2) Gated 100 

ms PDSD 

(%) 

Gated 1s 

PDSD 

(%) 

Type 

cellulose-xylan 

AcMe i4  2.16 m 

AcCO s4  3.37 m 

AcMe s4  1.76 w 

AcMe s6  2.13 m 

cellulose-lignin 

G4 i4  1.80 w 

S1a i4  2.36 m 

S1b i4  2.51 m 

S3/5 i4  1.11 w 

OMe i4  0.90 w 

S1a s4  1.78 w 

S1a s6  4.26 s 

S1b s4  1.55 w 

S1b s6  5.32 s 

S3/5 s4  3.21 m 

S3/5 s6  6.04 s 

G4 s4  2.52 m 

G4 s6  4.01 s 

OMe s4  1.89 w 

OMe s6  3.07 m 

lignin-lignin 

S1a G2a  2.15 m 

S1a G3  2.88 m 

S1a G4  1.98 w 

S1a G5  2.62 m 

S1b G2a  1.86 w 

S1b G2b  1.27 w 

S1b G3  1.85 w 

S1b G4  1.81 w 

S1b G5  1.31 w 

G4 S1a  4.36 s 
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Table S7.8 (cont’d) 

 G4 S1b  1.67 w 

G4 S2/6a  3.67 m 

G4 S3/5 2.97 9.76 s 

S3/5 G3  2.48 m 

S3/5 G4  1.13 w 

S3/5 G5  2.20 m 

xylan-lignin 

AcCO G2a  2.02 m 

AcCO G3  1.28 w 

AcCO G4  1.12 w 

AcCO G5  1.38 w 

AcCO S1a  1.37 w 

AcCO S1b  0.57 w 

AcCO S2/6b  2.44 m 

AcCO S3/5  2.71 m 

AcCO OMe  5.09 s 

G4 AcCO  3.91 m 

S1a AcCO  2.48 m 

S1b AcCO  6.49 s 

S3/5 AcCO  4.58 s 

OMe AcCO  6.99 s 

AcMe G2b  0.80 w 

AcMe G4  0.65 w 

AcMe S1b  0.51 w 

AcMe S2/6b  4.91 s 

AcMe S3/5  3.08 m 

AcMe S4  1.39 w 

AcMe OMe  3.48 m 

G4 AcMe  3.48 m 

S1a AcMe  3.81 m 

S1b AcMe  5.00 s 

S3/5 AcMe 1.44 2.87 s 

OMe AcMe 1.62 3.91 s 

G4 Xn42f  2.37 m 

G4 Xn43f  3.93 m 

G4 Xn52f, 3f  2.55 m 

S1a Xn42f  2.43 m 

S1a Xn43f  3.97 m 

S1a Xn52f, 3f 1.17 3.58 s 

S1b Xn42f  1.72 w 

S1b Xn43f  2.28 m 

S1b Xn52f, 3f  5.16 s 

S3/5 Xn42f  2.15 m 

S3/5 Xn43f  3.36 m 

S3/5 Xn52f, 3f  4.66 s 
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Table S7.8 (cont’d) 

 OMe Xn42f 1.88 3.29 s 

OMe Xn43f 1.56 2.53 s 

OMe Xn52f, 3f 2.09 4.13 s 

mixed sugar-

lignin 

G4 i/s/Xn12f  2.33 m 

S1a i/s/Xn12f  2.92 m 

S3/5 i/s/Xn12f 2.47 5.04 s 

OMe i/s/Xn12f 1.95 11.46 s 
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Table S7.9. The Intensities of intermolecular cross peaks of poplar spruce. In sum, 94 

intermolecular interactions are identified, including 51 strong, 9 medium, and 34 weak restraints. 

In gated 1-s PDSD spectra, a peak higher than 4% is categorized as a strong restraint (s, in bold), 

between 2% - 4% for medium (m) restraint, and below 2% for weak (w) restraint. All the peaks 

shown in the gated 100-ms PDSD spectrum are categorized as strong restraints.  The intensity is a 

relative ratio of the peak, which is normalized by the integral of the 13C cross-section. 

 Atom1 (ꞷ1) Atom2 (ꞷ2) Gated 100 

ms PDSD 

(%) 

Gated 1s 

PDSD 

(%) 

Type 

cellulose-xylan 

AcCO i4  0.66 w 

AcCO i6  3.06 m 

AcMe i4  1.38 w 

AcMe i6  2.08 m 

AcCO s4 0.96 3.08 s 

AcCO s6 2.06 13.45 s 

AcMe s4 1.21 3.92 s 

AcMe s6 2.23 9.84 s 

cellulose-

lignin 

G1a i4 1.12 2.50 s 

G1a i6 0.69 2.26 s 

G1b,c i4 0.36 1.10 s 

G1d i4 0.68 1.52 s 

G3a i4 1.03 2.93 s 

G3a i6 0.78 1.29 s 

G3c i4  1.47 w 

G4a,b,c i4 2.66 4.48 s 

OMe i4 3.98 9.61 s 

G1a s4  2.20 m 

G1a s6 2.36 5.98 s 

G1b,c s4 1.22 2.39 s 

G1b,c s6 2.94 8.96 s 

G1d s4  1.82 w 

G3a s4  1.44 w 

G3a s6 2.36 5.05 s 

G3c s4 1.07 2.21 s 

G3c s6 1.98 8.07 s 

G4a,b,c s4 1.17 3.57 s 

G4a,b,c s6 2.32 6.63 s 

OMe s4 3.63 9.99 s 

OMe s6 4.01 23.53 s 
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Table S7.9 (cont’d) 

xylan-lignin 

AcCO G1a  0.73 w 

AcCO G1b,c  0.67 w 

AcCO G1d  0.93 w 

AcCO G2a,c  1.98 w 

AcCO G2d  1.95 w 

AcCO G3a 1.06 4.90 s 

AcCO G3b  0.11 w 

AcCO G3c  2.61 m 

AcCO G3d  0.24 w 

AcCO G4a,b,c  3.22 m 

AcCO G6c  1.57 w 

AcCO OMe 2.59 7.82 s 

G1a AcCO 2.36 6.31 s 

G1b,c AcCO 1.29 3.06 s 

G1d AcCO  1.92 w 

G3a AcCO 2.22 5.09 s 

G3c AcCO 1.03 2.09 s 

G4a,b,c AcCO 0.69 1.55 s 

OMe AcCO 1.19 3.49 s 

AcMe G1a  1.33 w 

AcMe G1b,c  0.30 w 

AcMe G2a,c  1.65 w 

AcMe G3a  2.26 m 

AcMe G3c  3.00 m 

AcMe G3d  0.67 w 

AcMe G4a,b,c  1.66 w 

AcMe G4d  1.67 w 

AcMe G6c  1.64 w 

AcMe OMe 1.49 5.37 s 

G1a AcMe  3.40 m 

G1b,c AcMe  1.36 w 

G1d AcMe  1.20 w 

G3a AcMe  0.41 w 

G3c AcMe  0.72 w 

G4a,b,c AcMe  1.59 w 

OMe AcMe 1.20 2.29 s 

G1a Xn42f 0.86 3.88 s 

G1a Xn43f  1.13 w 

G1b,c Xn42f 0.98 2.75 s 

G1b,c Xn43f 1.12 2.27 s 

G1d Xn42f 1.21 2.09 s 

G1d Xn43f 1.51 3.06 s 

G1d Xn52f, 3f 2.67 6.47 s 

G3a Xn42f 1.36 2.82 s 
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Table S7.9 (cont’d) 

 G3a Xn43f 1.54 4.14 s 

G3a Xn52f, 3f 1.11 2.46 s 

G3c Xn42f 2.01 4.43 s 

G3c Xn43f  1.94 w 

G4a,b,c Xn42f 1.86 4.48 s 

G4a,b,c Xn43f 0.87 2.48 s 

G4a,b,c Xn52f, 3f 0.99 2.79 s 

OMe Xn42f 4.69 13.7 s 

OMe Xn43f 3.96 9.92 s 

mannan-lignin 
G3c Man1  1.19 w 

OMe Man1  2.59 m 

mannan-xylan AcCO Man1 1.32 2.04 s 

mixed sugar-

lignin 

G1a i/s/Xn12f  0.94 w 

G1b,c i/s/Xn12f  0.60 w 

G1d i/s/Xn12f  0.58 w 

G3a i/s/Xn12f  1.53 w 

G3c i/s/Xn12f  1.43 w 

G4a,b,c i/s/Xn12f 0.66 1.53 s 

OMe i/s/Xn12f 2.61 5.99 s 

OMe Xn2/33f,Xn32f,i2/5,s2/3 3.39 15.46 s 
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Table S7.10. Intermolecular interactions of polymers in intact plant stems. In the summary of 

intermolecular cross-peaks between different polymers of the secondary cell wall of woods, a total 

of 272 cross-peaks have been identified and categorized as 112 strong, 75 medium, and 85 weak 

interactions.   

 Interactions s m w Total 

Eucalyptus 

cellulose-xylan 0 0 4 4 

cellulose-lignin 8 4 8 20 

lignin-lignin 4 11 4 19 

xylan-lignin 22 13 7 42 

mixed sugar-

lignin 

11 1 1 13 

Poplar 

cellulose-xylan 0 3 1 4 

cellulose-lignin 4 5 6 15 

lignin-lignin 2 6 8 16 

xylan-lignin 14 17 10 41 

mixed sugar-

lignin 

2 2 0 4 

Spruce 

cellulose-xylan 4 2 2 8 

cellulose-lignin 18 1 3 22 

lignin-lignin 0 0 0 0 

xylan-lignin 25 5 23 53 

Mannan-lignin 0 1 1 2 

Mannan-xylan 1 0 0 1 

mixed sugar-

lignin 

3 0 5 8 

Total  112 75 85 272 
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Table S7.11. Water-edited intensities of polysaccharide and lignin of Eucalyptus. The 

intensity ratio is obtained by comparing the water-edited and control 2D 13C-13C correlation 

spectra. Standard deviations of NMR signal-to-noise ratios are used as error bars. The numbers 

(bold) in parentheses indicate the average intensities under each type of the polysaccharide or 

lignin. 

Type cross peaks Intensity 

interior cellulose 

(0.24) 

 

i4-1 0.44±0.03 

i4-3a 042±0.05 

i4-3b,c 0.42±0.03 

i4-2/5 0.42±0.09 

i4-6 0.40±0.07 

i6-1 0.48±0.19 

i6-4 0.4±0.2 

i6-3a,b 0.5±0.1 

i6-3c 0.5±0.1 

i6-2/5,2 0.5±0.1 

surface cellulose 

(0.36) 

s4-1 0.55±0.09 

s4-3/5 0.6±0.1 

s4-2 0.6±0.1 

s4-6 0.5±0.1 

xylan2f 

(0.31) 

Xn2f4-1 0.52±0.09 

Xn2f4-3 0.55±0.08 

Xn2f4-5 0.47±0.09 

Xn2f4-2 0.7±0.2 

xylan3f 

(0.44) 

Xn3f2/3-1 0.7±0.2 

Xn3f2/3-4 0.6±0.2 

Xn3f2/3-5 0.6±0.2 

Xn3f5-1 0.5±0.1 

Xn3f5-4 0.5±0.1 

 

S3/5-S1b 0.50±0.08 

S3/5-S1a 0.48±0.03 

S3/5-S2/6a 0.61±0.04 

 

S3/5-S2/6b 0.49±0.09 

S3/5-OMe 0.53±0.08 

S’3/5-4 0.61±0.09 

S’3/5-2, G4-2 0.5±0.1 

lignin S’3/5-OMe, G4-OMe 0.5±0.1 

(0.51) S4-S3/5 0.46±0.09 

 S4-S2/6 0.44±0.08 

 S4-S1 0.47±0.08 

 S4-OMe 0.51±0.09 
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Table S7.11 (cont’d) 
 S2/6-S3/5 0.6±0.2 

 S2/6-S1 0.5±0.2 

 S2/6-S4 0.5±0.1 

 S2/6-OMe 0.51±0.09 

 OMe-S3/5 0.42±0.06 

 OMe-G3 0.43±0.07 

lignin OMe OMe-S1 0.40±0.09 

(0.42) OMe-S4 0.5±0.1 

 OMe-S2/6 0.4±0.1 
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Table S7.12. Water-edited intensities of polymers in poplar. The intensity ratio is obtained by 

comparing the water-edited and control 2D 13C-13C correlation spectra. Standard deviations of 

NMR signal-to-noise ratios are used as error bars. The numbers (bold) in parentheses indicate the 

average intensities under each type of the polysaccharide or lignin. 

 

Type cross peaks Absolute Intensity 

interior cellulose 

(0.11) 

 

i4-1 0.11±0.04 

i4-3a 0.09±0.07 

i4-3b,c 0.09±0.07 

i4-2/5 0.10±0.08 

i6-1 0.12±0.05 

i6-4 0.12±0.03 

i6-3a,b 0.11±0.03 

i6-3c 0.11±0.04 

i6-2/5 0.11±0.02 

surface cellulose 

(0.11) 

 

s4-1 0.12±0.06 

s4-3/5 0.10±0.04 

s4-2 0.11±0.04 

s4-6 0.11±0.03 

xylan2f 

(0.30) 
 

 

Xn42f-1 0.36±0.06 

Xn42f-3 0.42±0.06 

Xn42f-2 0.20±0.05 

Xn42f-5 0.21±0.06 

xylan3f 

(0.25) 
 

Xn3f2/3-1 0.23±0.05 

Xn3f2/3-4 0.39±0.09 

Xn3f2/3-5 0.15±0.03 

Xn3f5-1 0.31±0.07 

Xn3f5-4 0.18±0.09 

 G5-3 0.14±0.04 

 G5-1 0.14±0.03 

 G5-OMe 0.18±0.02 

guaiacyl (0.19) G2-3 0.28±0.06 

 G2-1 0.16±0.05 

 G2-6 0.21±0.04 

 G2-OMe 0.21±0.03 

 S3/5-1b 0.16±0.09 

 S3/5-1a 0.21±0.06 

 S3/5-2/6 0.15±0.04 

 S3/5-OMe 0.14±0.05 

syringyl S1b-S3/5 0.14±0.07 

(0.16) S1b-S2/6 0.20±0.06 

 S1b-OMe 0.15±0.06 
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Table S7.12 (cont’d) 
 S1a-S3/5 0.13±0.03 

 S1a-OMe 0.11±0.03 

 S2/6-S3/5 0.17±0.04 

 S2/6-S1b 0.20±0.06 

 S2/6-OMe 0.11±0.03 

 OMe-S3/5 0.13±0.04 

 OMe-G3 0.14±0.03 

syringyl/guaicyl OMe OMe-S1 0.14±0.04 

(0.14) OMe-G5 0.15±0.05 

 OMe-S2/6 0.15±0.03 
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Table S7.13. Water-edited intensities of polysaccharides and lignin of spruce. The intensity 

ratio is obtained by comparing the water-edited and control 2D 13C-13C correlation spectra. 

Standard deviations of NMR signal-to-noise ratios are used as error bars. The numbers (bold) in 

parentheses indicate the average intensities under each type of the polysaccharide or lignin. 

 

Type cross peaks Absolute Intensity 

interior cellulose 

(0.38) 

i4-1 0.44±0.02 

i4-3a 0.37±0.04 

i4-3b,c 0.37±0.03 

i4-2/5 0.39±0.03 

i6-1 0.42±0.07 

i6-4 0.4±0.1 

i6-3 0.32±0.05 

i6-2/5,2 0.4±0.1 

surface cellulose 

(0.43) 

s4-1 0.5±0.1 

s4-2/5 0.44±0.03 

s4-3 0.4±0.2 

s4-6 0.46±0.03 

xylan2f 

(0.57) 

Xn2f4-1 0.7±0.1 

Xn2f4-3 0.43±0.04 

Xn2f4-5 0.57±0.04 

Xn2f4-1 0.67±0.05 

Xn2f4-2 0.56±0.06 

xylan 3f 

(0.40) 

Xn3f2/3-1 0.4±0.1 

Xn3f2/3-4 0.32±0.07 

Xn3f2/3-5 0.4±0.1 

Xn3f5-4 0.44±0.05 

 Xn3f5-1 0.48±0.04 

mannan (0.76) 
Man1-4 0.86±0.06 

Man1-5 0.63±0.06 

 Man1-6 0.79±0.05 

guaiacyl  

(0.47) 

G3-1 0.4±0.1 

G3-2 0.47±0.04 

G3-OMe 0.52±0.09 

G1-3 0.5±0.1 
 G6-3 0.40±0.06 

 
G6-OMe 0.35±0.03 

G2-3b,c 0.51±0.06 

 G2-3a 0.65±0.05 

 G2-OMe 0.54±0.15 

guaiacyl OMe OMe-G1 0.40±0.06 

        (0.42) OMe-G2 0.42±0.07 
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Table S7.14. 13C-T1 relaxation times of lignin and polysaccharides in the three woods. The data are fit using single exponential 

equations 𝐼 (𝑡) = 1 − 2𝑒−𝑡/𝑇for T1, DP (inversion recovery) and 𝐼 (𝑡) = 𝑒−𝑡/𝑇 for T1, CP (Torchia CP). Standard deviations of the 

fitting parameters are used as error bars. Unidentified (-). 

 

 

 

 Eucalyptus Poplar  Spruce  

 
Atom 

(ppm) 

T1,  

CP (s) 

Atom  

(ppm) 

T1,  

DP (s) 

Atom  

(ppm) 

T1, 
CP (s) 

Atom 

(ppm) 

T1, 

 DP (s) 

Atom  

(ppm) 

T1,  

CP (s) 

Atom 

 (ppm) 

T1,  

DP (s) 

AcCO 174 2.1±0.1 174 1.6±0.2 174 2.83±0.05 174 2.4±0.2 174 1.4±0.2 174 1.3±0.1 

S3/5 - - 153 3.1±0.5 - - 153 1.3±0.1 - - - - 

G3 148 4.6±0.2 - - 148 4.2±0.2 - - 148 3.7±0.1 148 - 

G4/ S’3/5 145 4.7±0.3 145 1.8±0.2 145 4.1±0.1 145 2.4±0.2 145 3.6±0.1 145 2.4±0.2 

S1 136 4.5±0.2 136 2.2±0.3 - - 136 2.7±0.2 - - - - 

S4 134.5 4.7±0.3 134.5 1.9±0.3 134.5 4.2±0.1 134.5 2.7±0.2 -  -  

G1 - - - - - - - - 130.8 2.9±0.1 130.8 0.9±0.1 

G6 - - - - - - - - 120.5 3.3±0.1 120.5 2.6±0.3 

OMe 57 4.6±0.3 57 2.5±0.2 57 4.4±0.3 56.5 2.8±0.2 57 3.4±0.3 57 2.1±0.2 

i/s/Xn2f1 105 4.1±0.1 105 2.3±0.7 105 4.1±0.1 105 3.7±0.2 105 3.45±0.04 105 3.2±0.2 

i4 89 4.8±0.2 89 4.4±0.2 89 4.8±0.2 89 4.3±0.2 89 3.97±0.06 89 3.9±0.2 

s4 84 3.9±0.1 84 2.3±0.3 84 3.7±0.2 84 3.1±0.2 84 3.12±0.09 84 1.5±0.2 

i6 65 3.7±0.3 65 2.9±0.3 65 3.6±0.3 65 3.4±0.3 65 3.0±0.2 65 2.4±0.3 

s6 62 2.7±0.3 61 - 62 2.7±0.3 - - 62 2.0±0.2 - - 

Xn3f1 102.5 3.4±0.2 102.5 2.1±0.3 102.5 3.4±0.2 102.5 2.2±0.2 102.5 2.7±0.1 102.5 1.7±0.2 

Man - - - - - - - - 100.2 2.3±0.1 100 0.8±0.1 

Xn2f4 82 3.7±0.2 82 1.4±0.2 82 3.7±0.2 82 2.1±0.4 81.8 2.8±0.1 82 1.1±0.2 

Xn3f4 78 3.6±0.2 78 1.2±0.2 78 3.6±0.2 78 1.4±0.3 78 2.5±0.1 78 0.8±0.1 

Xn2f/3fAcMe 21.5 3.9±0.1 21.5 2.2±0.2 21.5 4.7±0.2 21.5 1.5±0.1 21.5 2.1±0.2 21.5 1.1±0.1 
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Table S7.15.  1H-T1ρ relaxation times of lignin and polysaccharides in three samples. The data 

are fit using a single exponential equation:  𝐼 (𝑡) = 𝑒−𝑡/𝑇 . Standard deviations of the fitting 

parameters are used as error bars. Unidentified (-). 

 

 

 Eucalyptus Spruce  Poplar  

 Atom 

(ppm) 

T1 (ms) Atom 

(ppm) 

T1 (ms) Atom 

(ppm) 

T1 (ms) 

S3/5 153.9 16.8±0.8 - - 153.2 19.5±0.6 

G1a - - 131 8.3±0.6 - - 

G1b/c - - 134 11.6±0.5 - - 

G1d - - 136 10.1±0.7 - - 

G3a 148.1 10±1 152.2 13±1 148.1 14±1 

G3c - - 147.6 12.8±0.9 - - 

S’3/5/G4 145.6 11.4±0.8 - - 145.0 13.8±0.9 

S4 135.9 12±1 - 8.0±0.5 - - 

G1 - - 134.2 8.9±0.7 - - 

S’b4 130.1 11.1±0.7 - - - - 

G6 - - 119.0 8.8±0.6 - - 

G5 115.3 8.0±0.7 116.3 8.2±0.7 116.2 9.1±0.8 

G2 - - 113.5 8.3±0.6 - - 

S’1 110.9 10.1±0.9 - - - - 

OMe 57 14.2±0.7 57 12.5±0.7 57 15.1±0.8 

i/s/Xn12f 105.0 28.1±0.9 105.0 29±2 105.0 36±2 

i4 89.0 35±1 89.0 35±1 89.0 43±2 

s4 84.2 22 ±1 84.1 20±1 84.5 28±2 

i6 65.0 26±2 65.0 26±2 64.8 32±2 

s6 61.5 16±1 61.5 15±1 61.5 19±1 

Xn13f 102.5 12.8±0.9 102.3 12±1 102.4 13.0±0.8 

Man1 - - 101 10.4±0.9 - - 

Xn42f 82.0 14.6±0.9 82.0 13.7±0.9 81.8 17±1 

Xn43f 78.1 11.5±0.9 78.0 10.2±0.9 78.0 12±1 

Xn2f,3fAcMe 21.0 17.6±0.6 21.0 13±1 21.5 19.5±0.5 
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Table S7.16. Parameters of 1D solid-state NMR experiments measured on the three wood samples. Recycle delay (d1); number of scans 

(NS); number of points of time domain for the direct (td2) and indirect (td1) dimensions; the acquisition time of the direct dimension 

(aq2); the evolution time of indirect dimension (aq1); excitation frequency for proton (ν1H) and carbon (ν13C) channels.  

 CP DP 
Quantitative 

DP 

13C-T1 

Torchia 

13C-T1 

Inversion-

recovery 

1H-T1ρ 
1D Water-

edited 

Field (T) 14.1 14.1 14.1 9.4 9.4 9.4 9.4 

Temp. (K) 294 294 294 300 300 300 278 

MAS (kHz) 14 14 14 10 10 10 10 

d1(s) 1.7 2 35/40a 2 30 2 1.8 

NS 128 128 64 256 128 256/128/64b 512 

td2 2048 2800 2800 1600 1600 1400 1400 

aq2 (ms) 14 19.6 19.6 16 16 14 14 

ν1H (kHz) 83.3 - - 62.5 - 62.5 83.3 

ν13C (kHz) 62.5 62.5 62.5 62.5 62.5 - 62.5 

CP (1H/13C) 

(kHz) 
62.5 - - 62.5 - 51c 62.5 

CP contact time 

(ms) 
1 - - 1 - 1.0 1.0 

1H decoupling 

(kHz) 
83.3 83.3 83.3 62.5 83.3 62.5 83.3 

Processing 
GM 

(-7, 0.07) 

GM 

(-7, 0.07) 

GM 

(-7, 0.07) 

GM 

(-7, 0.07) 

GM 

(-7, 0.07) 

GM 

(-5, 0.1) 

GM 

(-5, 0.1) 

aRecycle delays are 40s (for eucalyptus) and 35s (for the other two). bTo protect the probe during longer LG-SL time (14 ms and 19 ms), 

smaller NSs are used (128/64). cFor 1H-T1ρ, 51 kHz for CP matching means w1eff  is 62.5 kHz during LG-SL and LG-CP.  
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Table S7.17. Parameters of 2D NMR experiments measured on the three wood samples. Recycle delay (d1); number of scans (NS); 

number of points of time domain for the direct (td2) and indirect (td1) dimensions; the acquisition time of the direct dimension (aq2); 

the evolution time of indirect dimension (aq1); excitation frequency for proton (ν1H) and carbon (ν13C) channels.  

 CP-INADQ 
DP-

INADQ 
RFDR 

Dipolar-

gated 

PDSD  

2D 

Water-

edited 

DARR DIPSHIFT 
DP-

PDSD 
HSQC 

Field (T) 14.1 14.1 9.4 14.1 9.4 9.4 9.4 9.4 11.8 

Temp. (K) 294 294 298 294 278 278 298 298 - 

MAS (kHz) 14 14 10 14 10 10 7.5 12 - 

d1(s) 1.6 1.6 2.0 1.48 1.65 1.65 2.0 1.7 1 

NS 32 16 128 160 
128/256 

a 
128 128 192 224 

td2 1400 1800 1600 1400 1400 1400 1600 1600 2048 

td1 340 112 280 180 152 152 13 200 256 

aq2 (ms) 14 18 16 14 14 14 16 16 12.78 

aq1 (ms) 4.5 4.5 7.00 3.42 4.94 4.94 0.14 4.20 3.91 

ν1H (kHz) 83.3 - 71.4 83.3 83.3 83.3 83.3 - 31.3 

ν13C (kHz) 62.5 62.5 62.5 62.5 62.5 62.5 62.5 62.5 20.8 

CP (1H/13C) 

(kHz) 
62.5 - 62.5 62.5 62.5 62.5 62.5 - - 

CP contact 

time (ms) 
1 - 1 1 1 1 1 - - 

1H 

decoupling 

(kHz) 

83.3 83.3 71.4 83.3 83.3 83.3 83.3 83.3 31.3 

Mixing time 

(ms) - - 1.6 
20/100/1

000 b 
50 50 - 100 0.86c 
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Table S7.17 (cont’d) 

Processing 
QSINE 

(ssb:2.8) 

QSINE 

(ssb:3) 

GM 

(-10, 

0.05) 

QSINE 

(ssb:4)e 

GM 

(-15, 

0.04) 

QSINE 

(ssb:3)e 

GM 

(-15, 

0.04) 

QSINE 

(ssb:4.5)
e 

GM 

(-30, 

0.03) 

QSINE 

(ssb:4.5)
e 

 

GM 

(-5, 0.1) 

GM 

(-30, 

0.03) 

QSINE 

(ssb:4)e 

 

QSINC 

(ssb:3.5) 

QSINE 

(ssb:3.5)d 

a 128 NS for control one and 256 NS for 4ms-SD water edited one. b 1000ms/100ms for long and short mixing time and spruce also has 

20-ms mixing time spectrum.  c 1/(8JCH). d Along direct and indirect dimensions respectively. For the later forward linear prediction is 

applied with 32 coefficients. e GM for lignin region and QSINE for carbohydrate region.   
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Table S7.18. Parameters of ssNMR experiments measured for never-dried spruce and eucalyptus samples. The same experiments with 

same parameters were measured again for both two wood samples after lyophilization and rehydration. Never-dried spruce was involved 

in all 1D and 2D experiments, and never-dried eucalyptus was only involved in 1D experiments. Recycle delay (d1); number of scans 

(NS); number of points of time domain for the direct (td2) and indirect (td1) dimensions; the acquisition time of the direct dimension 

(aq2); the evolution time of indirect dimension (aq1); excitation frequency for proton (ν1H) and carbon (ν13C) channels.  

 CP DP 
Quantitative 

DP 

13C-T1 

Torchia 
1H-T1ρ 

1D 

Water-

edited 

2D Water-

edited 

CP-

INADQ 

DP-

INADQ 

53-ms 

CORD 

Field (T) 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 

Temp. (K) 298 298 298 298 298 280 280 298 298 298 

MAS 

(kHz) 
10 10 10 10 10 10 10 10 10 10 

d1(s) 2 2 35 2 2 2 1.7 1.8 2 2 

NS 1k 1k 512 512 512/256/128a 1k/512 96 192 192 128 

td2 1600 1600 1600 1600 1600 1400 1600 1400 1600 1600 

td1 1 1 1 1 1 1 166 90 90 166 

aq2 (ms) 16 16 16 16 16 14 16 14 16 16 

aq1 (ms) - - - - - - 4.15 5.31 5.31 4.15 

ν1H (kHz) 83.3 - - 83.3 62.5 83.3 83.3 83.3 - 83.3 

ν13C (kHz) 62.5 62.5 62.5 62.5 - 62.5 62.5 62.5 62.5 62.5 

CP match 

(1H/13C) 

(kHz) 

62.5 - - 62.5 51b 62.5 62.5 62.5 - 62.5 

CP contact 

time (ms) 
1.0 - - 1.0 1.0 1.0 1.0 1.0 - 1.0 

 

 



263 
 

Table S7.18 (cont’d) 
1H 

decoupling 

(kHz) 

83.3 83.3 83.3 83.3 62.5 83.3 83.3 83.3 83.3 83.3 

Processing 

GM 

(-5, 

0.1) 

GM 

(-10, 

0.05) 

GM 

(-10, 0.05) 

GM 

(-5, 

0.1) 

GM 

(-5, 0.1) 

GM 

(-5, 0.1) 

GM 

(-20, 0.04) 

QSINE 

(ssb:4)c 

 

QSINE 

(ssb:4) 

 

QSINE 

(ssb:4) 

 

GM 

(-30, 

0.03) 

 

a To protect the probe during longer LG-SL time (14 ms and 19 ms), smaller NSs are used (256/128). b For 1H-T1ρ, 51 kHz for CP 

matching means w1eff  is 62.5 kHz during LG-SL and LG-CP. c GM for lignin region and QSINE for carbohydrate region. 
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Table S7.19. Comparison of 13C chemical shifts with literature-reported values. The comparison results are shown for carbohydrates, 

lignin aromatic carbons as well as covalent linkers. The references are indicated for each comparison.  

Carbohydrate  Eucalyptus Poplar Spruce reference 1 reference 2 reference 3 

ia 

    Wang et al. 2014107 Kang et al. 2019108 Gao et al. 2020109 

C1 104.9 104.8 104.8 105.0 105.8 105.2 

C2 72.1 72.1 72.2 72.9 71.5 72.8 

C3 75.2 75.0 75.3 75.8 75.8 75.1 

C4 88.7 88.9 89.0 89.2 89.1 88.1 

C5 72.3 72.4 72.4 72.9 72.5 72.8 

C6 65.0 64.9 65.0 65.2 64.9 64.8 

ib 

    Wang et al. 2014 Kang et al. 2019 Gao et al. 2020 

C1 104.9 104.8 104.8 105.0 105.1 105.2 

C2 72.1 72.1 72.2 72.5 72.9 72.8 

C3 75.2 75.0 75.3 75.6 74.1 75.8 

C4 88.7 88.9 89.0 88.8 89.1 89.0 

C5 72.3 72.4 72.4 72.5 72.5 72.6 

C6 65.0 64.9 65.0 65.1 65.0 65.4 

ic 

    Wang et al. 2014 Kang et al. 2019 Gao et al. 2020 

C1 104.9 104.8 104.8 105.0 104.2 105.2 

C2 72.1 72.1 72.2 72.5 71.1 72.8 

C3 74.1 74.3 74.3 75.4 - 75.8 

C4 87.9 87.9 88.1 88.8 87.9 89.5 

C5 71.1 70.1 71.0 72.5 - 73.0 

C6 65.7 65.5 65.6 65.1 65.8 65.3 

sf 

    Wang et al. 2014 Kang et al. 2019 Gao et al. 2020 

C1 104.9 104.8 104.8 105.0 105.2 105.2 

C2 72.1 72.1 72.2 72.5 72.7 72.8 

C3 74.6 75.7 75.1 75.6 75.8 75.1 

C4 84.4 84.3 84.5 84.7 84.3 83.8 
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Table S7.19 (cont’d) 

 
C5 74.6 75.0 75.0 75.7 75.4 75.1 

C6 62.3 62.3 62.1 62.9 62.5 61.8 

sg 

    Wang et al. 2014 Kang et al. 2019 Gao et al. 2020 

C1 104.9 104.8 104.8 105.0 106.1 105.2 

C2 72.1 72.1 72.2 72.5 73.0 72.8 

C3 73.6 75.2 74.3 75.6 73.1 75.4 

C4 83.5 83.4 84.3 84.7 83.5 84.1 

C5 73.6 73.7 74.3 75.9 74.6 75.4 

C6 61.4 61.3 61.4 62.0 61.5 62.2 

Xn2f 

    Simmons et al. 201625 Kang et al. 2019 Gao et al. 2020 

C1 104.8 104.8 104.8 105.2 105.1 105.1 

C2 7.2 72.1 72.2 72.3 72.5 72.3 

C3 74.0 73.2 73.3 75.2 73.5 75.3 

C4 82.2 82.0 82.2 82.2 82.3 82.1 

C5 64.0 63.9 63.9 64.3 64.6 64.1 

ACCO 174.0 174.0 174.0 173.6 174.0 174.0 

ACMe 21.0 21.0 21.0 21.6 21.0 21.4 

Xn3f 

    Simmons et al. 2016 Kang et al. 2019 Gao et al. 2020 

C1 102.5 102.2 103.5 102.6 102.5 102.5 

C2 73.4 73.6 73.9 73.7 73.5 73.7 

C3 74.1 74.2 74.2 74.7 74.5 74.7 

C4 77.4 77.9 77.8 77.4 78.0 77.3 

C5 63.3 64.1 65.4 63.9 62.5 63.8 

ACCO 174.0 174.0 174.0 173.6 174.0 174.0 

ACMe 21.0 21.0 21.0 21.6 21.0 21.4 

Xn     Kang et al. 2019   
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Table S7.19 (cont’d) 

 

C1 - /  102.5   

C2 - /  73.5   

C3 74.2 /  74.5   

C4 78.5 /  78.0   

C5 64.1 /  62.5   

ACCO    174.0   

ACMe       

GlcAa 

    Duan et al. 2021 111   

C1 101.5 101.5 101.5 99   

C2 71.3 71.3 71.3 72   

C3 79.8 79.8 79.8    

C4 69.9 69.9 69.9    

C5 76.6 76.6 76.6    

GlcAb 

    Simmons et al. 2016   

C1 99.2 99.2 99.2 98.6   

C2 69.9 69.9 69.9 72.4   

C3 - - -    

C4 - - -    

C5 - - -    

GlcAc 

    Wang et al. 2014 Simmons et al. 2016  

C1 98.5 98.5 98.5 98.6 98.6  

C2 71.6 71.6 71.6 72.4 72.4  

C3 80.8 80.8 80.8 78.3   

C4 - - - -   

C5 - - - 72.6   

C6 - - - 177.5   

GalA     Wang et al. 2014 Terrett et al. 2019112 Phyo et al. 2017113 
 
 
 
 
 



267 
 

Table S7.19 (cont’d) 

 

C1 100.2 100.2 100.2 100.2 101.1 99.9 

C2 68.1 68.1 68.1 69.3 69.8 69.0 

C3 - - - - - 69.8 

C4 79.6 79.6 79.6 - - 78.8 

C5 - - - - - 71.3 

C6 - - -   171.6 

M 

    Wang et al. 2014 Terrett et al. 2019  

C1 / / 101.2 100.2 101.9  

C2 / / 71.3 69.3 72.0  

C3 / / 75.1 - -  

C4 / / - - 80.4  

C5 / / 75.1 - 75.8  

C6 / / 62.1 - 61.6  

MAc 

    Terrett et al. 2019   

C1 / / 101.6 100.9   

C2 / / 72.1 71.9   

C3 / / 75.1 75.9   

C4 / / 80.7 80.4   

C5 / / 75.1 75.8   

C6 / / 62.1 61.6   

A(t-Ara) 

    Wang et al. 2014 Terrett et al. 2019 Duan et al. 2021 

C1 / / 108.1 110.0 108.6 109 

C2 / / 82.1 82.2 82.1 82 

C3 / / - 77.7 78.3  

C4 / / 85.6 84.9 86.1  

C5 / / 62.1 62.3 62.8  

Aa 

    Wang et al. 2014 Phyo et al. 2017  

C1 107.8 107.8 107.8 107.1 107.2  

C2 81.8 81.8 81.8 89.8 87.8  
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Table S7.19 (cont’d) 

 

C3 77.2 77.2 77.2 76.8 76.2  

C4 84.6 84.6 84.6 78.6 82.4  

C5 61.8 61.8 61.8 70.7 67.3  

Ab 

    Wang et al. 2014 Phyo et al. 2017  

C1 107.8 107.8 107.8 107.3 108.4  

C2 80.1 80.1 80.1 87.8 85.8  

C3 - - - 72.6 81.1  

C4 - - - - 81.9  

C5 - - - - 67.0  

Ac 

    Wang et al. 2014 Phyo et al. 2017  

C1 109.7 109.7 109.7 110.0 108.4  

C2 81.8 81.8 81.8 82.2 81.8  

C3 77.4 77.4 77.4 77.7 77.8  

C4 82.9 82.9 82.9 84.9 83.1  

C5 67.6 67.6 67.6 62.3 67.8  

Ad 

    Wang et al. 2014 Phyo et al. 2017  

C1 106.9 / / 109.2 107.7  

C2 85.3 / / 82.1 82.2  

C3 - / / 78.2 77.5  

C4 - / / 85.7 84.9  

C5 - / / 62.4 62.1  

Lignin  Eucalyptus Poplar Spruce reference 1 reference 2 Other solution NMR studies 

G 
    Kang et al. 2019 Ralph et al. 2009  

C1 - / / 131.6 130.5  
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Table S7.19 (cont’d) 

 

C2 111.1 / / - 112.2 

111.5 96 

110.8 97 

111.7 114 

111.6 89 

110.9 99 

110.9 100 

110.9 101 

111.4 102 

111.4 103 

110.9 88 

111.0 100 

110.3 104 

C3 148.9 / / 148.2 150.3  

C4 144.9 / / 148.2 150.1  

C5 115.9 / / 115.5 112.2 

115.2 96 

115.4 114 

115.4 89 

114.7 99 

114.9 100 

115.1 101 

115.0 102 

115.4 103 

114.6 88 

114.9 105 

115.2 104 
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Table S7.19 (cont’d) 

 
C6 - / / 119.6 120.8 

119.5 96 

118.8 97 

119.6 114 

119.5 89 

119.0 99 

119.0 100 

118.8 101 

119.5 102 

119.3103 

119.188 

118.6 105 

118.9 104 

OMe 57.0 / / 56.9 56.1  

Ga 

    Kang et al. 2019   

C1 / - 130.7 132.1   

C2 / 112.1 113.4 114.5   

C3 / 48.2 152.2 146.2   

C4 / 144.9 145.3 146.2   

C5 / 116.1 116.3 114.5   

C6 / - - -   

OMe / 56.6 56.7 56.7   

Gb 

    Kang et al. 2019   

C1 / - 133.5 134.8   

C2 / 113.8 110.5 111.5   

C3 / 148.2 149.7 147.4   

C4 / 144.9 146.1 147.4   

C5 / 116.1 - 115.8   

C6 / - 120.2 120.4   

OMe / 56.6 57.0 57.0   

Gc 

    Kang et al. 2019   

C1 / / 134.2 134.8   

C2 / / 113.5 111.5   
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Table S7.19 (cont’d) 

 

C3 / / 147.6 147.4   

C4 / / 144.1 147.4   

C5 / / - 115.8   

C6 / / 119.2 120.4   

OMe / / 57.0 57.0   

Gd 

    Kang et al. 2019   

C1 / / 136.0 134.8   

C2 / / 109.5 111.5   

C3 / / 151.6 147.4   

C4 / / 142.2 147.4   

C5 / / - 115.8   

C6 / / 121.1 120.4   

OMe / / 57.0 57.0   

Sa 

    Kang et al. 2019   

C1 134.9 134.2 / 136.2   

C2 102.8 104.0 / 105.5   

C3 153.3 153.1 / 152.7   

C4 133.5 134.6 / 134.5   

C5 153.3 153.1 / 152.7   

C6 102.8 104.0 / 105.5   

OMe 57.0 56.6 / 56.7   

Sb 

    Kang et al. 2019   

C1 - 137.1 / 136.2   

C2 109.7 102.5 / 105.5   

C3 153.2 152.7 / 152.7   

C4 137.2 135.8 / 134.5   

C5 153.2 152.7 / 152.7   

C6 109.7 102.5 / 105.5   

OMe 57.0 56.6 / 56.7   

S’a 
    Rencoret et al. 2011 Yuan et al. 2011  

C1 134.1 / /    
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Table S7.19 (cont’d) 

 

C2 109.2 / / 106.6 106.2  

C3 144.8 / / - -  

C4 136.3 / / - -  

C5 144.8 / / - -  

C6 109.2 / / 106.6 106.2  

OMe 56.5 / / - -  

S’b 

    Rencoret et al. 2011 Yuan et al. 2011  

C1 136.5 / /    

C2 112.5 / / 106.6 106.2  

C3 145.5 / / - -  

C4 138.5 / / - -  

C5 145.5 / / - -  

C6 112.5 / / 106.6 106.2  

OMe 56.5 / / - -  

 Chemical shifts from solution NMR spectra 

Lignin Linkages  Eucalyptus Poplar Spruce Eucalyptus Poplar Spruce 

A(G) / A(S) 

C7(α) 72.3 72.0 72.4 

71.6 / 72.5 96 

- / 71.8 97 

71.4 / 72.6 114 

71.7 / 72.489 

- / 71.8 99 

71.5 / 71.9 101 

- / 72.0 102 

- / 71.8 103 

- / 71.8 88 

71.1 104 

71.0 106 

 

C8(β) 84.5 86.3 84.3 

84.1 / 86.5 96 

83.6 / 85.7 97 

84.1 / 86.4; 87.3 114 

84.1 / 86.4 89 

83.6 / 85.8 99 

83.9 / 85.9 100 

83.4 / 85.8 101 

- / 85.8 103 

83.8 / 85.8 88 

84.0 104 

83.9 106 

C9(γ) 59.4 60.4 59.9 

60.0  96 

59.4 97 

60.1 114 

59.6 99 

59.6 100 

59.8 101 

60.2 103 

59.9 104 

59.8 106 
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Table S7.19 (cont’d) 

B 

C7(α) 84.4 84.8 - 

85.4 96 

84.7 97 

85.4 114 

85.5 89 

84.8 14 

84.8 100 

85.2 101 

85.7 102 

84.7 103 

84.8 88 

84.9 104 

85.0 106 

C8(β) 53.5 52.6 53.9 

53.7 96 

53.3 97 

54.1 114 

53.5 99 

53.5 100 

53.6 101 

53.6 103 

53.5 104 

53.6 106 

C9(γ) 71.2 70.5 70.3 

71.7 96 

71.0 97 

71.7 114 

71.3 99 

71.0 100 

70.1 101 

70.8 104 

70.9 106 

B’ 

C7(α) - 83.9 /    

C8(β) 53.5 52.9 /    

C9(γ) 74.4 74.1 /    

E 

C7(α) 81.1 80.3 81.4 
81.7 96 

81.0 97 
81.2 100 81.7 106 

C8(β) 59.6 59.7 60.0 
60.3 96 

59.7 97 
59.7 100 59.3 106 

C9(γ) / / /    

V 

C7(α) 75.8 77.2 76.2   75.8 115 

C8(β) 78.4 79.0 78.9   78.0 115 

C9(γ) 59.8 60.7 60.1    

C C7(α) / / 88.1 

87.7 96 

86.4 97 

87.5 114 

87.4 89 

86.7 99 

86.8 100 

87.0 101 

87.4 102 

87.1 103 

86.8 88 

87.0 104 

87.0 106 
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Table S7.19 (cont’d) 

 

C8(β) / / 54.2 

53.7 96 

53.1 97 

53.7 114 

53.5 90 

53.3100 

53.2 101 

53.2 102 

53.1 104 

53.0 106 

C9(γ) / / / 

63.3 96 

62.3 97 

62.5 99 

62.5100 

62.5 101 

62.8 104 

62.7 106 

C’ 

C7(α) / / 90.2    

C8(β) / / 49.9    

C9(γ) / / /    
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CHAPTER 8: SOLID-STATE NMR OF UNLABELED PLANT CELL WALLS: HIGH-

RESOLUTION STRUCTURAL ANALYSIS WITHOUT ISOTOPIC ENRICHMENT 

Research paper reprinted with permission: Biotechnol. Biofuels 14:14, (2021) 

Authors: Wancheng Zhao, Alex Kirui, Fabien Deligey, Frederic Mentink-Vigier, Yihua Zhou, 

Baocai Zhang, and Tuo Wang 

8.1 Abstract  

Multidimensional solid-state nuclear magnetic resonance (ssNMR) spectroscopy has 

emerged as an indispensable technique for resolving polymer structure and intermolecular packing 

in primary and secondary plant cell walls. Isotope (13C)-enrichment provides feasible sensitivity 

for measuring 2D/3D correlation spectra, but this time-consuming procedure and its associated 

expenses have restricted the application of ssNMR in lignocellulose analysis. Here, we present a 

method that relies on the sensitivity-enhancing technique Dynamic Nuclear Polarization (DNP) to 

eliminate the need for 13C-labeling. With a 26-fold sensitivity enhancement, a series of 2D 13C-13C 

correlation spectra were successfully collected using the unlabeled stems of wild-type Oryza sativa 

(rice). The atomic resolution allows us to observe a large number of intramolecular cross peaks for 

fully revealing the polymorphic structure of cellulose and xylan. NMR relaxation and dipolar order 

parameters further suggest a sophisticated change of molecular motions in a ctl1 ctl2 double 

mutant: both cellulose and xylan have become more dynamic on the nanosecond and microsecond 

timescale, but the motional amplitudes are uniformly small for both polysaccharides. By skipping 

isotopic labeling, the DNP strategy demonstrated here is universally extendable to all 

lignocellulose materials. This time-efficient method has landed the technical foundation for 

understanding polysaccharide structure and cell wall assembly in a large variety of plant tissues 

and species.  
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8.2 Introduction  

The past decade has witnessed the rapid advances in multidimensional solid-state NMR 

(ssNMR) capabilities that have enabled high-resolution characterization of intact plant cell walls. 

This spectroscopic method provides a wealth of atomic-level information on the conformational 

structure of polysaccharides, covalent linkage patterns of matrix polysaccharides, dynamical 

profile and water contact, as well as cellulose-matrix packing on the subnanometer scale1. With a 

rapidly expanding territory, from eudicotyledons (Arabidopsis thaliana) to commelinid 

monocotyledons (Zea mays, Brachypodium distachyon, etc.)2-5, from primary to secondary cell 

walls6-10, and from plants to algal and fungal species11-13, ssNMR has progressively evolved into a 

vital tool for characterizing carbohydrate-rich biomaterials. The molecular information of cell wall 

architecture can serve as the structural basis for improving the current technologies of biofuel 

production using lignocellulosic biomass14.  

Enriching the cell walls with NMR-active isotopes (such as 13C and 15N) is a prerequisite 

for measuring two- and three-dimensional (2D/3D) correlation experiments, which provides the 

spectral resolution required for resolving numerous carbon and nitrogen sites in cell wall polymers. 

Two strategies can be employed: plants can be grown in the dark, using a medium containing 13C-

labeled glucose2; otherwise, 13CO2 can be continuously supplied to the plants grown in a day-night 

cycle4, 15. Depending on the developmental stage and the tissue of interest, labeling can be time-

consuming and costly. In-vitro replication procedures also weaken the merit of ssNMR as an 

analytical technique targeting natural tissues.  

The recent development of Magic-Angle Spinning Dynamic Nuclear Polarization (MAS-

DNP) methods has presented a unique opportunity for circumventing these drawbacks16-19. MAS-

DNP enhances NMR sensitivity by tens to hundreds of folds, which allows us to skip isotope-
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enrichment and use unlabeled samples to measure 2D 13C-13C/15N correlation spectra for high-

resolution structural characterization20-22. Regarding the plant biomass, three exploratory studies 

have been conducted to reveal the restructuring effect of ball-milling on cotton cellulose23, the 

alternation of xylan conformations induced by genetic mutations of rice24, and the compositional 

changes of lignin in high-S and low-S poplar25. With the rapid development of DNP 

instrumentation26-29 and radical design30-33, this is certainly a direction of great potential but not 

yet explicitly explored for plant materials.  

This methodology article aims at establishing a universally applicable toolbox for 

characterizing polymer structure and assembly in unlabeled plant biomass. This is achieved by 

combining a series of DNP-enabled experiments that probe the composition and conformational 

structure of polymers with conventional ssNMR measurements that examine the rate and 

amplitudes of molecular motions. Implementation of this method will expand the ssNMR 

capabilities and enable high-resolution investigations of unlabeled cell walls, which, at least in 

part, provides a replacement and upgrade to the conventional methods that rely on 13C-enriched 

materials. Most of the structural aspects previously investigated using 13C-enriched samples, such 

as the composition, conformation, packing, and motion of cell wall polymers, can be studied using 

unlabeled materials via a blend of ssNMR and MAS-DNP methods (Table 8.1). This technical 

advance will eliminate the threshold that has long been impeding lignocellulose characterization, 

which will immediately benefit the research communities of plant biology, biomaterials, and 

bioenergy.  
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Table 8.1 Capabilities of solid-state NMR and DNP. Technical aspects are categorized as being 

fully capable (Yes), partially limited by insufficient resolution or sensitivity (In part), and 

infeasible or unsuitable (No).  

Samples and 

Techniques 

Polymer 

Composition 

Structural 

Polymorph 

Intermolecular 

Packing 

Molecular 

Motion 

Water  

Contact 

13C-labeled; 

ssNMR 

Yes Yes Yes Yes Yes 

Unlabeled; 

ssNMR 

In part No No In part In part 

Unlabeled; 

MAS-DNP 

Yes Yes In part Noa Noa 

aMAS-DNP is conducted at cryogenic temperature (~100 K); therefore, it is unsuitable for 

investigating molecular motions. It is also better to investigate polymer-water contacts at room 

temperature.  

8.3 Results 

8.3.1 Sensitivity Enhancement by MAS-DNP 

For decades, one-dimensional (1D) 13C spectra have been conducted using unlabeled 

materials to analyze the structure and composition of polysaccharides at natural isotope abundance 

(1.1% for 13C)34-37. Figure 8.1 shows the 1D quantitative spectra of four rice samples including 

the wild-type (WT) stems, two single mutants, which are ctl1 (harboring an identical mutation of 

brittle culm 15) and ctl2, as well as a double mutant ctl1 ctl2. These mutations happen to rice 

CHITINASE-LIKE1 (CTL1) and its homolog CTL2, which have been suggested a role in 

controlling cellulose biosynthesis thereby affecting wall integrity38-41, as ctl1 and ctl1 ctl2 plants 
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exhibited obvious brittleness phenotypes. Quantitative detection of all carbons is achieved using a 

recently developed pulse sequence, MultiCP, which counts on 1H T1 relaxation to repeatedly 

restore 1H magnetization between the many CP blocks included in each individual scan of the 

experiment42-44. The rice stems are collected from the field, without any dissolution procedures or 

chemical digestions; therefore, the cell walls being analyzed are still native and intact. Various 

peaks of cellulose (interior chains: i; surface chains: s) and xylan (Xn) have been observed (Figure 

8.1a), indicating the predominance of secondary cell wall components in these mature stems.  

Different from the WT stems, the double mutant has a higher amount of methyl ether (-

OMe) groups, which is a chemical substitution frequently occurring in lignin. The ctl1 ctl2 sample 

shows a higher peak at 56 ppm for methyl ether groups (Figure 8.1a) but comparable intensities 

for aromatic carbons (Figure S8.1). This observation indicates a higher fraction of guaiacyl (G) 

and syringyl (S) units that are heavily substituted by methyl ether groups. The ctl1 ctl2 sample has 

shown stronger xylan peaks, for example, the carbon 1 of 3-fold xylan at 102 ppm (Xn13f), the 

carbon 4 of two-fold xylan at 82 ppm (Xn42f), and the methyl carbon of acetyl group at 21 ppm 

(AcMe). Subtraction of the WT and ctl1 ctl2 spectra has generated a difference spectrum, which 

contains well-resolved signals from 2-fold and 3-fold xylan, revealing a higher amount of xylan in 

the double mutant. The spectral patterns of the two single mutants are intriguing: the spectrum of 

ctl1 resembles that of the double mutant while ctl2 is similar to the WT sample (Figure 8.1b). 

Combined with the cell wall defects detected in bc1541, the results have suggested a stronger role 

of the ctl1 mutation in modulating cell wall composition and structure. While useful information 

can be obtained by following this conventional 1D analysis, only a few carbon sites can be 

resolved. This resolution issue can be partially alleviated by spectral subtraction partially, but 

significant improvement is still needed for characterizing these polysaccharides and cell walls.   



280 
 

 

Figure 8.1 1D 13C spectra of unlabeled cell walls of wild-type rice and mutants. a, 1D 13C MultiCP 

spectra of wild-type sample (WT; black) and ctl1 ctl2 double mutant (orange) yielding quantitative 

detection of all molecules. Abbreviations of carbohydrate assignments are shown in Figure 8.3, 

except for xylan acetyl group (Ac). The difference spectrum is obtained by subtraction of the two 

parent spectra after normalization by i4 peaks. The difference spectrum mainly contains xylan 

signals, revealing the higher hemicellulose content in ctl1 ctl2 mutant. The insert picture on the 

right top side is the representative photo of the two kinds of rice stems. b, 1D 13C MultiCP spectra 

of ctl1 and ctl2 single mutants. The spectral pattern of ctl1 mutant is similar to that of the ctl1 ctl2 

double mutant while ctl2 is closer to the WT sample.  

The rice material is then impregnated in a solvent mixture of 13C-depleted, d8-

glycerol/D2O/H2O, which contains 10 mM of biradical AMUPol30. 13C-depletion of glycerol is a 

necessity for investigating unlabeled samples where both biomolecules and glycerol are at natural 

13C abundance: it can effectively eliminate the glycerol signals that overlap with the carbohydrate 

signals. This protocol, when compared with a matrix-free method that was recently applied to 

cotton23, 45, 46, better retains polymer hydration in cell walls. The payoff is a moderate decline in 

the signal-to-noise ratios because the solvent occupies some volume in the MAS rotor, which will 
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otherwise be filled with more biomolecules.  

 

Figure 8.2 Sensitivity enhancement from DNP. a, DNP enhances the NMR sensitivity by 26-fold 

on the wild-type sample. This value is obtained by quantifying the intensity ratio between the 

spectra collected with microwave on (MW on) and microwave off (MW off). The DNP-enhanced 

spectrum of ctl1 ctl2 (orange dashline) is compared with the wild-type (WT) sample. b, Lignin 

region of the room-temperature spectrum (RT; top), DNP-enhanced spectrum (MW on; middle), 

and non-DNP spectrum (MW off; bottom). The experimental time is labeled for each panel. The 

“×2” symbol means the intensities of the room-temperature spectrum is manually increased by two 

folds. DNP significantly saves experimental time and enhances NMR sensitivity. c, Spectral 

deconvolution of the interior cellulose carbon 4 (i4) and surface cellulose carbon 4 (s4) region 

(dashline square in panel a) reveals the crystallinity change in rice cellulose. The experimentally 

measured spectra (black) is overlaid with the simulated spectra (blue), with the deconvoluted peaks 

underlying the spectral envelope. The interior-to-surface (i/s) ratio of cellulose is quantified for 

both samples, which has shown an increase in cellulose crystallinity in the ctl1 ctl2 mutant. The 

fit parameters are listed in Tables S8.1 and S8.2. 

Under microwave irradiation, polarization of the electrons in the biradical will thereafter 
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be transferred to 1H spins in unlabeled rice stem, and then to the natural abundance 13C for 

detection. The sensitivity enhancement (εon/off) is 26-fold for the wild-type sample and 22-fold for 

the ctl1 ctl2 double mutant (Figure 8.2a, Figure S8.2a), which respectively shortens the 

experimental time by factors 676 and 484 times. Unlike the optimal performance of 13C-depleted, 

d8-glycerol/D2O/H2O mixture, a sample prepared using a different solvent of d6-DMSO/D2O/H2O 

only shows an enhancement of 5-fold, thus being excluded from the protocol (Figure S8.2b). The 

same gain of sensitivity also occurs to lignin. We have observed strong signals of aromatic carbons 

(120-160 ppm) within a short time of 0.5 h (Figure 8.2b). These signals, however, are invisible in 

conventional ssNMR even after 42.5 h of measurements at room temperature.  

The DNP experiment preferentially detects the molecules with a highly ordered structure, 

for example, the cellulose microfibrils in plants (Figure S8.3) and the highly microcrystalline 

chitin in fungi10, 12. At the cryogenic temperature (~100 K) of MAS-DNP, the conformational 

distribution of mobile molecules, such as xylan and small molecules, will be fully trapped, 

resulting in broader lines and lower intensity. Recently, concerns have also been raised regarding 

the radical distribution in cell walls, which were supposed to induce a biased detection of 

molecules in spatial proximity to the radicals. This argument is invalid because all molecules 

within tens of nanometer to a radical can be efficiently polarized via 1H-1H spin diffusion, which 

is due to the inherently long relaxation times of the 1Hs in cell walls47. This mechanism ensures a 

homogenous polarization of all molecules throughout the cell wall, which has been confirmed by 

the consistent spectral envelopes with and without microwave irradiation (Figure S8.4).  

In addition, the crystallinity of cellulose becomes lower in the double mutant. Cellulose 

crystallinity is evaluated using the intensity ratio between the carbon 4 of interior glucan chains 

(i4; 89 ppm) and the carbon 4 of surface glucan chains (s4; 84 ppm) in cellulose. When normalized 
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by the i4 signal, the s4 peak is lower in the double mutant than in the WT sample as consistently 

observed at room temperature (Figure 8.1a) and under the DNP condition (Figure 8.2a). Spectral 

deconvolution allows us to resolve the underlying resonances and quantify the interior-to-surface 

(i/s) ratios, which are 0.68 for WT and 0.81 for ctl1 ctl2 (Figure 8.2c, Figure S8.5, Tables S8.1 

and S8.2). The higher cellulose crystallinity in the double mutant may originate from an increased 

degree of cellulose bundling in the cell wall. The observation here actually counters previous X-

ray analysis of Arabidopsis, which has shown reduced content of crystalline cellulose in a ctl1 ctl2 

mutant40. The discrepancy can be attributed to the different plant species or the distinct structural 

aspects being examined in diffraction and spectroscopic techniques for determining the 

ambiguously defined “cellulose crystallinity”48.  Our unpublished X-ray diffraction data on the 

same rice stems have observed a higher relative crystallinity index (RCI) for cellulose in the double 

mutant., which has confirmed the NMR observation.  

8.3.2 2D 13C-13C Correlation Spectra of Unlabeled Cell Walls 

Benefiting from the substantial gain of NMR sensitivity, we have successfully collected a 

2D 13C-13C J-INADEQUATE spectrum49, 50 using unlabeled stems of WT rice (Figure 8.3a). 

Because of the low abundance (1.1%) of 13C in nature and the even lower probability (0.01%) for 

observing a cross peak between two carbons, such a 2D experiment has long been deemed 

impossible, but can now be finished now within 35 h using the rice stems.  

We have observed eight types of glucose units in cellulose: types a-e for the glucan chains 

embedded in the core of microfibrils and types f-h for those exposed on the surface. Their 13C 

chemical shifts are consistent with those observed in Arabidopsis, Zea mays, and Brachypodium 

distachyon, revealing the polymorphic nature of cellulose structure51. Hemicellulose shows weak 

signals, for example, the carbon 4 and carbon 5 in three-fold xylan (Xn43f and Xn53f) as well as 
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the carbon 3 and carbon 4 in two-fold conformers (Xn32f and Xn42f). In addition, the α-xylose (x) 

of xyloglucan also exhibits some weak signals, indicative of a small portion of primary cell walls. 

Besides polysaccharides, we have also observed some self-correlation cross peak of the CH2 acyl 

chains in lipid polymers. Therefore, the remarkable resolution of the DNP-enabled 2D spectrum 

allows us to unambiguously resolve many carbon sites in cellulose, matrix polysaccharides, and 

lipids, which is otherwise impossible.  

The validity of natural-abundance MAS-DNP is confirmed by the consistent spectral 

pattern between unlabeled (Figure 8.3a) and 13C-labeled (Figure 8.3b) rice stems. In addition, a 

few peaks are omitted in the natural-abundance DNP spectrum. These signals are primarily from 

the arabinose residues of xylan sidechains, some carbon sites in 2-fold, 3-fold and mixed forms of 

xylan backbones, as well as the acetyl groups (Figure 8.3c).  Peak counting has confirmed MAS-

DNP’s preferential detection of ordered molecules: we can effectively detect all cellulose carbons 

and part of xylan backbones, but not for arabinose sidechains (Figure 8.3d).  These mobile 

molecules, when trapped at 100 K, bear a wide distribution of conformations, which has broadened 

out their signals. 

While the J-INADEQUATE experiment only probes through-bond correlations, we have 

also performed a CHHC experiment to detect long-range and through-space correlations (Figure 

8.4a). The CHHC sequence relies on 1H-1H spin diffusion to transfer polarization, which is 

followed by cross-polarization (CP) from 1H to 13C for site-specific detection52. The Full Width at 

Half Maximum (FWHM) linewidths are around 3 ppm and the representative signal-to-noise ratios 

are ranging from 4 to 41 (Figure S8.6). The off-diagonal cross peaks are mostly intramolecular 

correlations within cellulose, for example, the i6-3 cross peak at (65, 75 ppm) and the s3-6 cross 

peak at (75, 62 ppm) in the 1-ms CHHC spectrum. Elongating the mixing time to 2 ms allows us 
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to extend the reach; therefore, many additional cross peaks now become observable (Figure 8.2b). 

The new signals are primarily from cellulose, such as the i6-1 cross peak at (65, 105 ppm) and 

i2,5-4 cross peak at (72, 89 ppm).  We have also observed some signature signals of xylan, for 

example, Xn2f2-4 at (73, 82 ppm) and Xn2f3-4 at (78, 82 ppm).  

 

Figure 8.3 DNP enables 2D correlation spectroscopy using unlabeled and native cell walls. a, 2D 

13C–13C INADEQUATE spectrum of unlabeled WT rice collected on a 600 MHz/395 GHz DNP 

system. DNP effectively detects and resolves the signals from cellulose and hemicellulose at 

natural isotope abundance. Superscripts are used to denote the eight types of glucose units in 

interior and surface cellulose and the 2-fold and 3-fold conformations in xylan. Inset shows the 

lipid signals that are folded in the indirect dimension. b, 2D 13C–13C INADEQUATE spectrum of 

13C labeled WT rice stems measured on a 400 MHz NMR spectrometer. The spectral pattern is 

comparable to the DNP-assisted natural-abundance spectrum in panel a. c, Arabinose and acetyl 

signals are detected using 13C-labeled samples but become invisible in the DNP spectrum of 

unlabeled materials. d, Number of peaks detected using labeled and unlabeled samples, which are 

tabulated in Table S8.3. Asterisks indicate the components that are poorly detected using DNP. 
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Figure 8.4 DNP-enabled 2D CHHC spectra of unlabeled rice stems. The CHHC spectra of 

unlabeled WT sample are measured with a, 1 ms and b, 2 ms 1H-1H mixing times. c, Summary of 

through-space intramolecular cross peaks. Solid lines denote the cross peaks observable in both 1 

and 2 ms spectra while dashlines indicate the cross peaks that are observed only in the 2-ms 

spectrum. Arrows are used to indicate whether the cross peaks are bidirectional (e.g. C1-to-C2 and 

C2-to-C1 cross peaks) or unidirectional (e.g. only from C1 to C2). d, Comparison of 

polysaccharide signals in the 2-ms CHHC spectrum of the unlabeled sample and a 5-ms PDSD 

spectrum of 13C-labeled rice. 

All the inter-carbon correlations are summarized in Figure 8.4c. For cellulose, the large 
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number of cross peaks allows us to assign the 13C chemical shifts of all carbons in interior and 

surface glucan chains. The flat-ribbon 2-fold xylan has shown 4 distinguishable signals while the 

non-flat 3-fold xylan only exhibits a single cross peak from carbon 1 to carbon 2 (Xn3f1-2). The 

spectral pattern of CHHC resembles those PDSD spectra that measured using 13C-labeled plant 

biomass (Figure 8.4d, Figure S8.7). Therefore, natural-abundance MAS-DNP has the full 

capability of investigating cellulose structure; it is also partially prepared for investigating matrix 

polysaccharides.  

It should be noted that the CHHC experiment is specifically chosen for natural-abundance 

MAS-DNP. For most other 2D correlation methods, such as PDSD and DARR, the diagonal peaks 

will dominate the spectrum of unlabeled materials, because the probability of observing off-

diagonal internuclear correlation is very low at natural 13C abundance. The CHHC experiment can 

effectively avoid this issue due to the 13C-1H-1H-13C pathway used for polarization transfer53. 

Alternatively, dipolar homonuclear recoupling schemes could also be used for characterizing 

unlabeled biomaterials22, 54.  

8.3.3 Motional Rates and Amplitudes of Cell Wall Polysaccharides  

To understand the effect of ctl1 ctl2 mutation on polymer dynamics, we have measured 

13C-T1 and 1H-T1ρ relaxation times using the unlabeled stems of WT and ctl1 ctl2 samples. As the 

most rigid component of cell walls, cellulose exhibits very slow 13C-T1 relaxation (typically on the 

order of 10-40 s), revealing its lack of motion on the nanosecond timescale (Figure 8.5a, b, Table 

S8.4 and Figure S8.8).  In contrast, the 13C-T1 of 3-fold xylan, the conformer that fills the 

interfibrillar space, is shorter by 4-5 times: 7.7 s for carbon 1 and 10 s for carbon 4 in the WT 

sample. The 2-fold xylan, a unique form induced by its packing with cellulose surface, has shown 

an intermediate 13C-T1 of 10.5 s for its resolved peak of carbon 4. These 13C-T1 time constants are 
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substantially longer than the values reported for uniformly 13C-labeled materials  (4-6 s for 

cellulose and 1-2 s for matrix polysaccharides)55. This can be attributed to the lack of spin 

exchange between rigid and mobile motifs in unlabeled materials.  

The 1H-T1ρ data is highly consistent with the 13C-T1 results. Cellulose remains as the most 

rigid component on the slower, microsecond timescale, with a representative 1H-T1ρ time of 20-50 

ms in WT stems (Figure 8.5c, d). The 2-fold and 3-fold conformers of xylan have more 

pronounced dynamics, showing 1H-T1ρ values of 18 ms and 8-16 ms, respectively. Interestingly, 

most polysaccharides have considerably faster 13C-T1 and 1H-T1ρ relaxations in the ctl1 ctl2 

mutant, indicative of a flawed cell wall formed by polysaccharides that are highly mobile on both 

nanosecond and millisecond timescales.   

To examine the motional amplitudes of these polysaccharides, we have conducted the 13C-

1H dipolar-chemical shift (DIPSHIFT) correlation experiment (Figure 8.6)56. The 13C-1H dipolar 

couplings (in kHz) are measured at representative carbon sites of cellulose and xylan, which are 

further converted to dipolar order parameters. A near-unity value indicates restricted motional 

amplitudes for the C-H bonds while a small order parameter suggests large-amplitude motions. 

Strikingly, all polysaccharides are highly rigid and exhibit large order parameters above 0.90 

(Figure 8.6b). This is very different from the results collected using Arabidopsis and 

Brachypodium primary cell walls, in which the order parameters ranges from 0.3 to 0.6 for matrix 

polymers5, 55.  Cellulose has identical order parameters in WT and ctl1 ctl2 samples. The 

hemicellulose, however, has shown subtle changes: the order parameter has slightly decreased for 

the carbon 1 of 3-fold xylan (Xn13f) but increased for the carbon 4 of 2-fold xylan (Xn42f). These 

two peaks are the best-resolved signals of xylan, and the discrepancy observed here suggests a 

small extent of phase separation in the double mutant: the cellulose-packed 2-fold xylan becomes 
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even more rigid in the mutant while the interfibrillar 3-fold conformer undergoes even larger 

amplitude motions. The relaxation and DIPSHIFT experiments can systematically assess the 

motional characteristics of polysaccharides, which complement the 2D MAS-DNP data to provide 

a complete view of polymer composition, structure, and dynamics in unlabeled biomass. 

 

Figure 8.5 Carbohydrate dynamics probed by NMR relaxation using unlabeled rice stems. a, 

Representative 13C-T1 relaxation curves of cellulose (top row) and xylan (second row). The ctl1 

ctl2 double mutant has shown substantially faster relaxation than the wild-type sample, indicating 

more pronounced motions on the nanosecond timescale. b, Bar diagram summarizing the 13C-T1 

relaxation times of cellulose (pink) and xylan (blue). The x-axis represents different carbon sites, 

which can be found in Table S8.4. c, Representative 1H-T1ρ relaxation curves. For most peaks, the 

double mutant shows  faster 1H-T1ρ  relaxation  than  the  wild-type  sample,  indicating  enhanced  
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Figure 8.5 (cont’d) 

dynamics on the microsecond timescale. All the 1H-T1ρ relaxation time constants are summarized 

in panel d.  

 

Figure 8.6 Dipolar order parameters of polysaccharides in unlabeled rice cell walls. a, The first 

slice of the 2D DIPSHIFT experiment measured under 7.5 kHz MAS, which shows the signals of 

cellulose and xylan. b, 13C−1H dipolar evolution curves extracted from 2D DIPSHIFT experiment. 

The fit dipolar coupling values (in kHz) and the calculated dipolar order parameters are labeled 

for each panel. Most carbon sites, except for some xylan peaks, have shown comparable order 

parameters in the wild-type and double mutant samples.  

8.4 Discussion 

Using a common agriculture lignocellulosic biomass, rice stems, we have demonstrated the 

feasibility of employing ssNMR and MAS-DNP methods to investigate the structure and dynamics 

of cell wall polysaccharides without 13C enrichment. The strategy and the experiments described 

above can be directly applied to many other biomass samples. The method is time-efficient: the 

total experimental time is 254 h for the wild-type stems, which includes 132 h of measurements 

on a 600 MHz/395 GHz DNP instrument and 122 h on a conventional 400 MHz ssNMR 

spectrometer.  
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Multiple factors can impact the experimental time, for example, the mixing protocol that 

determines biradical distribution in cell wall materials, the sample pH that affects the lifetime and 

stability of radicals, and the choice of DNP solvent. As the beginning step, it is crucial to collect a 

set of 1D spectra to screen several samples prepared using different protocols and conditions, each 

of which only takes a few minutes to measure. By monitoring the absolute sensitivity and the DNP 

gain, the optimal condition will be identified for measuring 2D experiments.  

At present, natural-abundance DNP still has major limitations. First, it is impossible to 

derive a detailed pattern of intermolecular contacts using only unlabeled materials (Table S8.1). 

This is due to the demanding requirement of sensitivity for probing longer-range correlations, 

which can even be challenging for some 13C-labeled samples. Progress is being made: long-range 

correlations, typically on the range of 3-5Å, have been observed recently using model cyclic 

peptides22. Once successfully extended to cellular samples, these techniques will fully enable 

structural determination. Partial information could be obtained if the polymer contact depends on 

the conformational structure. For example, the flat-ribbon structure of 2-fold xylan is responsible 

for coating cellulose surface; therefore, we have tracked its amount to estimate the extent of xylan-

cellulose packing in unlabeled rice stems24. Second, molecules with a high disorder suffer from 

intensity loss under MAS-DNP conditions. Fortunately, we still have distinguishable carbon sites 

for different xylan conformers, which can be used for structural and compositional analysis.    

Tremendous efforts have been devoted to further improving MAS-DNP efficiency. 

Multiple biradicals have been developed recently, such as the AsymPolPOK family that shortens 

the DNP buildup time33 and the Tinypol and TEMTRIPol-I radicals that have shown improved 

performance over AMUPol on high-field (18.8 and 21.1 Tesla) DNP instruments31, 57, 58. The 

resolution improvement at high-field MAS-DNP (e.g. 800 MHz/527 GHz) will allow us to better 
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analyze biomolecular structures, at least for the molecules bearing structural order59, 60. The rapidly 

evolving MAS-DNP technology has a great potential to bring biomass analysis to a new level.  

8.5 Materials and Methods 

8.5.1 Rice Stem Preparation 

The mutant ctl1 was generated by backcrossing a previously reported mutant brittle culm 

15 (A213L mutation in OsCTL1) into Oryza sativa cv. Nipponbare background41. The ctl2 is an 

insertional mutant (NC2596 from rice Tos17 insertion mutant database) with a Tos17 insertion at 

the 1633 bp downstream of the OsCTL2 (LOC_Os08g41100) coding sequence. The double mutant 

ctl1 ctl2 was created by crossing ctl1 and ctl2 and then screening out from the F2 progenies via 

molecular identification. All the WT and mutant rice plants (Oryza sativa) were grown in the 

experimental fields at the Institute of Genetics and Developmental Biology in Beijing (China). At 

least five mature stems from different plants of each genotype were harvested for the measurement. 

8.5.2 Dynamic Nuclear Polarization Sample Preparation 

The unlabeled rice stems were sliced using a razor into pieces that are on the dimension of 

a few millimeters. The materials were mixed with a stock solution, which contains 10 mM 

AMUPol radical30 and a solvent mixture of 13C-depleted, d8-glycerol/D2O/H2O (60/30/10 vol%). 

Around 50 mg of the rice material was impregnated in 100 μL of the AMUPol solution and then 

ground for 20-30 min, which allows the radicals to penetrate the porous cell walls. Around 33 mg 

of the plant material was transferred to a 3.2-mm sapphire rotor for DNP experiments. In addition, 

a different sample has been prepared using DMSO/D2O/H2O (60/30/10 vol%) solvent to evaluate 

the effect of different solvents on DNP efficiency. A video protocol can be found in reference61.  

8.5.3 Dynamic Nuclear Polarization Experiment 

All DNP experiments were conducted on a 600 MHz (14.1 Tesla)/395 GHz MAS-DNP 
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instrument at National High Magnetic Field Laboratory, Tallahassee, Florida27. The DNP spectra 

were collected using a 3.2-mm probe under 8 kHz MAS. All 13C chemical shifts were reported on 

the TMS scale. The microwave irradiation is around 12 W. The temperature was 104 K with 

microwave irradiation and decreased to 94 K when the microwave was turned off. The DNP build 

up time was measured to be 2.80 s for the wild-type sample and 2.63 s for the ctl1 ctl2 sample. 

Therefore, the recycle delay was typically 3.6 and 3.2 s for the wild-type and ctl1 ctl2 samples, 

respectively. 1D 13C CP spectra were collected using a 1 ms contact time. A total number of 256 

and 512 scans were collected on the wild-type, and ctl1 ctl2 samples, respectively. The total 

experimental time ranges from 16 to 29 mins for each sample. Spectral deconvolution of the 

cellulose peaks was performed using DmFit software62. 

Two types of 2D 13C-13C correlation experiments were conducted on the rice stems: a 2D 

CP J-INADEQUATE experiment that probes through-bond correlations49 and a 2D CHHC 

experiment that probes spatial correlations52. For the INADEQUATE spectra, a total number of 

320 scans were recorded within 35 h for the wild-type sample. The indirect dimension includes 

110 points. CHHC spectrum was much more time-consuming and was only collected on the wild-

type sample. For 1 ms CHHC, a total of 320 scans were collected over 36 h, with 64 points in the 

indirect dimension, and for 2 ms CHHC, a total of 608 scans were collected over 60 h, with the 

indirect dimension varying from 50- 60 points. The CHHC experiment relied on 3 CP blocks to 

transfer polarization from 1H to 13C, back to 1H to enable 1H spin diffusion, and then back to 13C 

for site-specific detection. The corresponding contact times of the three CP blocks were 1 ms, 0.5 

ms, and 0.5 ms, respectively.  

8.5.4 Room-Temperature Solid-State NMR 

Multiple experiments were conducted at room-temperature to compare with the DNP data. 
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Around 65 mg of unlabeled rice stems were packed into a 4-mm ZrO2 rotor for measurements. All 

non-DNP experiments were conducted on a 400 MHz (9.4 Tesla) Bruker spectrometer using a 4-

mm HCN probe. 1D 13C quantitative spectra were collected using the recently developed MultiCP 

pulse sequence at room temperature under 10 kHz 43. This experiment allows for the quantitative 

detection of all 13C signals with enhanced sensitivity. Within each experiment, 8 CP blocks were 

used for WT and ctl1 ctl2 double mutant sample, and 9 blocks were used for ctl1 and ctl2 single 

mutant rice, with a z-filter time of 0.9 s between two CP blocks for repolarization. In total, 20k, 

23k, 23k, and 20k scans were collected for the WT, ctl1, ctl2, and ctl1 ctl2 samples, respectively. 

To investigate the molecular motion of polysaccharides in unlabeled rice stems, we have measured 

13C-T1 and 1H-T1ρ relaxation. 13C-T1 was measured using a CP-based experiment63. 1H-T1ρ was 

measured using a spinlock field of 62.5 kHz. For 13C T1 relaxation, 4k and 3k scans are collected 

for each time point of WT and ctl1 ctl2 samples, respectively. Meanwhile, 6k (WT) and 2k (ctl1 

ctl2) scans are collected for each time point of the 1H-T1ρ relaxation experiment. In addition, we 

have conducted the dipolar-chemical shift (DIPSHIFT) correlation experiment under 7.5 kHz 

MAS56. Frequency-switched Lee Goldburg (FSLG) sequence was used for 1H homonuclear 

decoupling, with a transverse field of 83 kHz and an effective field of 102 kHz. The scaling factor 

is 0.577 as verified using a model tripeptide MLF.  

In addition, we have measured a series of 2D PDSD experiments using 13C-labeled rice 

stems to compare with the DNP-assisted 2D CHHC experiment collected on unlabeled samples. 

Around 85 mg 13C-labeled rice material was packed into a 4-mm ZrO2 rotor for the solid-state 

NMR experiment. The mixing times were chosen to be 1, 2, 3, and 5 ms for four different spectra.  

8.6 Conclusion 

We have presented a novel strategy that integrates natural-abundance DNP with dynamics 
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measurement to analyze unlabeled plant cell walls. Because this protocol no longer requires 

isotopic enrichment, it now becomes possible to rapidly screen a large collection of lignocellulose 

materials found in nature or engineered in vitro. Consequently, the large-scale and high-resolution 

biomass characterization will provide the structural foundation for improving the biotechnologies 

of biofuel production.  
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APPENDIX 

Table S8.1 Fit parameters of 13C CP spectrum of wild-type (WT) sample. The peaks are classified 

in three groups according to their influence on the C4 region, as by integrating, interior and surface 

cellulose contribution is shown to respectively be 40.5% and 59.5% of the cellulose content. 

 

δ [ppm] Assignment Amplitude Width [ppm] Integral [%] 

Cellulose C4 

90.0 

i4 

0.4 0.8 0.1 

89.0 6.2 1.2 3.3 

88.0 1.7 1.2 0.9 

87.3 

s4 

1.0 1.0 0.4 

84.3 6.8 1.6 4.7 

83.1 4.1 1.2 2.2 

Other peaks close to cellulose C4 

81.9  2.7 1.8 2.1 

80.5  1.3 1.8 1.0 

76.1  13.4 2.6 10.3 

Other peaks far from cellulose C4 

105.8  13.4 1.1 6.4 

104.9  11.9 1.1 5.7 

103.9  10.3 1.2 5.4 

74.9  20.8 1.2 7.5 

74.0  17.0 1.0 4.8 
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Table S8.1 (cont’d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

72.1  40.4 2.3 27.4 

71.3  3.9 0.4 0.4 

64.9  11.0 1.6 5.2 

64.4  7.0 0.7 1.5 

63.1  6.5 1.4 2.8 

61.9  9.5 1.7 4.9 

59.6  3.1 2.4 3.1 
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Table S8.2 Fit parameters of 13C CP spectrum of ctl1 ctl2 double mutant. The peaks are classified 

in three groups according to their influence on C4 region, as by integrating, interior and surface 

cellulose contribution is shown to respectively be 44.6% and 55.4% of the cellulose content. 

δ [ppm] Assignment Amplitude Width [ppm] Integral [%] 

Cellulose C4 

90.0 

i4 

1.2 0.8 0.4 

89.0 6.2 1.0 2.5 

88.0 1.8 1.2 0.9 

87.4 

s4 

0.9 1.0 0.3 

84.3 4.9 1.5 2.9 

83.5 0.7 0.8 0.2 

83.0 3.4 1.5 1.9 

Other peaks close to cellulose C4 

81.9  3.2 1.8 2.3 

81.0  1.3 1.0 0.5 

80.0  1.5 1.4 0.8 

76.1  13.4 2.6 11.3 

Other peaks far from cellulose C4 

105.8  9.5 0.8 3.2 

104.9  13.0 1.5 7.3 

103.8  10.3 1.3 5.3 

100.8  1.5 4.4 2.4 

74.9  23.8 1.2 7.7 
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Table S8.2 (cont’d) 
74.0  19.0 1.0 4.9 

72.1  39.1 2.3 23.9 

71.3  7.1 0.5 1.0 

70.5  6.0 0.7 1.1 

64.9  13.1 1.7 5.9 

64.4  3.3 1.0 0.9 

63.2  8.3 1.6 3.5 

61.9  6.9 1.7 3.2 

59.6  4.3 3.5 5.6 
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Table S8.3 Peak numbers of INADEQUATE spectra shown in Figure 8.3. 

 

 

 

 

  

 

interior 

cellulose (i) 

surface 

cellulose (s) 

xylose in 

xylan (Xn) 

xylose in 

xyloglucan (x) 

arabinose 

(A) 

WT 18 16 6 6 0 

ctl1 

ctl2 

16 15 18 2 10 
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Table S8.4 13C-T1 and 1H-T1r relaxation times of cellulose and xylan in WT and ctl1 ctl2 samples. 

The data is fit using single exponential equation 𝐼 (𝑡) = 𝑒−𝑡/𝑇, where T could be T1 or T1r. Error 

bars are standard deviations of the fitting parameters. CS: 13C chemical shift. Unidentified (-). 

 

 

 

 

 

 

 

Assignments 

Rice WT Rice ctl1 ctl2 double mutant 

CS 

(ppm) 

T1(CP) 

(s) 

CS 

(ppm) 

T1ρ 

(ms) 

CS 

(ppm) 

T1(CP) 

(s) 

CS 

(ppm) 

T1ρ 

(ms) 

i/s/Xn2f1 105.6 25±1 105.5 43±2 105.5 11.3±0.8 105.3 31±2 

i4 89.3 35±5 89.3 53±2 89.3 21±2 89.1 42±2 

s4 84.2 20±1 84.1 33±2 84.1 9.3±0.6 84.0 29±3 

i6 65 13±1 64.7 28±3 65.2 7.4±0.8 65 24±2 

s6 62.9 4.2±0.5 62.8 24±2 63.1 2.3±0.4 62.8 18±2 

Xn-AcCO 173.7 - 173.7 11±1 174.3 8.3±0.7 174.3 - 

Xn13f 102.0 7.7±0.4 102.5 7.9±0.8 102.7 4.8±0.4 101.8 8±1 

Xn42f 82.2 10.5±0.9 82.2 18±2 82.2 7.5±0.6 82.2 18±2 

Xn43f 77.7 10±2 78.0 16±2 77.5 6.9±0.5 78.0 10±1 

Xn-AcMe 21.6 7.8±0.7 21.7 10±2 21.7 4.6±0.3 21.7 9±1 
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Figure S8.1 Lignin has increased methyl ether substitution in the double mutant. The spectra of 

wild-type (black) and ctl1 ctl2 double mutant (yellow) are normalized by the interior cellulose 

carbon 4 (i4) peak. The lignin methyl ethers (lignin -OMe) has a doubled intensity in ctl1 ctl2 but 

the lignin aromatics have a comparable intensity in both samples.  
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Figure S8.2 Effect of solvents on DNP enhancement. a, ctl1 ctl2 sample in the solvent of 13C-

depleted, d8-glycerol/D2O/H2O (60/30/10 vol%) has shown a 22-fold enhancement of sensitivity. 

b, ctl1 mutant in d6-DMSO/D2O/H2O (60/30/10 vol%) matrix only exhibits a 5-fold of sensitivity 

gain.  
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Figure S8.3 Timesaving by DNP on carbohydrate signals in unlabeled rice stems. Top row: The 

room-temperature spectrum collected on a 400 MHz NMR gives a signal-to-noise (S/N) ratio of 

37 for the highest peak after 43 h of measurement. Bottom row: 600 MHz/395 GHz DNP provides 

a S/N ratio of 618 after only 0.5 h of measurement.  Cellulose peaks are well reserved, but intensity 

suppression has been observed for xylan signals, lignin methyl ether (-OMe) and small molecules 

(Glc; glucose). 
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Figure S8.4 DNP polarization is uniform across the cell wall. The microwave-on (MW on) and 

microwave-off (MW off) spectra are normalized by the interior cellulose carbon 4 peaks (i4) to 

compare the spectral pattern. The consistent spectral envelope clearly demonstrate that the 

polarization is uniform across the whole cell wall.  
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Figure S8.5 The experimental and simulated spectra have a good match. The 120 to 50 ppm 

regions of a, wild-type sample (left) and b, ctl1 ctl2 double mutant (right) are shown. All numerical 

parameters used to obtain the fits are summarized in Tables S8.1 and S8.2. Color code follows 

peak classification in these tables: i4 cellulose in red, s4 in magenta, close peaks in dark yellow, 

and others in grey. 
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Figure S8.6 1D cross sections of DNP-enabled 2D CHHC spectrum. Representative slices were 

extracted from the 2 ms CHHC spectrum of unlabeled wild-type rice stem. The 13C FWHM 

linewidths and signal-to-noise (S/N) ratios are shown for the major peaks.  
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Figure S8.7 2D PDSD spectra of 13C-labeled rice stems. The spectra are collected using a, 3 ms 

and b, 5 ms mixing times. Assignments of cellulose and xylan peaks are annotated on the spectra.  
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Figure S8.8 NMR relaxation curves of polysaccharides in unlabeled rice stems. The a, 13C-T1 and 

b, 1H-T1ρ data are plotted separately for wild-type and ctl1 ctl2 samples. Cellulose signals (red) 

generally exhibit faster relaxation than xylan peaks (blue). The exceptions in panel a only occur to 

the 62 ppm s6/x5 peak, which has mixed contribution from both cellulose and matrix polymers.  
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  CHAPTER 9: CHRONOLOGICAL MOLECULAR FINGERPRINT OF WETLAND 

SOIL BY SENSITIVITY-ENHANCED SOLID-STATE NMR 

Research paper submitted to Nature Geoscience.  

              Preprinted in ChemRxiv (https://doi.org/10.26434/chemrxiv-2023-p4rvg). 

Authors: Wancheng Zhao, Elizabeth C Thomas, Debkumar Debnath, Faith Scott, Frederic 

Mentink-Vigier, John R. White, Robert L. Cook, and Tuo Wang 

9.1 Abstract  

Soil organic matter (SOM) plays a major role in mitigating greenhouse gas emission and 

thereby regulating Earth’s climate, carbon and water cycles, and biodiversity. Wetland soils 

contain the highest stores of soil carbon on the planet on an areal basis, accounting for one-third 

of all the SOM, yet our understanding of carbon sequestration within wetlands lags behind that of 

upland soils. Here we show the molecular-level fingerprints of wetland soils spanning eleven 

centuries using advanced solid-state nuclear magnetic resonance (ssNMR) spectroscopy. 

Remarkably, combining dynamic nuclear polarization (DNP) with SOM enrichment allowed up 

to an 8,000-fold time-saving over conventional NMR approaches. This innovative approach for 

SOM characterization revealed that the parent herbaceous plant core molecular structures are 

preserved, with the aromatic and carbohydrate motifs becoming tightly packed, even after a 

millennium. Such preserved cores occur alongside molecules from the decomposition of loosely 

packed parent biopolymers and biogeochemical processing driven by geological global and 

anthropogenic changes, adding to the chemical diversity of SOM. These findings reveal that 

particulate organic matter (POM) should be a major focus for wetlands, and other soils with high 

organic matter content, especially when considering the fate of coastal wetland SOM when 

exposed to oxygenated water due to erosion. 
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9.2 Introduction 

Soil organic matter (SOM) and associated soil organic carbon (SOC), critically represents 

one of the major reservoirs of carbon on the planet and is critical to ecosystem services, from the 

molecular to the global scale1, 2. Just the top 1 m of the world’s soil contains 1500 petagrams (Pg, 

billion tons) of carbon, approximately twice the carbon pool contained in the entire atmosphere3 

and more than the atmosphere and vegetation combined4. Soil has been a sink to about 210 ± 45 

Pg of carbon between the years 1850 and 2021, mitigating around 100 ppm of atmospheric CO2 

levels5. Wetland soils contain approximately one-third of this SOC despite occupying only 5-6% 

of the Earth’s land surface area6. Coastal wetlands, known as the blue carbon ecosystems, occupy 

only 0.07-0.22% of the Earth’s surface but sequester 0.08-0.22 Pg carbon each year, accounting 

for more than half of the carbon buried in the oceans annually7-9, and store the vast majority of this 

carbon for hundreds to thousands of years, with minimal methane emissions due to a poised redox 

potential10.  

The anaerobic conditions of wetland soil cause a reduced metabolic efficiency of microbes 

in acquiring energy during decomposition of complex organic carbon compounds, which leads to 

increased preservation of carbon in soil profile unless hydrologic conditions change11. Subsidence, 

sea level rise and wave energy promote wetland soil collapse into the surrounding shallow, 

estuarine aerobic water column, resulting in the oxidation of SOM and releasing the stored carbon 

back to the atmosphere as primarily carbon dioxide12-14. To preserve and manage wetlands, 

minimize greenhouse gas emissions, and maximize carbon sequestration potential, it is crucial to 

understand, model, and accurately predict the dynamics of SOM, and hence SOC, in a scalable 

and applicable manner15. Thus, detailed molecular information, including functionality, isomerism, 

and conformations of the sequestered carbon pool is a fundamental requirement. Currently, there 
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is limited work on this advanced level of carbon sequestration within coastal wetlands, as most 

work has been focused on upland soils. 

The persistence of SOC was considered to occur through the formation of recalcitrant 

macromolecules by polymerization during a process called humification16. Presently, the dynamic 

stability concept prevails, whereby organic carbon is preserved as an organic entity via molecular 

preservation for periods of time, in concert with dynamically changing organic carbon speciation17. 

This new view also breaks SOM down into two major pools: particulate organic matter (POM), 

which includes occluded SOM and plant materials, and mineral associated organic matter 

(MAOM), which contains mostly small organic molecules and biological metabolites18, 19. Over 

time, these two more recalcitrant pools may become accessible, and therefore can be viewed as 

shorter-term stable carbon deposits in the context of geologic time20 (Swift and Hayes, 2020). Most 

research on this new paradigm was focused on upland or mineral soils, with the MAOM fraction 

receiving the bulk of the attention, although the focus is beginning to shift19, 21, 22. Most coastal 

wetlands are POM-dominated systems with a high organic matter to mineral matter ratio. Globally, 

per unit area, coastal wetlands are considered the most carbon-rich dynamic reservoirs of organic 

carbon, warranting a closer examination of this critical and most vulnerable to loss carbon pool, 

as sea level continues to rise.  

Here, we examine coastal wetland soil samples from the Mississippi River Delta, USA that 

have been deposited and preserved over the past 11 centuries, but whose soil C stores are being 

lost at an accelerated rate due to the high relative sea level rise rate. Sensitivity-enhanced ssNMR 

is applied, for the first time, to whole soil samples to enable rapid acquisition of 2D 13C/1H-13C 

correlation spectra, providing atomic-level structural information of the carbon fraction of SOC. 

This method allows for a detailed characterization of soil on the fine granular and molecular level, 
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beyond the moiety characterization level (Supplementary Discussion), which reveals that: 1) in 

the initial stages of SOC sequestration, core structures of the parent herbaceous plant materials are 

preserved but the aromatic and carbohydrates motifs become tightly packed, with non-

carbohydrate components being concentrated in the soil, 2) some structural cores of herbaceous 

plant biopolymers survive anaerobic microbial degradation, with their original structure and 

physical packing preserved up to 1000 years since deposition, 3) molecules from the 

decomposition of loosely packed parent biopolymers and biogeochemical processing are present 

and add to the diversity of SOC chemical nature, and 4) changes in the carbon speciation during 

the sequestration processes are driven by both natural geological changes (e.g., delta lobe 

switching) as well as anthropogenic changes (e.g., river levees). Besides these multifaceted 

conceptual advances, this high-resolution and rapid technological platform also opens a new 

research avenue for SOC analysis in undisturbed soil materials.  

9.3 Results 

9.3.1 Molecular Fingerprinting of Carbohydrate and Aromatics in Wetland Soil  

We examined seven soil samples (down to almost 2 m) collected from a salt marsh Spartina 

alterniflora-vegetated island in the Barataria Bay, Louisiana, located along the Gulf of Mexico 

coastline (Figure S9.1a-d). Each year, Louisiana experiences a loss of over 65 km2 of coastal 

wetlands, leading to an annual release of over 1 million metric tons of stored carbon from Barataria 

Basin alone23, 24. This island underwent shoreline erosion rates of over 1.5 m y-1 and became 

entirely eroded in 2021 (Figure S9.1e, f). A two-step protocol was developed to improve the NMR 

sensitivity by a factor of 90, reducing experimental duration 8,100 times, essentially reducing a 

22-year-long experiment down to one day. This was achieved by employing hydrofluoric acid 

(HF) treatment, which depleted the mineral component, concentrated SOM, and enhanced their 
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signals by a factor of 5 (Figure 9.1a) without chemically perturbing its structure as described in 

Supplementary Methods25-27, and DNP, which relies on microwave irradiation to transfer 

electron polarization to NMR-active nuclei in the soil, resulting in an additional 18 enhancement 

(Figure 9.1b). Together, this allowed for carbon connectivity to be directly mapped by a 2D 13C-

13C correlation spectrum on unlabeled soil (Figure 9.1c), a task previously impossible by 

conventional techniques, but now achievable within 16 hours of analytical time. 

The carbohydrate signals of the top 10-cm layer of soil (sample 1) were predominantly 

from cellulose (Figure 9.1c), including the glucan chains residing on both the surface and internal 

domains of the microfibrils (Figure 9.1d). Multiple forms of glucan chains are identifiable within 

cellulose. First, we observed two distinct sets of signals from surface chains (sf and sg in Figure 

9.1c), which have been proposed to contribute to distinctly hydrated exteriors of the microfibrils, 

namely the concept of hydrophobic and hydrophilic surfaces28. Second, in addition to the dominant 

interior conformers (ia and ib), a third form of ic was also identified in a 2D 1H-13C correlation 

spectrum, collected within an hour (Figure 9.1e), with a unique C4 chemical shift of 87.5 ppm. 

Type-c glucan has been found in the native cellulose across many different grass and woody plant 

species and have been attributed to the deeply embedded and inaccessible core of the larger bundle 

formed by multiple microfibrils (Figure 9.1d)29-31. The identification of these five glucan types 

demonstrates that the native cellulosic material has been preserved in surface soil.  

Further structural preservation is indicated by the unexpected identification of 2-fold and 

3-fold xylan (Xn2f and Xn3f) in the soil (inset of Figure 9.1c). The 2-fold and 3-fold refers to the 

helical screw conformation and indicate the number of sugar residues needed for finishing a 360° 

helical rotation along the chain (Figure 9.1f)32. Recent studies of the lignocellulosic plant biomass 

have revealed the distinct functions of these two xylan conformers, with the flat-ribbon 2-fold 
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xylan coating the smooth surface of cellulose microfibrils33, 34 and the zigzag 3-fold xylan 

preferentially packing with disordered aromatics, namely the lignin domains in plants30. Evidently, 

at least a portion of the structural core of plant lignocellulosic biomass is preserved, intact, in the 

wetland soil.   

 

Figure 9.1 Molecular fingerprint and spatial organization of biopolymers in wetland 

soil. a, Comparison of quantitative 13C spectra of the HF and non-HF treated soil sample 1 (surface 

layer) at room temperature. HF treatment concentrates the organic phase and gives a 5-fold 

sensitivity boost. b, Comparison of 1D 13C spectra with and without microwave (MW) irradiation. 

The sensitivity enhancement (εon/off) provided by DNP is 18-fold. Inset shows pictures of the soil 

sample and a sapphire rotor containing the soil sample. c, DNP-enabled 2D 13C-13C correlation 

spectrum (refocused J-INADEQUATE) of soil sample 1 measured in 16 h, resolving the carbon 

connectivity of carbohydrate components.  Overlay  of  the  measured  spectrum  (black)  with  the 
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Figure 9.1 (cont’d) 

probability map constructed using 412 carbohydrate units from Complex Carbohydrate Magnetic 

Resonance Database36 indicates the best match with cellulose (magenta dots). Assignments of the 

interior (i) and surface (s) glucan chains of cellulose microfibrils and the xylose units of 2- and 3-

fold xylans (Xn2f and Xn3f) are labeled. Inset shows the xylose carbon 4 region processed with 

large line-broadening to show xylan signals. d, Representative cellulose structure with each 

microfibril containing eighteen β-1,4-glucan chains on the surface and interior domains. Multiple 

microfibrils aggregate to form larger bundles that accommodate different forms of glucan chains 

(ia,b, ic, sf, and sg), which are further wrapped by matrix non-cellulosic polymers. e, Single-hour 

DNP 2D 1H-13C correlation spectrum resolves the signals from aliphatic carbons, carbohydrates, 

and aromatics. Key signals of polymethylene (-CH2-)n, methoxyl (-OCH3), cellulose, and xylan 

are labeled. f, Structure of 2- and 3-fold xylan conformers. g, Overlay of 2D 1H-13C correlation 

spectrum measured with short (0.1 ms; blue) and long (1.0 ms; yellow) CP contact times. The 

symbolic representations correspond to the carbons in lignin monolignol units. Dashed lines show 

the key 1H positions.  

Many non-carbohydrate molecules were also identified, including the aromatics and 

methoxy substitutions in lignin, the acyl chains (or polymethylene35) in lipid polymers, and other 

aliphatic motifs (Figure 9.1e). This characterization was achieved using a single-hour 2D 

experiment that relies on a short CP contact time (0.1 ms) to emphasize one-bond 1H-13C 

correlations. Protonated carbons in lignin exhibited signals in the 13C chemical shift range of 110-

125 ppm (blue spectrum in Figure 9.1g). The 105 ppm 13C signals have dual contributions from 

both carbohydrates and aromatics, including the carbon 1 of cellulose and 2-fold xylan, as well as 

the carbons 2 and 6 of the S-unit, thus showing one-bond correlations with both carbohydrate and 
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aromatic protons.  

A range of nonprotonated carbons were also observed with a longer CP contact (1.0 ms) 

that extended the reach of 1H-13C correlation (yellow spectrum of Figure 9.1g; Figure S9.2). The 

spotted signals included carbonyl groups (CO) and monolignols, such as the carbon 3 and 5 of the 

syringyl (S) unit at 154 ppm and the carbon 3 and 4 of the guaiacyl (G) unit at 145-149 ppm. Their 

chemical nature was confirmed by their strong peaks in dipolar-dephasing spectra that removed 

all protonated carbon signals (Figure S9.3). The NMR observations of SOC unveiled a complex 

composition in terms of plant polysaccharides, lignin, and lipid polymers. 

9.3.2 Domain Distribution of Polymers in Soil 

It is noticeable that the aromatic carbons (13C chemical shifts of 100-140 ppm) not only 

show cross peaks with the aromatic protons at 6-7 ppm, but also cross-talked with carbohydrate 

and aliphatic protons that resonate at 3-5 ppm, revealing the co-localization of aromatics, 

aliphatics, and carbohydrates on the nanoscale, consistent with previous work37. This concept of 

molecular mixing is also supported by the cross peaks between carbohydrate carbon sites (13C 

chemical shifts of 70-110 ppm) with aromatic protons (1H chemical shifts of 6-7 ppm). The only 

exception was observed in polymethylene (-CH2-), which failed to show correlations with other 

carbons or protons, providing a clear indication of domain separation for lipid polymers. This 

finding corroborates earlier ssNMR results35, 37 where poly-methylene were found to form large 

aggregates to resist further degradation, which is a characteristic commonly shared by diverse soil 

materials in nature. 

9.3.3 Preserved Structural Core in Plant Material and Surface Soil  

The composition of plant detritus inputs to the soil as well as the redox status of the soil 

are among the key external factors that affect the rate of carbon sequestration38. The plant tissues 
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gathered at the soil collection site retain highly similar carbohydrate signals when compared to the 

surface soil (Figure 9.2a). Cellulose crystallinity is unchanged, as evidenced by both soil and plant 

samples showing comparable intensity ratios between the interior cellulose C4 at 89 ppm and the 

surface cellulose C4 at 84 ppm. With a 24-fold DNP enhancement (Figure S9.4), we 

unambiguously detected the varied signals from multiple cellulose forms and xylan conformers in 

2D 13C-13C correlation spectrum of these plants (Figure 9.2b), which demonstrated a similar 

pattern to the soil spectrum. The soil exhibits elevated levels of carbonyls, methoxyls, aromatics, 

and aliphatics, as revealed by the difference of two parental spectra (Figure 9.2a). These 

components might have accumulated due to their slower decomposition rate when compared to 

carbohydrates.  

 

Figure 9.2 Conserved structural core of plant material and wetland soil. a, DNP-enhanced 13C 

spectra of surface soil (yellow; sample 1) and the plant on top of the soil (blue). The bottom panel 

shows the difference of the two spectra, revealing a signature pattern of lignin, aliphatic and 

polymethylene,  as  well  as  matrix  polysaccharides.  b,  Carbohydrate  region  of  DNP  enhanced  
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Figure 9.2 (cont’d) 

13C-13C refocused J-INADEQUATE spectrum showing signals from cellulose and xylan. Inset 

picture shows the original plant material characterized here. c, Aromatic amino acids resolved 

from the plant sample, with chemical shifts labeled on the structure. d, 2D 1H-13C correlation 

spectrum measured using 0.1 ms CP resolving key signals of cellulose, xylan, lipid polymers. 

Lignin methoxyls (-OCH3 or -OMe) and xylan acetyls (Ac) are also observed, with structures 

presented. e, 2D 1H-13C correlation spectrum measured using 1 ms CP resolving signals of 

aromatic and carbonyl carbons from proteins and lignin. Dash lines in blue and red annotate the 

key positions of methoxyl and aromatic protons, respectively. Black dashed line represents the 

anticipated correlations between lignin aromatic carbons and carbohydrate anomeric protons, 

which are notably less numerous than the signals observed in the soil.  

Strong signals of aromatic amino acid residues have been spotted, which align with the 

chemical shifts of histidine or tryptophan (Figure 9.2c). These molecules are uniquely abundant 

in the plant material and are not present in the soil underneath it, likely due to being vulnerable to 

rapid microbial degradation. Though the carbohydrates signals are highly consistent with the soil, 

the aliphatic region shows a dramatically simplified pattern (Figure 9.2d), with only 3 peaks from 

the methoxyl group of lignin, the CH2 groups likely from the acyl chain of lipids in the membrane 

or from the cutan or suberin, and the acetyl group that serves as an important modification of 

matrix polysaccharides, such as xylan. The aromatic region is simpler (Figure 9.2e). The key 

carbon sites of both S and G units are still detectable, with these carbons mainly correlating with 

the methoxyl and aromatic protons and lacking the cross peak with the anomeric protons of 

carbohydrates at 4.3-4.5 ppm, suggesting substantially reduced interactions between carbohydrates 

and aromatic polymers. 
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Despite the conserved structures of individual carbohydrate and lignin components, soil 

has two unique structural features that are absent in plant materials. First, non-carbohydrate 

components are highly concentrated, which is likely caused by the faster degradation rate of 

polysaccharides compared with lignin and polymethylene polymers. Phenols serve as antioxidant 

during degradation reactions, while polymethylene polymers contain crystalline domains of 

aliphatic chains, conferring these polymers with high stability39, 40. This trend was also confirmed 

by the analysis of another plant sample collected 30 m inland on the same island (Figure S9.5). 

Secondly, the aromatics and carbohydrates are more tightly packed in the surface soil than in 

plants. This finding might originate from the faster decay of primary cell walls that only contain 

cellulose and soft matrix polysaccharides but does not contain lignin, and/or the removal of intra- 

and extracellular components leading to tighter packing of residual lignocellulosic components. 

9.3.4 Mapping Carbon Composition and Packing Along Depth 

The molecular composition of the soil matter changes with the depth. In the quantitative 

1D 13C spectra41, the content of polymethylene carbons, marked by the intensities of two adjacent 

peaks at 33 and 31 ppm, increased substantially from sample 1 (0-10 cm interval) to sample 2 (40-

50 cm interval), as shown in Figure 9.3a. These two peaks in polymethylene, also observed in 

many other soil organic matter samples, correspond to crystalline (CH2)n chains in all-trans 

conformation (type-a; 33 ppm) and amorphous regions accommodating both trans and gauche 

conformations without long-range order (type-b, 31 ppm)35. The self-aggregated nature and limited 

accessibility of polymethylene might have prevented it from being degraded after deposition in the 

soil. However, when normalized to the aromatic signal, the polymethylene, together with 

carbohydrates and carbonyls decrease sequentially as one moves deeper in the soil profile (samples 

2-7; age range from 1963AD to 945AD). These spectral observations were quantified through a 
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deconvolution protocol applied to 1D quantitative spectra (Figure S9.6), using the carbon sites 

resolved from high-resolution 2D dataset. Carbohydrates exhibit a substantial reduction in their 

proportion, decreasing from 29% in sample 1 to 20% in sample 7, while the content of aromatics 

are being enriched from 29% to 36% when moving deeper from the surface (Figure 9.3b).  

 

Figure 9.3 Structural changes of SOM in relation to depth. a, Overlay of 1D quantitative 13C 

spectra of seven soil samples with normalization by the major aromatic peak (asterisk). The top 

panel compares samples 1 and 2, and the bottom panel includes samples 2-7. The two key peaks 

(types a and b) of polymethylenes are marked, with an illustration of the crystalline all-trans 

domain and the amorphous domain that include both trans and gauche conformations. Three 

conformers, gauche(+), gauche(-), and trans, are illustrated, with methylene groups represented as 

yellow circles and hydrogen atoms  as  open  circles.  The  wetland  condition  of  each  soil  sample  
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Figure 9.3 (cont’d) 

(saltwater, brackish, or freshwater) are also labeled. b, Quantification of the four major carbon 

types. The details of spectral deconvolution are documented in Figure S9.6, 1H-13C correlation 

spectra of two untreated soil samples measured with 0.1 ms (yellow), 0.5 ms (light blue), and 1 ms 

(grey) CP contact times. d, molecular and physical evolution of wetland soil over time. The figure 

depicts a geological timeline through soil depth based on 14C dating results and historic events in 

the area. Molecular profiling of 7 soil samples reveals the content of major carbon types. Detailed 

information differentiates different types of polymethylene carbons, cellulose chains, and 

monolignol units. Bulk density and loss-on-ignition measurements were also taken on 18 soil 

samples immediately following collection. A higher bulk density indicates a higher mineral 

content, while a lower loss-on-ignition % suggests a lower organic matter content. 

Regarding the ratio between carbohydrate and aromatic moieties, there is a vertical 

distribution based on salinity as the wetland transitioned from freshwater, to brackish, to a current 

day salt marsh environment (Figure 9.3a)42. A similar trend can also be seen regarding the 

polymethylene-to-aromatics ratio moving from the deeper soil profile to the present-day surface. 

This finding suggests that, as sea level rises, salinity and resulting shifts in plant species is likely 

affecting how the sequestered carbon is stored and ultimately degraded in the soil profile. 

Native, untreated samples were also investigated using DNP-enhanced 2D 1H-13C 

correlation experiments (Figure 9.3c). It is intriguing that the spectral pattern was consistently 

maintained in the untreated samples 4 and 6 (Figure 9.3c), and in both HF-treated and untreated 

materials of sample 1 (Figure S9.7 and Figure 9.1g); therefore, HF did not perturb the native 

structure of the SOC core. This similarity is also an indication that at least a significant portion of 

the lignocellulosic cores were preserved, supported by the observation of internal cellulose, whose 
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carbon 4 (i4) shows a major decline starting from sample 2 (Figure 9.3a) but still exhibits some 

weak signals in samples 4 and 6 (Figure 9.3c). While most cellulose was decomposed rapidly in 

the surface layers, a fraction of these crystalline cores were preserved for centuries in this soil.  

Moreover, the close spatial proximities between aromatics and carbohydrates observed in 

samples 4 and 6 (Figure 9.3c) resemble those identified in the surface soil (Figure 9.1g). The 

polymethylene also shows the same self-aggregation features in these deeper samples. Therefore, 

the decomposition of SOM did not happen homogeneously. Some biopolymeric structural cores, 

like self-aggregated polymethylene and densely packed lignin-polysaccharide domains, have 

efficiently withstood microbial degradation and maintained their original structure and physical 

packing after approximately 500 years (at 100 cm depth) and even up to 1000 years (at 180 cm 

depth). This preservation has been maintained despite the presence of microbial extracellular 

enzymes present throughout the profile43.  

9.3.5 Natural and Anthropogenic Influences on Carbon Speciation Over a Millennium 

The observed nondirectional changes of molecular composition and structure (Figure 

9.3d) are not expected based on conventional soil aging and humification or the activity of 

microbial communities at depth. As tracked by the 14C dating, the soil material collected across 

the ~2-m depth covers a geological timeline of 11 centuries43, 44; therefore, the interplays of the 

delta lobes and water salinity in the Barataria Bay should also play a key role. The Mississippi 

River watershed is the dominant surface hydrologic feature in North America, which collects 

runoff from 40% of the continental US between the Rocky Mountain region to the Appalachian 

Mountains42. River deltas are dynamic systems with continually shifting lobe formation and 

abandonment over time42. Therefore, these environmental shifts, over time, can influence the 

physical and chemical characteristics of the accreted carbon pool based on hydrodynamics and 
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salinity. One anthropogenic driver has been the construction of river levees over the past century, 

essentially separating the coastal basins from the river, preventing the historical freshwater and 

sediment-subsidies from occurring45. 

The continuing decrease of loss-on-ignition (LOI; see Online Methods) and total carbon 

(TC) and the gradual increase of bulk density (BD) from 1 m depth to the surface of the soil is due 

to marsh fragmentation (Figure 9.3d; Supplementary Methods). As the continuous marsh 

platform begins to erode from all edges, the interior of the marsh becomes closer to the shoreline. 

Consequently, fine-grained sediments present in the bay are transported into the marsh during 

storm events.46, 47. The soil at 40 cm depth formed under hypersaline condition also shows the most 

unique chemical characteristics that violate the trends on the molecular level. It shows the highest 

content of aliphatics and polymethylene, and the polymethylene has a unique structure that is rich 

in the carbon site resonating at 34 ppm (named type-a polymethylene; the crystalline domain in 

all-trans conformation). The lignin amount is low but contains a high level of S-monolignols with 

a high degree of methoxy substitutions. Cellulose crystallinity also becomes low: only 10% of 

glucan chains are now in a crystalline interior environment, while the remaining majority are 

disordered. 

9.3.6 Paradigm of Wetland POM Preservation and Carbon Sequestration 

It is imperative to understand the connection between the chemical stability of wetland 

SOC and its carbon structure, given wetlands' crucial role in global carbon stocks and their ability 

to sequester more carbon per unit area compared to other soil types1, 6. It is also crucial to 

differentiate between molecular and carbon speciation, microbial transformation, and 

preservation17, 18 when considering SOC persistence as sea level continues to rise globally8, 12. In 

this pursuit, 13C ssNMR spectroscopy48-50, along with the sensitivity enhancement yielded by 
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DNP51, 52, has been introduced to minimize the biases introduced by the extraction, solubilization, 

and relaxation present in liquid state NMR (Supplementary Discussion), while leveraging the 

detailed molecular view NMR spectroscopy allows, especially multidimensional techniques. This 

technique has allowed new insights into SOC sequestration and the importance of preservation for 

organic rich and POM-dominated blue carbon systems. 

This study reveals robust preservation of the polymeric assembly in the top 10 cm of soil 

echoing the core structure of plant parent materials, evident in the comparable interior and surface 

cellulose signals, the preservation of multiple forms of cellulose, xylan conformers, and both the 

S and G monolignols in lignin (Figure 9.1c, e, f). This result can be attributed to the tight packing 

of some lignin and carbohydrate components, which could be induced by the decay of bulky cell 

wall cellulose and soft matrix polysaccharides, as evidenced by lower content of these moieties 

within the whole soil (Figure 9.2a). Further evidence for decay taking place in parallel with 

preservation is the absence of aromatic amino acids within the SOM (Figure 9.2c). This new 

insight allows for a refocusing on the concept of molecular preservation in the form of the 

conservation of the structural core of parent biopolymers, i.e., recalcitrance, as an important 

component of carbon storage, especially for high SOM systems, such as we find in wetlands, and 

counters the concept that free POM, as a whole, is a less than stable form of carbon53, 54. 

The preservation of recalcitrant lignocellulosic domains in soil POM involves maintaining 

both the molecular structure and supramolecular assembly of participating biopolymers (Figure 

9.3c). This concurs with the biomolecular transformation of more-accessible molecules on the 

millennium timescale. The rapid decay of carbohydrates can be explained by their natural 

preferential utilization by microbes over other molecules, such as aromatic compounds, as both an 

energy and a nutrient source under the anaerobic soil conditions53. The better preservation of 
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aromatics over polymethylene is likely related to the reduced soil conditions. While soil microbes 

can produce extracellular compounds such as phenol oxidase, these metalloenzyme require oxygen 

to oxidize phenol compounds. Hence, in the anaerobic wetland soil profile, these compounds are 

stable11. Additionally, it has been found that high phenolic compounds strongly inhibit hydrolases 

further muting microbial decomposition of SOM55, thus we posit that to a limited extent additional 

aromatic moieties are synthesized by biotic/abiotic processing of the loosely associated 

lignocellulose56-58. 

The dynamics of deltaic systems on C sequestration were revealed through quantitative 13C 

NMR data, with major transformations found to occur within the SOC pool over a millennium 

(Figure 9.3a, d). The first important takeaway is that the conditions of the wetland under which 

the SOC is initially preserved play a major role in the decomposition of the SOC pool. This is 

evidenced by an increased preservation of the carbohydrate when the wetland transitioned from 

freshwater, to brackish, to a saltwater-dominated wetland (Figure 9.3a); the same general trend 

can also be seen regarding polymethylene. The relative proportion of preservation only changed 

with time with the change in the depositional environment, highlighting the environmental controls 

on plant species as the dominant factor. The initial transition from a freshwater to brackish water 

wetland was due to geological influences in the form of lobe transition (Lafourche to Plaquemine 

lobe and Plaquemine to Balize lobe, respectively), while the transition from a brackish water to a 

salt marsh was influenced by both a geological lobe relocation and levee construction, starving the 

wetlands of freshwater and sediment inputs42.  

9.4 Methods and Materials 

9.4.1 Collection of Soil Material 

Soil cores (2 m in length) were extracted with a polycarbonate core tube from a brackish 
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Spartina alterniflora-dominated island in Barataria Bay, Louisiana, USA (GPS coordinates: 

29.44358, -89.899722). Two cores were extracted at different distances (1 m and 2 m, respectively) 

from the shoreline of the island (Figure S9.1d). The extracted materials were divided into 10 cm 

sections based on depth. The samples were stored on ice during transportation and then kept at 4 

°C for storage until analyzed. 

9.4.2 Hydrofluoric Acid Treatment 

Visible plant matter was removed from the dried soil samples. Each sample was ground 

with a mortar and pestle set until the material can pass through a 125 μm sieve. Around 600 mg of 

ground material was transferred into a 15 mL centrifuge tube, and 10 mL of 2% HF solution was 

added. The tube was capped and turned end-over-end in a rotary mixer throughout for 9 different 

time intervals in the following sequence: five 1 h intervals then a 16 h interval followed by two 24 

intervals and a finally 72 h interval. In between these intervals, the tubes were placed into a 

benchtop centrifuge and spun at 2000 rpm for 20 min at room temperature. After centrifugation, 

the 2% HF solution was decanted and replaced with freshly prepared 2% HF solution. The soil 

samples were then vacuum filtered with 18 M water for three times to remove the excess HF and 

freeze-dried for 24 h. This protocol was modified from a previously reported method26. 

Comparison of soil materials before and after HF treatment is shown in Figures 9.1a and S9.8a. 

9.4.3 Solid-State NMR Spectroscopy 

For each soil sample, 95-105 mg of HF-treated material were packed into a 4-mm 

zirconium rotor and measured on a Bruker Avance 400 MHz (9.4 Tesla) NMR spectrometer. All 

experiments were conducted using a 4 mm probe under 14 kHz MAS at 298 K. 1D quantitative 

spectra were measured using the MultiCP pulse sequence41, with 11 CP blocks applied. Each CP 

block used 1.1 ms contact time, with a delay of 0.6 s between blocks. The acquisition time was set 
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to 25 ms, and the recycle delay was 1 s. For each sample, 16,384 scans were recorded within 35 h. 

The field strengths of the radiofrequency pulses were 71.4 kHz for both 13C and 1H hard pulses, 

and 62.5 kHz for 1H decoupling. The 13C chemical shifts were externally referenced to the 

tetramethylsilane (TMS) scale by calibrating the adamantane CH2 peak to 38.48 ppm. In this work, 

all ssNMR and DNP spectra were collected using the software Topspin 4.0 and analyzed in 

Topspin 4.1 version. Graphs were plotted using Origin Pro 2019b software and Adobe Illustrator 

CC Cs6 V16.0.0. 

To analyze the content of different carbon pools, deconvolution was performed on the 1D 

quantitative MultiCP 13C spectra using DMfit59 (20200306 version) following the positions of the 

peaks resolved from 2D DNP spectra, as detailed in Figure S9.6 and Table S9.1. This allowed us 

to convert peak intensities into carbon percentages for different structural motifs including 

carbohydrates, aromatic, carbonyl, and aliphatic components, as well as the ratios of different 

carbon sites within each category (Table S9.2). 

1D rotor-synchronized non-quaternary suppression (NQS) spectra were collected under 14 

kHz to identify quaternary carbons60. Signals from the protonated carbons were dephased using 

two delays (30 µs × 2) without heteronuclear decoupling. The CP contact time was 2 ms. The 

acquisition time and the recycle delay was set to 41 ms and 2 s, respectively. In addition, 1D 

conventional 13C CP spectra were collected to compare with NQS spectra, with identical 

experimental parameters. The NQS and CP spectra are shown in Figure S9.3. 

9.4.4 Preparation of Soil and Plant Samples for MAS-DNP 

A stock solution, which is often referred as the DNP juice was prepared using a mixture of 

D2O and H2O (90:10 Vol%) and 10 mM AsymPolPOK biradical (Catalogue# C015P01, 

CortecNet)61. Another two stock solutions were also prepared with the same radical concentration 
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but using different solvents of d6-DMSO/D2O/H2O (10/80/10 Vol%) and d6-DMSO/H2O (90/10 

Vol%). The D2O (Catalogue# DLM-4DR-PK) and d6-DMSO (Catalogue# DLM-10TC-PK) were 

from Cambridge Isotope Laboratories. The details parameters of DNP juice composition used for 

each sample and the setup parameters of all experiments were listed in Table S9.3.  

The stock solutions were mixed with three types of materials, including HF-treated and 

non-treated soil as well as plant materials. Around 50 mg of HF-treated soil material was 

impregnated in 150 μL of the stock solution and vortexed briefly. The mixture was ground mildly 

for 20 min using a mortar and pestle to allow the radicals to penetrate the porous components of 

the soil. 30 mg of the final material were then packed into a 3.2 mm sapphire rotor for 

measurement. For comparison, the two plant samples (Spartina alterniflora) collected from the 

edge of the island (on top of the soil extraction site) and 30 m inland were also processed for MAS-

DNP measurement. Around 30 mg of each plant sample was subjected to the same protocol 

described above to mix with 10 mM AsymPolPOK. For nontreated soil samples, the protocol was 

modified regarding the concentration of the bi-radical, which has increased to 30 mM to gain more 

enhancement. The DNP enhancements and Electron paramagnetic resonance (EPR) spectra (EMX 

Nano benchtop EPR) measured on the plant and soil samples were shown in Figures S9.4 and 

S9.8. The EPR spectra were plotted by MATLAB R2020a with a toolbox Easyspin (6.0.0). The 

evaluation of the inhomogeneity was explained in Supplementary Methods.  

9.4.5 2D 13C/1H-13C Correlation Experiments Enabled by MAS-DNP 

In unlabeled samples, the natural-abundance of 13C isotope is very low (1.1%), and the 

probability of observing connectivity between two carbon-13 nuclei in a 2D 13C-13C correlation 

spectrum is inhibitory (0.01%). To obtain sufficient sensitivity for measuring 2D correlation 

experiments51, the soil and plant samples were measured on a Bruker 600 MHz/395 GHz MAS-
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DNP system at National High Magnetic Field Laboratory, with the microwave irradiation power 

set to 12 W. The sample temperature was 104 K and 100 K when the microwave was on and off, 

respectively. The DNP buildup time was 1.3-4.5 s for all the MAS-DNP samples, including the 

HF-treated and untreated soil samples as well as the plant materials collected 30 m inland and at 

the edge of the island. Recycle delays were typically set to be 1.3-fold of the DNP buildup time 

constant for each sample. 1D 13C CP experiments were measured with and without microwave 

irradiation under 8 kHz for soil and 10.5 kHz for plant samples, with the CP contact time set to 1 

ms. The experimental parameters for all 1D and 2D NMR and MAS-DNP experiments are 

documented in Table S9.3.  

2D 1H-13C HETCOR experiments were carried out under 8 kHz or 10.5 kHz MAS 

frequencies. 1H-1H homonuclear decoupling was achieved using either Phase-Modulated Lee–

Goldburg (PMLG)62 or Frequency-Switched Lee-Goldberg (FSLG) sequence63 with a 1H 

transverse field strength of 100 kHz, corresponding to an effective field strength of 122 kHz. To 

vary the range of detection between the proton and carbon sites, 1H magnetization was transferred 

to 13C using a Hartmann-Hahn (HH) CP block with a variable length, with 0.1 ms for primarily 

one-bond correlations, 0.5 ms for intermediate range of correlations, and 1.0 ms for long range 

correlations.  

2D 13C-13C correlation experiments were carried out using the refocused INADEQUATE 

scheme64. The experiment was dipolar-based, using the broadband dipolar recoupling SPC5 

sequence65. The MAS frequencies were 10.5 kHz for the HF-treated soil sample 1 and inland plants 

and changed to 8 kHz for the plant samples collected at the island edge. For the direct dimension 

(ω2), the acquisition time was 17 ms for all soil and plant samples. The acquisition time of the 

indirect dimension (ω1) was 2.7 ms and 1.7 ms for soil and plants, respectively. The indirect 
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dimensions of the spectra were set to 200 ppm (50 - 250 ppm) to effectively cover the double-

quantum chemical shifts of carbohydrate and aromatic polymers. For each sample, 100 increments 

were collected for the indirect dimension. 320 scans were collected for the soil sample in 16 h, and 

160 scans were collected for each of the two plant samples, with experimental time of 13 h and 23 

h for the plants on the edge and inland, respectively. To rapidly identify the key carbohydrate 

components in soil, a probability map was built by extracting 412 datasets of plant carbohydrates 

from the Complex Carbohydrate Magnetic Resonance Database36 following a recently reported 

protocol66. All 13C and 1H chemical shifts of identified polymers are documented in Table S9.4. 

9.4.6 14C Dating  

Prior to 14C dating, the soil sample was pretreated with an acid/alkali/acid solution to avoid 

potential effect of the secondary carbon components (roots, bacteria) on the determined age of the 

sample43, 44. The decayed plants in the soil were used for 14C dating, which was calibrated to 

radiocarbon age (years Before Present, yBP) and calendar years (cal AD). The analysis was 

performed using BetaCal 3.21, INTCAL13 database, and high probability density range method 

(HPD). The dataset is summarized in Table S9.5. 

9.4.7 Bulk Density (BD) and Loss-On-Ignition (LOI) 

The BD was determined by drying the soil at 60 °C for 24 h in a muffle furnace and then 

calculated as oven-dry wight per unit volume at field moisture capacity.9 To determine the LOI, 

the dried material was ground with a mortar and pestle, and placed into a muffle furnace at 550 °C 

for 4 h. The mass difference before and after the combustion was divided by the original dry mass 

to get the percentage value of LOI ratio13, which represents the relative fraction of organic matter 

in the sample. The results of these bulk property measurements were detailed in Supplementary 

Methods.  



338 
 

9.4.8 Total Carbon Percentage 

The dried sample was ground using a mortar and pestle and sieved with 125 μm sieve to 

ensure equal particle size. 10 mg of soil were weighed into ceramic crucibles, which were placed 

into a total organic carbon analyzer (Shimadzu TOC SSM-5000A) to analyze the content of total 

carbon. Information on the physiochemical property is documented in Table S9.5. 

9.5 Conclusions and Perspectives 

On aggregate, SOC sequestration in the studied coastal wetland is a combination of 

molecular—including biomolecular—preservation, recalcitrant carbon, and carbon stabilization 

through dynamic carbon speciation (biological carbon turnover). The hydrogeomorphic setting 

changed over the 1000 years during which this sequestration has taken place, transitioning from 

an active freshwater delta to an abandoned freshwater delta lobe, then to a brackish and, eventually, 

a salt marsh system, as sea level has continued to rise. Despite these drastic surface changes, 

preservation, via tighter packing, of parent biopolymers has been consistent over time. A new 

framework of terminology can be derived, in which preservation can be viewed as molecular 

preservation and sequestration can be viewed as carbon storage regardless of speciation, with 

preservation being a subcategory of sequestration. This study provides strong evidence for giving 

equal weight to POM, just as what has been done for MAOM in regard to global SOC 

management19, with POM being the major focus for organic soils, such as wetlands which contain 

~1/3 of the planet’s SOC. Recalcitrance should also be a major part of the focus within the 

preservation of high organic soil, especially as this preserved SOC becomes quickly processed and 

converted to greenhouse gases when exposed to highly oxygenated water due to erosion12, 13, 67. 

Therefore, POM and molecular recalcitrance, including biopolymeric structures, are important and 

may become the main drivers in SOC sequestration for about 1/3 or more of the planet’s soil 
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organic carbon pool.  
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APPENDIX 

S9.1 Supplementary Methods 

Effect of HF treatment on soil. The application of 2% HF solution efficiently depleted iron 

and mineral component in soil, allowing for a substantially higher concentration of SOM within a 

MAS rotor. Comparative analysis of ssNMR spectra showed no noticeable difference between HF-

treated and untreated samples, whether at room temperature (Figure 9.1a) or at the cryogenic 

temperature used for DNP measurements (Figure S9.8a). Discrepancies were observed between 

MultiCP and DNP-enhanced CP spectra (Figure 9.1a, b), which were not caused by HF treatment 

but resulted from the application of higher magnetic fields and MAS frequencies, reducing the 

signals of aromatic motifs with significant chemical shift anisotropy (CSA). 

Inhomogeneity of DNP in soil samples. For DNP measurements, soil materials were doped 

with 10 mM of a stable biradical named AsymPolPok68. This biradical is water-soluble and has a 

small dimension of 1-2 nm, enabling penetration in porous materials. When the electron 

polarization is transferred to 1H in the DNP matrix, it relies on 1H-1H relayed transfer, ensuring 

efficient and homogenous polarization across a range of at least a hundred nanometers, as recently 

reported69. Typically, it is straightforward to achieve homogeneous polarization throughout the 

sample. However, within each soil sample, polarization levels varied among molecules and 

structural motifs. In the case of HF-treated sample 1, all carbohydrate signals exhibited a uniform 

18-fold enhancement, whereas aromatic and aliphatic carbons experienced a comparatively lower 

enhancement of 7-9-fold (Figure S9.8b). Hence, the predominant portions of carbohydrates 

appear to be more accessible, which may partially explain their accelerated degradation rate 

through microbial processes in soil. Alternatively, carbohydrates may exhibit enhanced retention 

of solvent and biradicals, probably due to the rich polar functionalities present in carbohydrates. 
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Similar patterns were observed in non-treated soil sample 1 (Figure S9.8c) and non-treated 

samples #4 and #6 (Figure S9.8e, f), where carbohydrates consistently exhibited the highest 

enhancement, while other components displayed slightly lower enhancements. Remarkably, the 

most effective DNP performance was noted in non-treated soil sample 4, demonstrating a 33-fold 

enhancement for carbohydrates and a 23-fold enhancement for all other molecules (Figure S9.8e). 

Additionally, it is noteworthy that even in plant samples, polymethylene peaks exhibited minimal 

DNP enhancement (Figure S9.3b, d), indicating the presence of lipid polymers in self-aggregated 

domains that are challenging to penetrate, not only in soil but also in plants. This could also be due 

to faster 1H relaxation, leading to inadequate preservation of hyperpolarization. 

Bulk properties of wetland soil samples. During the Lafourche delta lobe formation, the 

Mississippi River ran through Barataria Bay and deposited silt and mineral matter into the 

surrounding wetland soils. The soil at 1.5-1.8 m depth formed during that period, exhibiting very 

low loss-on-ignition (LOI) ratios of 1.16-1.40 and total carbon (TC) percentage of 8.1-11.2%, but 

a high bulk density (BD) of 0.14-0.31 g/cm3 (Table S9.5). High BD indicates a high concentrations 

of large mineral particles, with the soil expected to erode more slowly70, while a low LOI ratio 

represent a low content of organic matter. When it came to the Plaquemines delta lobe, the 

Barataria Bay became a fresh marsh and expected to contain more organic matter71-73. Consistently, 

the soil at the depth of 1-1.5 m showed a high LOI ratio of 1.51-1.65, a high TC percentage of 

10.7-14.0%, and a low BD of 0.11-0.18 g/cm3. The geological and historical timestamps explain 

the observed changes in the chemical composition of soil organic matter. Across all geological 

stages listed here, the soil formed during the Lafourche delta lobe is featured with a high content 

of aromatic carbons and a low amount of carbohydrates. This trend has been flipped in the soil 

associated with the Balize delta lobe. 
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S9.2 Supplementary Discussion 

S9.2.1 An Incomplete Molecular Characterization of SOM 

Advances in analytical instrumentation, in terms of resolution, sensitivity, and less harsh 

sample pre-treatment, in concert with some highly insightful experimental design, has allowed for 

new data and insights to emerge and a rethinking of SOM preservation. While there is no argument 

that these new techniques have allowed a major leap forward in our understanding of SOM and 

the associated SOC fraction, care must be taken when extrapolating the data interpretation to SOM 

as a whole. In addition to the bias on upland/mineral soil, as described in the Introduction, two 

guiding principles are also useful: 1) granularity (speciation versus molecular) and 2) bias on 

extraction and small molecule and the need for complementary characterization techniques.  

S9.2.2 Granularity  

Methods that interrogate whole soils, to date, provide data at an elemental to moiety level, 

e.g., aliphatic (alkyl), carbohydrate (O-alkyl), aromatic (aryl), aromatic with oxygen functional 

groups (O-aryl), phenolic, carbonyl group, etc., but not at the molecular level, which identifies 

exact molecular structures. This challenge is a result of the complexity of SOM as well as the 

limited resolution of each individual technique applied to whole soils to date. Some of the key 

techniques include: Nano Secondary Ion Mass Spectrometry (NanoSIMS), near-edge X-ray 

spectromicroscopy, and NMR, including 2D methods74-78. Consequently, unlike in other research 

fields, while we are able to interrogate a system and gain a general moiety (structural categories) 

level understanding, we are unable to ask direct questions regarding the more informative and 

scalable molecular level. 
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S9.3.3 Need for Complementary Technique for Soil Characterization 

Two techniques that have been able to overcome the granularity limit mentioned above are 

FT-ICR-MS and multidimensional liquid state NMR, each with their own limitations brought 

about by three biases. The extraction bias arises from the SOM being extracted and, since all too 

often, such extraction is incomplete79, thus these techniques are blind to the non-extracted fraction 

of SOM.  The solubility bias stems from the fact that not all SOM, even extracted SOM, is equally 

soluble, with the more soluble fraction being more highly weighted. The third bias is the small 

molecule bias. For liquid state NMR, this bias is a result of molecular rotation, which leads to 

differences in relaxation behavior, especially T2 relaxation, with smaller molecules yielding 

sharper peaks and hence more intense signals compared to larger molecules that yield broader 

spectral peaks and tend to be lost due to the broad peak convolution for samples as complex as 

SOM extracts. On the FT-ICR-MS front80, 81, this small molecule bias, all other things being equal, 

results in a small molecule ionization preference. This means that the high-resolution FT-ICR and 

liquid state NMR data are biased towards smaller molecules, with an understanding that the 

absence of evidence of larger molecules does not mean they are not there. In this context, DNP-

enabled high-resolution ssNMR can serve as a complementary technique to provide information 

on the large macromolecules in soil materials.  
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Table S9.1 Spectral deconvolution parameters of quantitative 13C spectra for HF-treated soil samples. The attributed chemical shifts 

(CSs) are labeled. The integral value (I), linewidth (L), and relative amplitude (A) are listed. Uncertain (U). 

 Assign. 

Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 Soil 6 Soil 7 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

CSs(ppm); I(%) 

 [L(ppm), A(%)] 

Carbonyl 

CO 

182.3; 0.28 

 [6.5, 0.2] 

183.8; 0.46 

 [4.1, 0.5] 

178.7; 1.89 

[8.7, 1.2] 

181.0; 1.17 

[9.6, 0.7] 

180.2; 0.92 

[9.0, 0.6] 

179.4; 1.63 

[9.2, 1.0] 

183.2; 0.66 

[8.0, 0.5] 

CO 

176.1; 3.06 

[5.7, 2.8] 

176.2; 3.75 

[6.2, 3.0] 

175.8; 2.78 

[4.9, 3.0] 

175.7; 3.42 

[5.6, 3.6] 

176.1; 2.70 

[5.3, 3.0] 

175.7; 2.57 

[4.9, 3.0] 

176.2; 3.00 

[6.3, 3.0] 

CO 

173.4; 3.29 

[4.4, 3.9] 

173.6; 3.43 

[4.3, 3.9] 

173.5; 3.40 

[4.2, 4.3] 

173.1; 3.78 

[4.6, 4.5] 

173.3; 4.92 

[5.1, 5.7] 

173.1; 3.60 

[4.8, 4.4] 

173.3; 4.21 

[5.3, 5.1] 

Aromatic 

H4 

161.5; 0.16 

[2.4, 0.4] 

162.8; 0.4 

[2.9, 0.8] 

161.6; 0.07 

[1.5, 0.2] 

161.5; 0.08 

[2.3, 0.2] 

161.1; 0.07 

[1.5, 0.3] 

162.7; 0.06 

[1.1, 0.3] 

162.3; 0.12 

[1.6, 0.5] 

S3/5b 

158.4; 0.23 

[3.1, 0.4] 

158.1; 0.69 

[4.5, 0.7] 

158.4; 0.36 

[0.7, 2.9] 

157.8; 0.61 

[3.9, 0.9] 

157.8; 0.66 

[3.5, 1.1] 

159.0; 0.43 

[4.7, 0.5] 

158.5; 0.43 

[4.7, 0.6] 

S3/5a 

154.1; 3.07 

[5.2, 3.1] 

154.2; 2.24 

[4.4, 2.5] 

154.2; 2.58 

[4.8, 2.9] 

153.6; 2.35 

[5.0, 2.6] 

153.9; 2.56 

[5.2, 2.9] 

154.4; 3.11 

[5.5, 3.3] 

154.4; 2.95 

[5.5, 3.4] 

G3 

148.7; 3.02 

[6.5, 2.4] 

148.9; 1.84 

[4.6, 1.9] 

149.4; 2.05 

[4.7, 0.3] 

148.4; 2.51 

[5.8, 2.4] 

148.5; 2.42 

[6.0, 2.4] 

148.8; 3.08 

[6.4, 2.8] 

148.3; 3.34 

[7.2, 2.9] 

G4 

144.4; 0.17 

[2.0, 0.4] 

146.0; 0.50 

[4.0, 0.6] 

146.6; 1.12 

[5.3, 1.1] 

144.5; 0.64 

[6.8, 0.5] 

144.6; 0.82 

[5.6, 0.9] 

145.0; 0.40 

[4.2, 0.5] 

141.8; 0.87 

[9.1, 0.6] 
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Table S9.1 (cont’d) 

 

S1 

136.6; 4.28 

 [7.9, 2.8] 

137.4; 2.99 

[7.5, 2.0] 

136.2; 5.06 

[9.2, 2.9] 

136.1; 4.87 

[9.0,3.0] 

137.5; 3.04 

[7.6, 2.4] 

137.1; 4.24 

[7.6, 3.2] 

137.2; 3.48 

[6.4, 3.4] 

G1/H1 

131.7; 4.63 

[6.8, 3.6] 

132.6; 3.93 

[7.5, 2.6] 

130.7; 5.86 

[7.9, 3.9] 

130.9; 5.69 

[7.6, 4.2] 

133.4; 3.56 

[7.0, 3.0] 

133.0; 3.71 

[6.3, 3.4] 

132.6; 4.70 

[6.6, 4.5] 

H2/6 

127.8; 3.52 

[6.7, 2.8] 

128.9; 3.21 

[6.5, 2.4] 

125.8; 2.28 

[6.7, 1.8] 

126.5; 3.34 

[7.4, 2.5] 

129.6; 6.25 

[7.4, 5.0] 

129.4; 5.88 

[7.1, 4.7] 

128.7; 6.38 

[7.4, 5.4] 

G6 

123.4; 2.51 

[6.4, 2.0] 

123.9; 3.47 

[7.9, 2.6] 

121.4; 2.27 

[6.8, 1.8] 

122.3; 2.39 

[6.7, 2.0] 

123.8; 4.36 

[8.4, 3.1] 

123.8; 4.48 

[7.8, 3.3] 

123.1; 4.98 

[8.2, 3.9] 

G5, H3/5 

117.0; 4.52 

[7.4, 3.4] 

117.1; 4.01 

[7.9, 2.6] 

116.6; 3.52 

[6.5, 3.0] 

116.7; 3.98 

[7.3, 3.2] 

117.0; 4.42 

[7.6, 3.6] 

116.9; 5.91 

[8.1, 4.4] 

116.6; 4.16 

[7.3, 3.8] 

G2 

111.4; 1.95 

[6.1, 1.7] 

110.8; 1.90 

[6.3, 1.5] 

111.4; 1.93 

[5.6, 1.8] 

111.2; 1.84 

[6.2, 1.6] 

111.3; 1.58 

[6.6, 1.4] 

111.0; 1.6 

[5.9, 1.6] 

111.0; 2.17 

[6.5, 2.1] 

Carbohydr

ate 

i/s1 

105.9; 3.59 

[3.9, 4.8] 

105.7; 3.47 

[4.3, 4.0] 

106.0; 2.36 

[3.7, 3.4] 

105.3; 2.56 

[4.4, 3.2] 

105.5; 1.95 

[4.4, 2.6] 

106.1; 2.20 

[4.0, 3.2] 

105.2; 2.52 

[4.7, 3.4] 

Xn3f1 

102.7; 0.86 

[3.0, 1.5] 

101.9; 1.17 

[3.5, 1.6] 

103.1; 0.90 

[3.1, 1.6] 

101.9; 0.71 

[3.2, 1.2] 

102.3; 0.83 

[3.2, 1.5] 

103.1; 0.71 

[2.7, 1.5] 

101.0; 0.08 

[1.2, 0.4] 

i4 

88.8; 0.46 

[2.3, 1.3] 

88.2; 0.07 

[1.4, 0.3] 

88.5; 0.12 

[1.8, 0.4] 

88.4; 0.1 

[1.6, 0.4] 

88.6; 0.01 

[0.5, 0.1] 

88.6; 0.03 

[0.9, 0.2] 

88.5; 0.03 

[0.8, 0.3] 

s4 

84.9; 1.14 

[3.0, 2.0] 

84.9; 0.62 

[2.6, 1.2] 

85.1; 0.67 

[2.7, 1.3] 

84.7; 0.61 

[2.8, 1.2] 

84.0; 0.82 

[3.4, 1.4] 

85.0; 0.81 

[3.0, 1.6] 

85.0; 0.73 

[3.1, 1.5] 

Xn2f4 

82.4; 1.22 

[4.0, 1.6] 

82.6; 0.99 

[3.7, 1.3] 

82.4; 0.98 

[3.7, 1.4] 

82.2; 0.92 

[3.6, 1.4] 

80.2; 0.97 

[4.2, 1.3] 

81.7; 1.03 

[4.2, 1.4] 

81.8; 0.82 

[4.3, 1.2] 
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Table S9.1 (cont’d) 

 

C2,3,5 

75.9; 7.10 

[5.0, 7.4] 

76.0; 5.97 

[5.4, 5.4] 

76.0; 5.42 

[5.2, 5.5] 

75.9; 5.87 

[5.7, 5.7] 

75.8; 4.12 

[5.3, 4.5] 

76.2; 4.72 

[5.4, 5.0] 

76.2; 3.29 

[5.3, 3.9] 

C2,3,5 

73.0; 7.90 

[5.3, 7.8] 

72.9; 9.62 

[6.7, 7.0] 

72.9; 8.10 

[6.2, 6.9] 

72.4; 9.84 

[6.9, 7.9] 

72.1; 7.13 

[6.8, 7.1] 

72.7; 7.48 

[6.6, 6.5] 

72.8; 7.97 

[7.4, 6.8] 

C6 

63.8; 6.32 

[7.4, 4.5] 

63.5; 4.62 

[6.7, 3.3] 

63.2; 4.90 

[6.7, 3.8] 

62.6; 4.84 

[7.2, 3.7] 

62.5; 7.13 

[7.1, 3.2] 

63.1; 4.49 

[7.3, 3.6] 

62.7; 3.48 

[6.9, 3.2] 

Aliphatic 

-OCH3
b or 

protein Cα 

56.8; 6.43 

[4.7, 7.1] 

56.8; 5.34 

[4.5, 5.7] 

56.8; 6.55 

[4.8, 7.2] 

56.4; 5.97 

[5.0, 6.6] 

56.4; 5.61 

[5.0, 6.6] 

56.6; 7.08 

[5.1, 8.0] 

56.6; 5.95 

[5.2, 7.2] 

-OCH3
a or 

protein Cα 

51.1; 3.15 

[8.2, 2.0] 

51.4; 3.29 

[8.3, 2.0] 

50.8; 4.27 

[8.5, 2.7] 

50.7; 3.7 

[7.6, 2.7] 

51.0; 4.80 

[8.4, 3.4] 

50.7; 3.90 

[8.4, 2.7] 

51.0; 3.08 

[7.3, 2.7] 

R3CH 

& R4C  

43.1; 3.0 

[7.6, 2.1] 

43.1; 2.34 

[6.4, 1.8] 

43.1; 2.30 

[5.6, 2.2] 

43.2; 2.43 

[6.2, 2.2] 

42.8; 3.30 

[7.2, 2.7] 

43.3; 2.78 

[6.6, 2.4] 

43.9; 2.27 

[7.8, 1.9] 

-CCH 

38.6; 1.46 

[4.8, 1.6] 

39.3; 0.61 

[3.2, 1.0] 

39.2; 1.35 

[4.2, 1.7] 

38.6; 2.25 

[5.9, 2.1] 

38.2; 2.76 

[6.5, 2.5] 

38.9; 2.84 

[6.8, 2.4] 

39.1; 4.28 

[8.9, 3.0] 

-(CH2)n-a 

33.9; 3.52 

[2.2, 8.5] 

33.9; 6.45 

[1.9, 16.8] 

33.8; 4.45 

[2.0, 12.0] 

33.5; 3.57 

[2.1, 9.3] 

33.5; 2.97 

[2.2, 7.7] 

33.9; 2.57 

[2.3, 6.5] 

33.6; 2.61 

[2.6, 6.4] 

-(CH2)n-b 

30.9; 5.45 

[3.4, 8.4] 

31.0; 8.96 

[3.7, 11.6] 

31.0; 6.81 

[3.6, 9.8] 

30.6; 7.25 

[3.7, 10.9] 

30.6; 6.70 

[4.0, 9.8] 

31.0; 5.49 

[3.7, 8.5] 

30.8; 4.04 

[3.4, 7.5] 

-CH2-

CH=CH- 

27.0; 4.66 

[6.3, 3.9] 

26.6; 4.31 

[5.2, 4.0] 

26.6; 3.89 

[5.4, 3.8] 

26.1; 4.44 

[5.9, 4.2] 

26.1; 3.73 

[5.7, 3.9] 

27.3; 2.98 

[5.6, 3.1] 

27.6; 3.52 

[6.2, 3.6] 

AcMe 

23.9; 1.27 

[3.2, 2.1] 

24.0; 1.93 

[3.6, 2.6] 

23.9; 1.23 

[3.3, 2.0] 

23.6; 0.83 

[2.5, 1.8] 

23.6; 1.55 

[3.6, 2.5] 

24.1; 2.66 

[4.5, 3.4] 

23.6; 4.00 

[6.2, 4.1] 
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Table S9.1 (cont’d) 

 

-CH3 

20.6; 1.98 

[5.3, 2.0] 

20.4; 1.11 

[3.5, 1.5] 

20.5; 2.21 

[5.5, 2.1] 

20.3; 1.75 

[4.7, 2.0] 

20.0; 1.98 

[5.2, 2.2] 

20.4; 1.36 

[4.4, 1.8] 

19.3; 1.13 

[5.1, 1.4] 

-CH3
U 

15.3; 2.54 

[7.8, 1.7] 

15.5; 3.65 

[8.4, 2.1] 

15.5; 2.21 

[7.4, 1.6] 

15.6; 2.15 

[7.2, 1.7] 

15.3; 2.56 

[7.8, 1.9] 

15.8; 3.01 

[8.4, 2.1] 

15.1; 2.88 

[9.5, 1.9] 
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Table S9.2 Molecular composition of HF-treated soils based on spectral deconvolution results.  

Soil 

# 

Depth 

(cm) 

Carbohyd Aromatic Aliphatic CO i4/s4 a S/G b c-(CH2)n- 
da/b -OCH3 Era 

1 0-10 29.6% 29.0% 34.6% 6.8% 0.40 1.03 9.3 0.65 9.9% 2018 AD 

2 40-50 27.3% 25.9% 39.0% 7.9% 0.11 1.25 15.8 0.72 8.9% 1963 AD 

3 80-90 25.0% 28.9% 37.6% 8.6% 0.17 0.93 12 0.65 11.5% 1562 AD 

4 100-110 26.4% 29.3% 35.6% 8.7% 0.17 0.94 11.2 0.49 10.0% 

1169 AD 

5 130-140 21.9% 31.3% 37.8% 9.0% 0.01 0.99 10.2 0.44 10.9% 

6 160-170 22.2% 34.0% 35.8% 8.1% 0.03 1.02 8.3 0.47 11.3% 

945 AD 

7 170-180 20.1% 35.7% 35.9% 8.4% 0.04 0.80 7.1 0.65 9.6% 

 

a The ratio of interior cellulose to surface cellulose. Using integral of i4 peak over integrals of s4 peak. 

b Lignin aromatic ring S unit to G unit ratio. Using integrals of S3/5 peaks over integrals of G3/4 peaks. 

c Summation of integrals of aliphatic polymethylene -(CH2)n-
a at 33 ppm and -(CH2)n-

b at 31 ppm. 

d Ratio of integrals of aliphatic polymethylene -(CH2)n-
a at 33 ppm and -(CH2)n-

b at 31 ppm.  
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Table S9.3 Parameters of ssNMR experiments measured for soil and plant samples. HF-treated soil samples (Soil #HF); Non-treated soil 

samples (Soil #Non); NS: number of scans; number of points of time domain for the direct (td2) and indirect (td1) dimensions; the 

acquisition time of the direct dimension (aq2); the evolution time of indirect dimension (aq1); d1: recycle delay. N/A: not applicable. 

 Sample DNP juice Experiment Time Figure # 

MAS 

(kHz) 

NS td2 td1 

aq2 

(ms) 

aq1 

(ms) 

d1 

(s) 

ssNMR 

9.4 T 

298 K 

 

#1-7HF N/A 13C-MultiCP  35 h 1a, 3a, S6 

14 

16k 2494 

N/A 

24.9 

N/A 

1 

#1Non N/A 13C-MultiCP 35 h 1a 16k 2494 41 2 

#1HF N/A 13C-CP  9.5 h S3a 16k 4096 41 2 

#1-7HF N/A 13C-NQS 9.5 h S3 16k/8k 4096 41 2 

MAS 

DNP 

14.1 T 

100 K 

 

#1HF D2O/H2O, 9/1 13C-CP 2 min 

1b, 2a, S8a, 

S8b 

8 64 4096 

N/A 

22.9 

N/A 

1.8 

#1Non d6-DMSO/H2O, 9/1 13C-CP 0.6 h S8a, S8c 8 1k 2048 10.2 2.1 

#4Non d6-DMSO/H2O, 9/1 13C-CP 5 min S8e 8 128 2048 10.2 2.0 

#6Non d6-DMSO/H2O, 9/1 13C-CP 0.25 h S8f 8 512 2048 10.2 1.7 

plant (edge) D2O/H2O, 9/1 13C-CP 0.5 h 2a, S4a, S4b 10.5 512 4096 22.9 3 

plant (inland) D2O/H2O, 9/1 13C-CP 0.75 h S4c, S4d 10.5 512 4096 22.9 5.2 

#1HF D2O/H2O, 9/1 13C dipolar-INADEQUATE 16 h 1c 10.5 320 2048 98 17.2 2.7 1.8 

plant (edge) D2O/H2O, 9/1 13C dipolar-INADEQUATE 13 h 2b, 2c 8 160 2048 100 17.2 1.7 2.9 

plant (inland) D2O/H2O, 9/1 13C dipolar-INADEQUATE 23 h S5a 10.5 160 2048 100 17.2 1.7 5.2 

#1HF D2O/H2O, 9/1 1H-13C HETCOR (PMLG) 1 h 1e 8 40 4096 38 22.9 3.8 1.8 

#1HF d6-DMSO/D2O/H2O 1H-13C HETCOR (FSLG)  4.5 h 1g, S2 10.5 96 4096 64 22.9 2.4 2.6 
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Table S9.3 (cont’d) 

 

#1Non d6-DMSO/H2O, 9/1 1H-13C  HETCOR (FSLG) 12 h S7a, S7b 8 512 2048 40 10.2 1.5 2.1 

#1Non d6-DMSO/H2O, 9/1 1H-13C  HETCOR (FSLG) 24 h S7a 8 1k 2048 40 10.2 1.5 2.1 

#2HF D2O/H2O, 9/1 1H-13C  HETCOR (FSLG) 3 h S7b 10.5 32 4096 128 22.9 4.8 2.6 

#4Non d6-DMSO/H2O, 9/1 1H-13C  HETCOR (FSLG) 1.4 h 3c, S7b 8 64 2048 40 10.2 1.5 2.0 

#6Non d6-DMSO/H2O, 9/1 1H-13C  HETCOR (FSLG) 10 h 3c, S7b 8 512 2048 40 10.2 1.5 1.7 

#6Non d6-DMSO/H2O, 9/1 1H-13C  HETCOR (FSLG)  7.3 h 3c 8 512 2048 30 10.2 1.1 1.7 

plant (edge) D2O/H2O, 9/1 1H-13C  HETCOR (FSLG) 1.7 h 2d, 2e 10.5 8 4096 128 22.9 4.8 5.8 

plant (inland) D2O/H2O, 9/1 1H-13C  HETCOR (FSLG) 1.7 h S5b, S5c 10.5 8 4096 128 22.9 4.8 5.8 
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Table S9.4 13C and 1H chemical shifts of soil and plant samples. The assignments are identified from 13C INADEQUATE spectra and 

1H-13C HETCOR spectra. The ppm values are shown as 13C (1H), e.g., 88.9 (3.3) represents 13C (1H) chemical shifts (ppm) of cellulose 

i4. Aromatic rings include guaiacyl (G), syringyl (S), p-hydroxyphenyl (H) units. Not applicable (/). Unidentified (-). Uncertain (U). 

Carbohydrate 

CO Sample Cellulose: Interior (i); Surface (s)  Xylan: 2-fold (Xn2f); 3-fold (Xn3f)  

C1 C2, 3, 5 iC4 sC4 iC6 sC6 C13f C42f C43f C52f C53f 

104.9 

(4.3) 

74.7 (3.4) 

72.8 (3.5) 

90.2 (3.6)e 

89.5 (3.9)a,b 

87.8 (3.8)c 

 85.5 (3.5)h  

84.4 (3.5)f 

83.3 (3.5)g 

65.9 (3.5)c 

63.7 (3.5)a,b 

62.4 (3.6)f 

60.6 (3.6)g 

103.1 

(4.4) 

81.2 

(3.6) 

79.3 

(3.5) 

63.6 

(-) 

63.2 

(-) 

173.4 

175.0 

179.6 

#1HF 

105.1 

(4.3) 

75.3 (3.9) 

74.0 (3.6) 

72.5 (3.4) 

90.2 (4.0)e 

88.5 (4.8)a,b 

87.6 (5.1)c 

86.0 (4.9)h  

83.7 (3.9)g 

65.4 (3.4)c 

63.8 (3.7)a,b 

62.3 (3.4)f 

61.1 (3.2)g 

102.7 

(4.2) 

82.0 

(4.2) 

79.0 

(4.3) 

- - 

173.3 

175.3 

180.7 

#1Non 

104.8 

(4.3) 

74.6 (3.3) 

72.8 (3.4) 

89.5 (3.4)a,b 

88.2 (3.7)c 

86.7 (3.9)h  

83.9 (3.5)f,g 

66.0 (3.8)c 

64.7 (3.5)a,b 

63.0 (3.6)f 

61.6 (3.2)g 

103.1 

(4.4) 

82.7 

(3.7) 

79.4 

(3.4) 

- - 

172.3 

175.6 

180.4 

#2HF 

105.2 

(4.4) 

75.7 (3.7) 

74.6 (3.6) 

73.3 (3.7) 

89.3 (4.2)a,b 

88.0 (3.9)c 

85.7 (3.9)h  

84.3 (4.0)f 

83.2 (3.9)g 

65.7 (3.7)c 

64.3 (3.7)a,b 

62.7 (3.4)f 

103.3 

(4.7) 

81.5 

(4.0) 

77.6 

(3.7) 

- - 

174.0 

175.6 

180.1 

#4Non 
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Table S9.4 (cont’d) 

105.0 

(4.9) 

75.8 (3.5) 

74.6 (3.7) 

72.5 (3.5) 

89.4 (4.0)a,b 

87.4 (3.9)c 

86.0 (3.7)h  

83.9 (3.8)f,g 

66.2 (3.1)c 

64.1 (3.1)a,b 

62.3 (3.3)f 

 

103.4 

(4.9) 

81.1 

(4.4) 

79.0 

(4.3) 

- - 

 173.8 

176.3 

180.9 

#6Non 

105.0 

(4.2) 

74.5 (3.3) 

72.3 (3.3) 

88.8 (3.3)a,b 

87.7 (3.7)c 

85.8 (3.7)h  

83.7 (3.3)f,g 

64.5 (3.6)a,b 62.4 (3.6)f 

101.9 

(4.3) 

81.4 

(3.5) 

78.8 

(3.5) 

65.2 

(-) 

63.2 

(-) 

174.5 

plant 

edge 

105.0 

(4.3) 

74.7 (3.3) 

72.2 (3.4) 

89.0 (3.3)a,b 

87.4 (3.7)c 

84.3 (3.3)f 

83.0 (3.4)g 

64.6 (3.6)a,b 62.7 (3.4)f 

101.9 

(4.3) 

81.4 

(3.5) 

78.9 

(3.4) 

- 

63.6 

(-) 

173.1 

plant 

inland 

Aromatic 

S2/6 G2 G5, H3/5 G6 H2/6 G1/H1 S4 S1 G4 G3 S3/5 H4 Sample 

105.1 

(6.0) 

111.5 

(6.1) 

114.9 

(6.3) 

117.9 (6.6) 

121.0 (6.6) 

124.7 

(6.7) 

128.5 

(/) 

132.3 

(/) 

136.5 

(/) 

145.6 

(/) 

148.1 

(/) 

153.6 

(/) 

- 

(/) 

#1HF 

104.6 

(6.0) 

110.1 

(6.0) 

114.3 

(6.2) 

118.9 (6.5) 

122.2 (6.5) 

126.8 

(5.8) 

129.4 

(/) 

133.4 

(/) 

136.4 

(/) 

145.4 

(/) 

147.7 

(/) 

152.6 

(/) 

162.1 

(/) 

#1Non 

105.1 

(6.1) 

111.3 

(6.3) 

115.8 

(6.4) 

117.7 (6.7) 

121.7 (6.7) 

125.9 

(6.9) 

129.7 

(/) 

132.4 

(/) 

136.1 

(/) 

143.4 

(/) 

147.1 

(/) 

153.4 

(/) 

163.3 

(/) 

#2HF 

106.9 

(6.2) 

111.1 

(6.1) 

115.5 

(6.0) 

118.9 (6.1) 

122.2 (6.4) 

126.7 

(6.0) 

130.0 

(/) 

133.1 

(/) 

136.8 

(/) 

143.9 

(/) 

148.4 

(/) 

152.5 

(/) 

159.7 

(/) 

#4Non 
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Table S9.4 (cont’d) 
105.7 

(6.1) 

113.0 

(6.0) 

115.6 

(6.7) 

118.4 (6.2) 

122.2 (6.1) 

127.3 

(6.1) 

130.8 

(/) 

133.7 

(/) 

136.8 

(/) 

144.5 

(/) 

147.7 

(/) 

152.9 

(/) 

161.6 

(/) 

#6Non 

- 

111.9 

(6.7) 

116.0 

(6.6) 

121.6 

(6.8) 

127.4 

(6.7) 

130.6 

(/) 

132.8 

(/) 

137.0 

(/) 

144.2 

(/) 

147.6 

(/) 

153.0 

(/) 

- plant edge 

- 

111.8 

(6.3) 

116.0 

(6.5) 

121.7 

(7.3) 

126.6 

(6.8) 

131.8 

(/) 

133.8 

(/) 

- 

145.1 

(/) 

147.9 

(/) 

152.8 

(/) 

- plant inland 

Aliphatic 

-CH3 -OCOCH3 
-CH2-

CH=CH- 
-CH2-b -CH2-a -CCH R3CH & R4C  -OCH3

a -OCH3
b Sample 

17.9 

(0.8) 

23.2 

(1.6) 

25.7 

(1.4) 

30.6 

(1.4) 

33.4 

(1.3) 

40.8 

(1.8) 

43.6 

(2.9) 

50.8 

(4.1) 

56.6 

(3.5) 

#1HF 

18.7 

(0.6) 

23.8 

(1.3) 

25.9 

(1.6) 

30.1 

(1.4) 

33.6 

(1.3) 

38.2 

(2.8) 

43.3 

(3.3) 

50.0 

(2.5) 

56.5 

(3.3) 

#1Non 

18.0 

(0.7) 

23.1 

(1.1) 

26.4 

(1.1) 

30.1 

(1.4) 

33.4 

(1.3) 

39.6 

(1.8) 

44.3 

(3.1) 

50.0 

(4.2) 

56.3 

(3.6) 

#2HF 

18.5 

(0.5) 

22.4 

(1.6) 

26.7 

(1.3) 

30.2 

(1.1) 

34.0 

(1.3) 

39.4 

(2.8) 

43.5 

(2.8) 

50.6 

(3.2) 

56.3 

(3.2) 

#4Non 

19.5 

(0.7) 

23.2 

(1.6) 

27.9 

(1.1) 

31.0 

(1.2) 

34.0 

(1.3) 

40.1 

(2.4) 

44.6 

(2.2) 

51.8 

(2.5) 

56.4 

(2.9) 

#6Non 
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Table S9.4 (cont’d) 

- 

22.0 

(1.9) 

25.8 

(1.4) 

30.2 

(1.8) 

32.6 

(1.3) 

37.9 

(5.2) 

- - 

56.2 

(3.5) 

plant edge 

18.2 

(1.0) 

22.1 

(1.0) 

26.0 

(1.4) 

30.5 

(1.3) 

32.8 

(1.3) 

38.0 

(5.2) 

- - 

58.0 

(3.4) 

plant inland 
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Table S9.5 Physiochemical properties of soil samples based on the depth. Depth is an average 

value, for example, 5 cm depth means the sample is collected from 0-10 cm section. Samples #1 

to #7 are the samples measured by ssNMR and DNP. 

Soil Sample # 

Average 

Depth (cm) 

Bulk Density  

(g/cm3) 

Loss on Ignition  

(Wt %) 

Total Carbon  

(%) 

1 5 0.265 20.5 8.356 

 15 0.240 27.1  

 25 0.318 17.9  

 35 0.247 28.5  

2 45 0.294 19.9 10.826 

 55 0.368 13.7  

 65 0.141 40.0  

 75 0.166 43.2  

3 85 0.166 40.9 12.326 

 95 0.207 31.1  

4 105 0.152 51.6 14.039 

 115 0.117 59.4  

 125 0.182 35.4  

5 135 0.114 64.8 10.717 

 145 0.119 60.7  

 155 0.146 51.6  

6 165 0.135 39.7 11.165 

7 175 0.306 16.1 8.114 
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Figure S9.1 Wetland soil from a recently vanished brackish island. a, The island is 55 km 

southeast of New Orleans, and 160 km away from Baton Rouge, the capital city of the state of 

Louisiana, USA. b, Soil materials were collected in February 2018 from a brackish island in 

Barataria Bay (GPS coordinates: 29°26'36.9"N, 89°53'59.0"W). c, Picture of the Spartina 

alterniflora-dominated island with the two sample sites marked. d, Location and depth of seven 

soil samples used for structural characterization. Two poles were used to extract the soil materials, 

which were divided into 10-cm sections, based on the depth. e, Timetable summarizing the 

landscape change of the island and adjacent lands over two decades. The catastrophic hurricanes 

that affected this island and the category (Cat.) numbers of these hurricanes are labeled. Blue 

dashline arrows indicate the ten time points where pictures of the landscape are provided. f, Zoom-

in view of the dashline boxes in panel (e). Positions of the two sample sites are marked using 

magenta circles to guide the comparison. The island has been finally disappeared in 2021. 
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Figure S9.2 DNP 2D 1H-13C correlation spectra of unlabeled HF treated soil. a, 2D 1H-13C 

correlation spectra measured with short (0.1 ms), medium (0.5 ms), and long (1.0 ms) of CP 

contact times of unlabeled soil sample 1. The blue dash lines show the key proton positions of 

aliphatics, carbohydrates, and aromatics. The spectrum with 1 ms CP shows intermolecular cross 

peaks between aromatics and carbohydrates. b, Representative 1H cross sections extracted at 

different carbon sites from the 0.1 ms (black) and 1 ms (red) CP contact times. c, Representative 

13C cross sections from the 0.1 ms (black) and 1 ms (red) CP contact times. The spectra were 

measured at 10.5 kHz. 
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Figure S9.3 1D non-quaternary suppression selectively detecting non-protonated carbons. a, 

Comparison of 13C CP and NQS spectra of the HF treated soil sample #1 at room temperature. The 

difference spectrum shows only protonated carbons. b, Overlay of 1D NQS 13C spectra of seven 

soil samples. All spectra are normalized by the CO peak (asterisk). QNS spectra mainly shows 

non-protonated carbons, with methyl carbons as an exception due to their rapid molecular motions.   
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Figure S9.4 DNP and EPR spectra of plant samples. a, DNP enhances the sensitivity by 24-fold 

for the plant on top of soil (on the edge of the island). b, Magnification of the microwave (MW) 

off spectra showed overall consistent pattern with the MW-on spectra, revealing homogeneous 

polarization by DNP, except for the polymethylene peaks. c and d, The 30 m inland plant sample 

also showed 18-fold of DNP enhancement, with homogeneous DNP of carbohydrates and 

aromatics as shown in panel e. f, Room temperature EPR spectra of AsymPolPOK (D2O/H2O, 

90/10 Vol%) at 9.6 GHz for these inland plants.   
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Figure S9.5 2D 13C/1H-13C spectra of unlabeled plants 30-m inland. a, Carbohydrate region of 

DNP enhanced 13C-13C refocused INADEQUATE spectrum of unlabeled plant samples collected 

30-m inland. Signals are resolved for cellulose and xylan. b, 2D Carbohydrate and aliphatic region 

of 2D 1H-13C HETCOR spectrum of the 30-m inland plant. A short 0.1 ms CP was used to 

emphasize the one-bond correlations. c, The aromatic region collected with long (1 ms) CP contact 

to show aromatic-aliphatic correlations. No cross peaks were observed with carbohydrates. The 

spectroscopic features are largely consistent in the plants collected at different locations of the 

island.   
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Figure S9.6 Spectral deconvolution of quantitative 13C spectra for molecular composition. For 

each sample, the simulated spectra (dark red) fit the experimentally measured 1D 13C MultiCP 

spectra (black). Underneath are the individual peaks that contribute to carbohydrate (orange), 

aliphatic (brown), aromatic (green) and carbonyl sites (blue). The peak list is guided by the 

resolvable sites obtained from high-resolution 2D data. Information on the deconvolution was 

documented in Table S9.1.  
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Figure S9.7 2D 1H-13C correlation DNP spectra of untreated soil. a, 2D 1H-13C correlation spectra 

of untreated soil sample 1 measured with 0.1 ms (yellow), 0.5 ms (blue), and 1 ms (grey) CP 

contact times. b, Zoom-in regions of carbohydrate and aliphatic signals in three untreated soil 

samples (1, 4, and 6). c, Additional 2D 1H-13C spectra of HF-treated soil sample 2. The key signals 

of carbohydrates and aromatics are observable. Top and bottom panels show the 

aliphatic/carbohydrate and aromatic signals, respectively.   
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Figure S9.8 1D DNP 13C spectra and EPR of soil samples. a, Comparison of 13C spectra of the HF 

and non-HF treated materials of soil sample #1 under DNP enhancement. b, Comparison of 13C 

spectra with and without microwave (MW) irradiation collected on HF-treated soil sample 1. The 

enhancement is 18-fold for carbohydrates, 9-fold for aromatics, 7-fold for CO, 9-fold for most 

aliphatic carbons, and 7-fold for the polymethylene CH2 peak. c, MW-on and MW-off spectra of 

non-treated soil sample 1. The enhancement is 13-fold for carbohydrates, 9-fold for aromatics, 8-

fold for CO, and 8-fold for most aliphatic carbons, and 9-fold for the polymethylene CH2 peak. d, 

EPR spectra of soil sample #1 with (top) and without (bottom) HF treatment, hydrated using the 

d6-DMSO/D2O/H2O matrix. e, 13C spectra with and without microwave (MW) irradiation collected 

on native soil sample #4 without HF treatment, showing enhancement factor of 33-fold for 

carbohydrate and 23-fold for all other carbon sites. f, MW-on and MW-off spectra of untreated 

soil sample #6, showing enhancement of 15 for carbohydrate and 9-11 for other carbon sites. g, 

EPR spectra of AsymPolPOK at 9.6 GHz for untreated sample #4 (green) and #6 (blue), with a 

solvent of d6-DMSO/D2O (90:10 Vol%). 
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CHAPTER 10: CCMRD: A SOLID-STATE NMR DATABASE FOR COMPLEX 

CARBOHYDRATES 

Research paper reprinted with permission: J. Biomol. NMR 74, 239-250 (2020) 

Authors: Xue Kan, Wancheng Zhao, Malitha C. Dickwella Widanage, Alex Kirui,  

Uluc Ozdenvar, and Tuo Wang 

10.1 Abstract 

Carbohydrates are essential to various life activities in living organisms and serve as the 

central component in many biomaterials. As an emerging technique with steadily improving 

resolution, solid-state Nuclear Magnetic Resonance (NMR) spectroscopy has the unique capability 

in revealing the polymorphic structure and heterogeneous dynamics of insoluble complex 

carbohydrates. Here, we report the first solid-state NMR database for complex carbohydrates, 

Complex Carbohydrates Magnetic Resonance Database (CCMRD). This database currently holds 

the chemical shift information of more than four hundred solid-state NMR compounds and expects 

rapid expansion. CCMRD provides open portals for data deposition and supports search options 

based on NMR chemical shifts, carbohydrate names, and compound classes. With the timely 

implementation, this platform will facilitate spectral analysis and structure determination of 

carbohydrates and promote software development to benefit the research community. The database 

is freely accessible at www.ccmrd.org.   

10.2 Introduction 

Complex carbohydrates play central roles in many biological processes such as energy 

storage, structural building, and cell recognition1-3. These biomacromolecules also form the basis 

for novel biomaterials such as the scaffolds developed for tissue engineering and the carriers for 

drug delivery4, 5. Polysaccharides are the polymers of the monosaccharide building blocks linked 

http://www.ccmrd.org/
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by glycosidic bonds. Their structural complexity is multifaceted, including substantial variations 

in the monosaccharide composition, the glycosidic linkages and the anomeric configuration of 

subunits, the branching pattern of the backbone by sidechains, chemical modifications such as 

acetylation and methyl esterification, hydrogen bonding patterns, and more subtly, torsional 

conformations (Figure 10.1)6-11. The structural complexity determines the physical and chemical 

properties and leads to the highly heterogeneous dynamics, hydration and intermolecular 

interactions of carbohydrates in biomaterials.  

 

Figure 10.1  Representative structure of complex carbohydrates from different origins. Most of 

these polysaccharides have been characterized by solid-state NMR. The structures of 

polysaccharides in their cellular environments are often more complicated and irregular. 
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Complex carbohydrates are significantly under-investigated compared with other 

biomacromolecules such as nucleic acids and proteins. Polysaccharides are mostly insoluble in 

water, partially indigestible, and often non-crystalline, making it practically difficult to analyze 

their high-resolution structure12. The conventional methods typically need to hydrolyze the 

digestible polysaccharides to smaller, soluble segments13, 14 and grind or ball-mill the indigestible 

portion into fine particles to enable structural analysis by solution-NMR and mass spectrometry 

15-18. The biochemical treatments could considerably perturb and even restructure the biomolecules. 

Due to these technical hurdles, our knowledge of the structure and dynamics of carbohydrates 

remains inadequate, which has impeded the development of carbohydrate-based biorenewable 

energy biomaterials15.  

 Solid-state NMR (ssNMR) spectroscopy is an emerging technique that is capable of 

elucidating the molecular structure and dynamics of insoluble polysaccharides in their native cells 

or environments, without the need for pretreatments. This technique has long been employed to 

reveal the polymorphic structure of cellulose and matrix polysaccharides, which heavily relies on 

one-dimensional 13C spectra 19, 20. With better resolution, multidimensional ssNMR has further 

revealed biopolymer interactions in plant primary and secondary cell walls, the supramolecular 

architecture and pigment deposition of pathogenic fungal cell walls and biofilms, the composition 

of mammalian cells, the structure of bacterial peptidoglycans and lipopolysaccharides and their 

interactions with antibiotics, the difference of galactolipids, storage polysaccharides and cell wall 

components in algae, as well as naturally modified or artificially functionalized polysaccharides21-

42. With the readily improving resolution from the improvement and development of ultrahigh-

field magnets43, the sensitivity enhancement from dynamic nuclear polarization (DNP) and solid-

state CryoProbe44-48, and the assistance from various NMR methods such as ultrafast spinning and 
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proton detection49-51 as well as paramagnetic and spectral editing techniques52-54, many long-

standing questions regarding the structure and dynamics of complex carbohydrates now become 

feasible and await systematic investigations.  

At the same time, the rapid expansion of ssNMR applications in carbohydrate research 

inevitably necessitates the development of a databank to facilitate information storage and sharing 

as well as statistical analysis and software development. Here we developed the Complex 

Carbohydrates Magnetic Resonance Database (CCMRD) together with its web interface for public 

access, information search, and data deposition. The database is freely available at www.ccmrd.org.   

10.3 Methods  

10.3.1 Database Assembly 

The CCMRD system is constructed with a three-tier architecture: server, client and 

database. The data records are stored in MySql database55. The initial data were collected from 

studies that were published over the past four decades. The database is regularly maintained and 

updated on a weekly basis. The structure of the database is designed to accommodate the 

complexity of polysaccharide structure. The data are organized in multiple levels to include as 

many details as possible. The base unit/monosaccharide serves as a central entity, which is directly 

related to the NMR chemical shifts and the branching pattern. Such information belongs to a 

compound, which is an upper-level central entity. The compound is connected to the information 

of organism, references and experimental details (Figure 10.2a). The organizational schema is 

shown in Figure S10.1. 

10.3.2 Server/Web Interface 

The server/web interface was programmed using PHP/Laravel framework56. The website 

is currently hosted on Amazon Web Services. The web server uses Amazon cloud EC2 service, 

http://www.ccmrd.org/
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and the mysql database uses Amazon cloud RDS service. A physical server is being implemented 

for long-term maintenance and development. The web interface provides three options for data 

search based on NMR chemical shifts, polysaccharide names, and compound classes.  A data 

submission portal is also available, which contains a multi-page process for collecting all the 

required information. All the submitted data are reviewed before the final deposition.  

 

Figure 10.2 Overview of the carbohydrate database. a, Structure of the database. b, Search 

interface (left) and a representative entry (right). More detailed instructions for the search and data 

deposition are in Figure S10.2, S10.3. c, For possible applications, a cellulose 13C chemical shift 

heatmap (left) and a synthesized spectrum of 40 conformers from 9 plant carbohydrates (right) are 

shown as examples.  

 

10.4 Results and Discussion 

To date, CCMRD stores the ssNMR chemical shifts of 435 complex carbohydrates from 

various organisms (Figure 10.3a). Plants account for half of the deposited compounds while fungi, 
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algae and bacteria share one-third of the publications. The NMR chemical shifts are obtained 

predominantly from high-resolution 2D/3D correlation solid-state NMR spectra that allows the 

unambiguous identification of carbon-carbon connectivity in each carbohydrate26, 57. Glycosyl 

linkage and carbohydrate compositional analysis, genetic mutants or chemical extraction of certain 

components, as well as Density Functional Theory (DFT) calculations are often coupled to 

implement and effectively verify the NMR assignments. Critical breakthroughs of ssNMR 

technology have substantially promoted high-resolution studies over the last decade as evidenced 

by the upsurge of compound numbers (Figure 10.3b). 

10.4.1 Data Search 

The web interface provides three options for data search (Figure S10.2):  

(1) Search by chemical shifts: This feature is specially designed to help users with unknown 

signals that are identified in NMR spectra. Users need to specify three parameters include the 

nucleus of interest, the chemical shift and the threshold. The nucleus is chosen from 13C, 1H, 15N, 

and 31P. The threshold determines how accurate the search results should match the targeted value. 

The default threshold is set to 1 ppm for 13C, 3 ppm for 15N/31P and 0.5 ppm for 1H based on the 

typical ssNMR resolution and these values can be changed by the users. The returned result is a 

list of compounds with matched signals, with the detailed information of carbohydrate structure 

and experimental conditions underneath each CCMRD compound ID (Figure 10.2b). 

In addition, CCMRD also support double-signal search using two chemical shifts from the 

same compound. By inputting two chemical shifts separated by a comma, the server will return 

the entries that match both the inputs within the specified range of tolerance. For each returned 

entry, its ID number, compound name, residue name and chemical shifts are listed, with the 
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matched chemical shifts highlighted. The double-signal search can efficiently eliminate irrelevant 

compounds.  

 

Figure 10.3 Statistics of compounds in CCMRD. The data are categorized by a, taxonomical 

context and b, years. 

(2) Search by polysaccharide names: The users can conduct a search using a trivial name 

(Figure S10.2). There is no restriction on the input, and both full and partial names are accepted. 

For example, the users can use either “cel” or “cellulose”. CCMRD will perform a search for the 

name pattern and return all relevant entries with their ID numbers, with the full details accessible 

by clicking each ID. 

(3) Search by compound classes: Based on the currently available entries, the data 

deposited in CCMRD are categorized as six classes to facilitate the data search: polysaccharide, 

oligosaccharide, monosaccharide, lipopolysaccharide, N-acetylglucosamine, and peptidoglycan. 

This option is useful when the compound type is already known.  

      To eliminate the potential ambiguity in the atom position labeling of carbohydrates and 

to provide a more intuitive way to present the data, we have included the molecular structure of 

each residue with carbon atom numbers so that users can access the data with ease and accuracy. 

The Symbol Nomenclature for Glycans (SNFG) is also included for full structure presentation but 

only for those entries with unambiguous information of the linkage patterns58, 59. 



378 
 

10.4.2 Data Deposition 

The web server of CCMRD also provides a portal for data submission (Figure 10.4 and 

Figure S10.3). The users will need to fill a multi-step form for multiple instances of all the 

complex carbohydrates in a single publication. The submitted data will be saved in a temporary 

table and an email will be generated automatically informing the users of the successful submission. 

An administrator will review, verify, and deposit the submitted record, and a second email 

containing the CCMRD ID number(s) will be sent automatically to the user to confirm the success 

of data deposition. The users will need to prepare the following information for data submission: 

(1) Provide an email. The email address is only used for communications before the final 

deposition process. 

(2) NMR experimental conditions. The detailed NMR experimental conditions are required 

to be specified, including magnetic field strengths, sample pH, temperature, NMR reference scale, 

and sample processing protocols. As some data from the earlier stages of ssNMR has relatively 

low resolution as measured on low-field magnets, the experimental conditions will assist the 

research community in evaluating data reliability. Taxonomic domain of the organism and the 

biological source with full name of genus and species are also required. NCBI TaxID from the 

NCBI taxonomy database is used for cross-reference. Fields with asterisks are required while the 

others are optional (Figure 10.4).   

(3) Compound information. Users are required to provide both the trivial name and linear 

code of the compound. For the linear code format, we followed the IUPAC recommendations for 

future compatibility60. Compound class also need to be specified, for example, as polysaccharide, 

monosaccharide, or oligosaccharide.  
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(4) Residue/Unit. For each residue, the users need to provide the residue/unit name, 

anomeric configuration, absolute configuration and ring size. Select “unknown” if any field is 

undetermined. After inputting all the chemical shifts for this residue, additional residues can be 

added by clicking the “add new residue” button for heteropolysaccharide. 

(5) Connection table. The patterns of covalent linkage between different residues need to 

be clarified by specifying the connecting residues (chosen from previously entered residues in the 

residues/unit section) and the corresponding connecting position/site. Multiple connection entries 

can be added for heteropolysaccharide. Until here, user will finish a compound. To add more 

compounds from the same publication, use “add new compound” and repeat steps (3) – (5).  

(6) Reference. The reference type needs to be specified as book chapters or journal articles. 

Information (title, authors, year etc.) can be entered using the corresponding forms. Both PubMed 

ID and DOI number are required for cross-referencing to other bibliographic databases.  

(7) Review submission. A summary of the information will be provided to the users for 

review before completing the submission.  

10.4.3 Current Status and Limitation 

With the recent advances in instrumentation and methodology, ssNMR has become a 

powerful tool for characterizing the structure and dynamics of complex carbohydrates in-vivo and 

in-situ. Multidimensional ssNMR can efficiently identify the constituent monosaccharide units and 

partially reveal the pattern of covalent linkages of the polysaccharides 6. The current studies mainly 

focus on  the polysaccharides with highly repetitive structures, including the linear polymers of a 

single monosaccharide unit or multiple residue types but with an alternating pattern, as well as 

those polysaccharides with identical patterns of branching. Solving the full structure of more 

irregular carbohydrates remains challenging. At this stage, only high-resolution data (mostly with 
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2D/3D correlation spectra) are indexed in CCMRD, and we only accept data from peer-reviewed 

publications, with every record manually examined for reliability. With the rapid progress in 

carbohydrate ssNMR, we will also be able to develop statistics-based tools that automatically 

validate the new entries.  

 

Figure 10.4 Flowchart of data deposition. The entries listed here will be needed for depositing 

data into CCMRD. The step-by-step user guide is shown in Figure S10.3. 

10.5 Conclusion and Outlook 

CCMRD presents a timely implementation to the existing databases of carbohydrates, such 

as Bacterial Carbohydrate Structure DataBase (BCSDB)61 and the GLYCOSCIENCES.de portal62, 

which collected data from traditional methods including x-ray, solution NMR and mass 

spectrometry. Together, these databases integrate and promote carbohydrate research and its 

relevant applications in the field of biomedical sciences, biomaterials and bioenergy. We will 
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continue updating CCMRD with trustworthy data sources and introducing auxiliary functions and 

software. The ongoing efforts include the implementation of new portals for including additional 

types of structural data (such as dynamics), the addition of web services in both json and xml 

formats, and the coding of novel functions for generating chemical shift heatmap63 and artificial 

spectra (Figure 10.2c). These efforts will facilitate the statistical analysis of carbohydrate 

composition and structure, which will ultimately lead to high-throughput spectral analysis using 

various algorithms including deep-learning neural networks. 
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APPENDIX 

 

 

Figure S10.1 Organizational schema of CCMRD. This figure shows the primary organization and 

how the different entries (NMR signals, compounds, publications, species, etc.) are connected.  
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Figure S10.2 Data Search by compound name and NMR signals. Part or the full name of the 

polysaccharides is needed for searching by the compound name. In the example, 112 entries have 

been listed for searching cellulose. Two opinions are available for data searching by the NMR 

signals: a single NMR chemical shift or two chemical shifts in the same compound. The threshold 

represents the tolerance allowed for the search (e.g. 105 ± 1 ppm for the example shown in the 

figure). Both the search functions will finally lead to the details of each entry, with information on 

the compound trivial name, linear code, origin, species, NMR chemical shifts and experimental 

conditions.  
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Figure S10.3 User deposition for CCMRD. The flow chart, interface, and an example of step-by-

step deposition are given. The user deposition requires approval by the administrator before the 

record is indexed by the database.    
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CHAPTER 11: CHARTING THE SOLID-STATE NMR SIGNALS OF 

POLYSACCHARIDES: A DATABASE-DRIVEN ROADMAP 

Research paper reprinted with permission: Magn. Reson. Chem., in press (2023)  

Authors: Wancheng Zhao, Debkumar Debnath, Isha Gautam, Liyanage D. Fernando, Tuo Wang 

11.1 Abstract 

Solid-state NMR (ssNMR) measurements of intact cell walls and cellular samples often 

generate spectra that are difficult to interpret due to the presence of many coexisting glycans and 

the structural polymorphism observed in native conditions. To overcome this analytical challenge, 

we present a statistical approach for analyzing carbohydrate signals using high-resolution ssNMR 

data indexed in a carbohydrate database. We generate simulated spectra to demonstrate the 

chemical shift dispersion and compare this with experimental data to facilitate the identification 

of important fungal and plant polysaccharides, such as chitin and glucans in fungi and cellulose, 

hemicellulose, and pectic polymers in plants. We also demonstrate that chemically distinct 

carbohydrates from different organisms may produce almost identical signals, highlighting the 

need for high-resolution spectra and validation of resonance assignments. Our study provides a 

means to differentiate the characteristic signals of major carbohydrates and allows us to summarize 

currently undetected polysaccharides in plants and fungi, which may inspire future investigations. 

11.2 Introduction 

Polysaccharides are high molecular weight biopolymers that typically consist of hundreds 

to thousands of sugar units. Elucidating the structure of complex carbohydrates with solid-state 

NMR (ssNMR) spectroscopy is a challenging task. Early pioneers in this field explored the use of 

different ssNMR methods, such as one-dimensional (1D) experiments for identifying the structure 

and quantifying the content of carbohydrate polymers and allomorphs, and Rotational Echo 
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Double Resonance (REDOR) and multidimensional correlation techniques for revealing polymer 

cross-linking and spatial proximities1-6. There has been a substantial increase in high-resolution 

ssNMR data that rely on 13C and 15N 2D/3D correlation experiments7-9, as well as 1H detection10-

12, to provide detailed insights into the structure and function of carbohydrates in a variety of living 

organisms.  

Recent high-resolution ssNMR studies have led to numerous conceptual breakthroughs, 

including but not limited to the identification of cellulose-pectin spatial contacts in the primary 

plant cell walls (mostly the seedlings)13-16, the conformation-dependent function of xylan in 

associating with lignin and cellulose in the secondary cell walls of grasses and woody stems17-22, 

the multi-layered assembly of chitin and glucans in fungal cell walls that provide remarkable 

structural dynamics to support microbial survival23-28, as well as the quantification of dynamically 

heterogeneous carbohydrate components in algal cells and bacterial cell wall and biofilms29-33. 

There is also a growing interest in utilizing ssNMR techniques for the characterization of 

carbohydrate-based materials, including hydrogels34, 35.  

By taking advantage of the repetitive nature of monosaccharides in a polysaccharide, the 

structural view of these polymers can be simplified, and their spectral features can be explored. 

Currently, there are five distinct structural variations of carbohydrates that can be closely tracked 

in the solid-state, which include the variation in covalent linkages, the compositional differences 

in cell walls and monosaccharide units that form polysaccharides, the conformational distribution 

of native polysaccharides, the spatial assembly, and the chemical modifications such as 

methylation and methyl esterification, as documented in a recent review aricle36. The majority of 

existing ssNMR studies depict polysaccharides in a simplified manner, reducing their complex 

structures to symbolic representations and only highlighting the most significant constituents 
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showing strong signals7. While this approach enables researchers to concentrate on the primary 

polysaccharides found in a sample, it overlooks the many sparsely distributed molecules, minor 

side chains, and irregular substitutions, which may also contribute significantly to the structural 

stability and functional properties of both the polysaccharide and the cell wall.  

In 2020, a complex carbohydrate magnetic resonance database (CCMRD) was established 

to accommodate the prolific growth of datasets in the upcoming years37. Upon its inception, the 

small-scale database contained 420 entries of high-resolution ssNMR data on carbohydrates. As 

of early 2023, the number of entries has increased to approximately 850. The database facilitates 

data search using single or paired chemical shifts, polysaccharide names, and compound classes, 

and it also supports user deposition. This platform also serves as a vital preparatory step for 

implementing semi-automated tools to streamline spectral analysis and resonance assignment of 

carbohydrate systems in the future as the size of the dataset increases.  

The present study aims to accomplish three objectives by utilizing the available data. 

Firstly, we aim to construct artificial NMR spectra of commonly employed experiments to 

summarize the polysaccharide signals present in plants and fungi, which is akin to the amino acid 

maps available for protein NMR38. Secondly, we will utilize these spectroscopic maps to identify 

the unique signals that can unequivocally recognize specific polysaccharides. Finally, we will 

provide a synopsis of the key factors currently constraining our ability and give an overview of the 

undetected carbohydrates that necessitate further exploration. The pursuit of these objectives 

intends to encourage the use of high-resolution ssNMR in carbohydrate characterization. 
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11.3 Materials and Methods 

11.3.1 Generation of Simulated 2D Spectra from Chemical Shift Data 

We used a dataset containing 569 entries of plant and fungal carbohydrates sourced from 

CCMRD37 to construct artificial 2D NMR spectra. Each entry within the dataset comprised 13C 

chemical shift data for a carbohydrate unit sourced from a peer-reviewed publication. These 

publications featured high-resolution solid-state NMR data, typically presented in the form of 2D 

or 3D correlation spectra. The raw 13C chemical shift data were transformed into different scatter 

plots depending on the targeted type of 2D spectra following the protocol described below.  

For the refocused INADEQUATE spectrum that exhibits through-bond correlations4, the 

signals of two directly bonded carbons were situated at coordinates (δCa, δCa+δCb) and (δCb, 

δCa+δCb) on the plot. Here, δCa and δCb denote the single-quantum (SQ) chemical shifts of carbon 

sites a and b, respectively, and these values were projected to the X-axis of the simulated plot, 

corresponding to the direct dimension (ω2) of experimentally measured spectra. The sum of two 

SQ chemical shifts (δCa+δCb) were projected to the Y-axis, which represents the value of the 

double-quantum (DQ) chemical shift of this pair of carbons, corresponding to the indirect 

dimension (ω1) of experimentally measured spectra. Each pyranose unit is represented by 10 

scatter dots based on the chemical shifts of six carbons, and an illustrative example is presented in 

Figure 11.1a, showcasing the distribution of these scatter dots for a glucose unit in cellulose. In 

comparison, each furanose unit will result in 8 scatter dots, due to the lack of C5-C6 spin pair.  

More scatter dots are needed for plotting 2D 13C SQ-SQ correlation spectra, such as 

PDSD/DARR, CORD39, and PAR40. This is because each carbon atom can potentially correlate 

with all the other carbons within the same monosaccharide unit. Each scatter dot now represents a 

distinct intramolecular cross peak, with the two coordinates representing the SQ chemical shifts of 
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two carbons. When examining a pyranose, the anticipated SQ-SQ correlation spectrum consists of 

36 derived data points, as illustrated in Figure 11.1b for a glucose unit of cellulose. Among these 

points, 6 are positioned along the spectral diagonal. In contrast, a furanose's spectrum contains 25 

data points, with 5 residing on the diagonal. The chemical shift coordinates utilized in generating 

the scatter plots shown in Figure 11.1 are provided in Table S11.1. 

Our analysis extended to encompass 412 entries from plant cell walls and 157 datasets from 

fungal cell walls obtained from CCMRD. Scatter plots were generated to depict both DQ-SQ and 

SQ-SQ correlation spectra for various sugar units. Subsequently, density maps were generated 

from these scatter plots using Kernel Density Estimate in Origin 2019b. These density maps 

provide an informative overview of the average trends represented by the scatter plots, allowing 

us to identify the specific regions and patterns related to different sugar units within 2D NMR 

spectra. Figures S11.1-S11.26 in the Supplementary Information present individual plots for 

various plant and fungal carbohydrates. These figures can be used for direct comparison with 

experimental data, streamlining the analysis process. 

11.3.2 Sample Preparation and Packing  

Three uniformly 13C-enriched samples were prepared for ssNMR measurement. These 

samples include the fungal culture of Aspergillus fumigatus, and the stems of two plant species: 

Arabidopsis thaliana and Picea abies (Norway spruce)21. The fungal mycelium was cultivated for 

two weeks on a liquid minimal medium containing 13C-glucose as the only carbon source26. The 

spruce plant was grown within a closed atmosphere featuring 97 atom% 13CO2. This controlled 

environment was maintained from germination until harvest, spanning approximately four months. 

Similarly, 13C-enriched Arabidopsis was grown in a custom-built transparent chamber for 4 weeks. 

The harvested fresh plant stems were cut into millimeter-scale pieces by razor blade for better 



395 
 

distribution of mass during MAS. 

 

Figure 11.1 Scatter plots of chemical shift values for a glucose unit of cellulose. The plots 

correspond to a, DQ-SQ and b, SQ-SQ 13C correlation experiments, with the former showing 

through-bond correlations and the latter showing all intramolecular through-space correlations. 

See Table S11.1 for comprehensive details on the dataset used to create these spectral projections. 

Isotope-labeling is essential for acquiring high-resolution 2D/3D correlation spectra, 

particularly in dealing with the significant signal overlap encountered in cellular samples or 

complex biomaterials. Natural-abundance 2D 13C-13C correlation experiments of unlabeled 

samples becomes attainable with the utilization of the sensitivity-enhancing technique MAS-DNP, 

as recently demonstrated on lignocellulosic plant biomass41-43, fungal mycelia and conidia44, and 

functionalized cellulose materials45-48. However, it's important to note that at the low temperatures 

required for MAS-DNP, there is a significant sacrifice in spectral resolution. Therefore, this 

technique is primarily employed when isotope-labeling presents challenges. 
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Around 30 mg of A. fumigatus was packed into a 3.2 mm MAS rotor and measured on an 

800 MHz Bruker Avance Neo Spectrometer at National High Magnetic Field Laboratory using a 

3.2 mm HCN MAS probe. Similarly, around 35 mg of Arabidopsis sample was packed into a 3.2 

mm MAS rotor and measured on a 700 MHz Bruker Avance Neo Spectrometer at Louisiana State 

University using a 3.2 mm HCN MAS probe. For spruce, approximately 100 mg of material was 

packed into a 4 mm MAS rotor for measurement on a 400 MHz Bruker Avance spectrometer at 

Louisiana State University using a 4.0 mm HXY MAS probe.  

11.3.3 Solid-State NMR Experiments 

All experiments were performed with spinning speeds ranging from 10-13.5 kHz. The 

radiofrequency field strengths were set to 83.3 kHz for both 1H excitation and decoupling, and 

62.5 kHz for 13C hard pulses. The recycle delays were 1.6-2.0s. 2D experiments were recorded 

over durations of 4 to 30 h, while 1D data were collected in timeframes varying from 5 to 140 min. 

The 2D refocused J-INADEQUATE scheme was integrated with either direct polarization (DP) 

and short recycle delays of 1.8 s for the selective detection of mobile components, or with cross-

polarization (CP) for the detection of rigid components. A 2D 13C-13C correlation experiment was 

also measured using the CORD scheme with a 53-ms recoupling period. Within each spectrum, 

both the sidechains and primary constituents of a polysaccharide, if they exhibit similar dynamics, 

were detected simultaneously. The acquisition time was 12-29 ms, and the evolution time for the 

indirect dimension of 2D experiments was 4-10 ms. The key parameters used in these ssNMR 

experiments are listed in Table S11.2. 

Accurate experimental chemical shift data are essential for structural analysis49. All 13C 

NMR spectra are consistently referenced to the tetramethylsilane (TMS) scale by externally 

calibrating the CH2 signal of adamantane to 38.48 ppm at room temperature, which is a standard 
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calibration procedure widely employed in solid-state NMR studies50, including carbohydrate 

research. In the chemical shift data deposited in CCMRD, NMR chemical shifts are only reported 

on the TMS scale, the information of which is included in each entry37. DSS scale is another 

reference scale that yields a 13C chemical shift difference of 2.0 ppm compared to the TMS scale. 

Chemical shifts reported on the DSS scale can be adjusted by subtracting 2.0 ppm for the purpose 

of comparison with data on the TMS scale, which has been reported in recent studies of amyloid 

fibrils51. However, it finds primary usage in protein solid-state NMR and solution NMR studies. It 

should be noted that variations in chemical shifts may arise due to different calibration procedures 

employed by various research groups, as reported in recent cellulose studies49. 

11.4 Results and Discussion 

11.4.1 Unique Signals of Different Carbohydrates 

Initial assignments of carbohydrate signals heavily rely on 2D 13C refocused 

INADEQUATE correlation experiments4 that correlate DQ and SQ chemical shifts to obtain 

diagonal-free spectra. We extracted 412 plant carbohydrate entries and constructed artificial 

INADEQUATE spectra (Figure 11.2a). The scatter plots were derived from data deposited in 

CCMRD, with all through-bond correlations simulated for each carbohydrate unit. For example, 

for each hexose, the DQ and SQ chemical shifts were calculated for six spin pairs of C1-C2, C2-

C3, C3-C4, C4-C5, C5-C6, while the last spin pair is absent in each pentose. Furthermore, we 

created corresponding color-coded contour lines based on computed Kernel Density Estimate to 

represent the probability of different sugar residues in certain spectral regions. These maps 

included sugar residues found in context of a plant polysaccharide, such as the glucose units (Glc) 

found in cellulose and seven sugar residues commonly found in the matrix polysaccharides 

(hemicellulose and pectin), namely xylose (Xyl), galacturonic acid (GalA), glucuronic acid 
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(GlcA), arabinose (Ara), galactose (Gal), rhamnose (Rha), and mannose (Man) (Figure 11.2b).  

 

Figure 11.2 Density map of plant polysaccharides projected into INADEQUATE spectra. a, 13C 

chemical shift data of 412 datasets plotted as either scatter plot (left) or density map (middle), or 

both (right). The data of eight types of monosaccharide units were color coded. b, Representative 

monosaccharide units with carbon numbers labeled. Two glucose units were shown for cellulose. 

c, Unique spectral regions of the C5-C6 signals of Rha (top) and acidic residues (bottom), where 

the methyl and carbonyl groups can help to track the signals of these carbohydrates. 

In particular, the Ara units are typically resolved by their C1-C2 spin pair, with unique DQ 

chemical shifts ranging from 188 ppm to 198 ppm. Although the cellulose signals are tightly 

clustered with peaks from other carbohydrates, their C3-C4 and C4-C5 spin pairs can still be used 

as the starting point to track their signals. Xyl signals have a broad distribution but can be tracked 
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using the C4-C5 spin pair: α-linked Xyl has a unique DQ chemical shift at 130-135 ppm while β-

linked Xyl typically shows up at 140-150 ppm, although the latter depends on the helical screw 

conformation. Rha can be unambiguously tracked starting from its C6, which is a methyl group, 

and the corresponding C5-C6 spin pair (Figure 11.2c). Acidic sugars, such as GalA and GlcA, 

rely on the spin pair between C5 and C6, which is the carbonyl group, for initiating the resonance 

assignment and tracking the other carbons within the same sugar unit.  

It should be noted that the chemical shift of the carbonyl groups in acidic sugars can vary 

significantly depending on the state of protonation, the deprotonation and ion coordination (e.g., 

with Calcium in HG and with Boron in RG-II)15, 52, as well as the degree of methyl esterification. 

Peak multiplicity in this spectral region has been consistently observed in many plant species, such 

as Arabidopsis, Zea mays, and Brachypodium16, 53-55, with 176-178 ppm for carboxylate (-COO- 

or -COOH), 173-175 ppm for acetyl (-OCOCH3), and 170-172 ppm for methyl ester (-COOCH3). 

Due to the low bulk pKa of GalA (∼3.5)56, the carboxylate is in the deprotonated form under the 

near-neutral pH of most plant cell wall samples. However, the carboxylate signal vanishes GalA 

residues are neutralized during cell wall acidification, which has been observed at pH 4.0 in an 

Arabidopsis sample57. This further impedes GalA’s capability to coordinate Ca2+ for crosslinking 

adjacent HG chains. Therefore, the pKa of these sugars and the pH of the samples being 

investigated should be considered and the carbonyl signals should be carefully tracked.  

Signals of Gal residues are difficult to separate from the peaks of other sugar residues when 

using 2D 13C-13C correlation spectra; therefore, it requires special attention in analysis. The SQ 

chemical shift of carbon 4 site (~78 ppm) and the DQ chemical shifts of C3-C4 and C4-C5 (152-

155 ppm) offer partial resolution in the refocused INADEQUATE spectrum, serving as an initial 

reference for Gal resonance assignment, especially for those in the mobile phase55. Proton-
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detection techniques such as 2D TOCSY and 3D HCC INEPT-TOCSY have been employed to 

distinguish Gal signals from other sugar residues in mobile matrix polysaccharides10. 

We also presented these datasets as a 2D 13C SQ-SQ correlation spectrum, as shown in 

Figure 11.3. This spectrum encompasses all intramolecular cross-peaks, resembling the spectral 

patterns commonly observed with ~100 ms mixing periods under experimental schemes like 

CORD39, DARR/PDSD, or other analogous approaches conducted at moderately slow magic-

angle spinning (MAS) frequencies, e.g., in the 10-20 kHz range. The simulated spectrum is more 

congested than the INADEQUATE spectra shown earlier due to the presence of numerous 

multibond correlations. Nevertheless, discernable spectral regions are still available for almost 

every type of carbohydrate, except for Gal, where complementary techniques like the fast MAS 

INEPT spectra with 1H detection, as demonstrated in a recent study, may become necessary10.  

 

Figure 11.3 Projected NMR signals of plant polysaccharides as the 2D SQ-SQ correlation spectra 

using the same datasets for plotting Figure 11.2.  
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11.4.2 Reconstituted Spectra for Polysaccharide Identification  

Monosaccharide units can associate with others to form various polysaccharides. We 

synthesized artificial spectra to depict the potential range of chemical shift dispersion for 

polysaccharides (Figure 11.4a). The first spectrum cataloged all the signals identified in plant 

cellulose, which possesses a highly polymorphic structure characterized by up to seven types of 

Glc subforms within each plant sample58. The second spectrum encompassing Xyl and Ara signals, 

contained the spectra from various matrix polysaccharides, including hemicellulose arabinoxylan, 

pectic sidechain arabinan, as well as the sidechains of xyloglucan. Notably, the α-Xyl units of 

xyloglucan and β-Xyl residues of xylan were not differentiated in this plot, but the distinction can 

be easily achieved, if necessary. The third spectrum displayed the signals of acidic residues and 

Rha, which covered two primary pectic polymers: homogalacturonan (HG) and 

rhamnogalacturonan-I (RG-I), as well as the GlcA sidechains of the hemicellulose glucuronoxylan. 

The last spectrum displayed Gal and Man residues, which could be part of mannan polymers like 

galactoglucomannan (GGM), or the galactan sidechains of RG-I. The corresponding carbohydrate 

structures are summarized in Figure 11.4b. 

The comparison of simulated carbohydrate maps with experimentally measured 2D spectra 

can aid in the initial evaluation of the sample and facilitate the identification of the most probable 

carbohydrates. As an example, we analyzed the refocused J-INADEQUATE spectrum of 13C-

labeled Arabidopsis primary cell walls, which were measured using DP and short recycle delays 

of 1.8 s to select the mobile molecules with rapid 13C-T1 relaxation (Figure 11.5a). Consequently, 

only dynamic matrix polysaccharides were detected, including the well-resolved signals of Rha, 

acidic sugars, and Ara from pectin, as well as the signature C4-C5 signals of α-linked Xyl units 

from xyloglucan.  
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Figure 11.4 Simulated NMR spectra of individual carbohydrate units. a, Chemical shift dispersion 

and density maps of cellulose glucose units, Xyl, Ara, GalA and GlcA, Rha, Gal and Man. b, 

Simplified structure of polysaccharides containing these residues widely found in plant primary 

and secondary cell walls. 

Ara units are distinguishable by their distinct signals falling within the DQ 13C chemical 

shift range of 188-200 ppm. Ara peaks are also evident in all other discernible spectral regions 

indicated by the yellow regions in the simulated density maps, which include the DQ chemical 

shift range of 160-170 ppm for C2-C3 and C3-C4, as well as the DQ chemical shift range of 145-

155 ppm for C4-C5. These observations confirmed the presence of Ara residues in Arabidopsis. 

Similarly, the presence of Rha is verified by its characteristic C5-C6 signals, where C6 represents 

a methyl carbon, situated within the DQ chemical shift range of 80-90 ppm. The existence of acidic 
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residues (GalA/GlcA) is substantiated by their unique signals with DQ chemical shifts extending 

beyond 240 ppm, corresponding to the covalently linked C5 and carbonyl group. 

Cellulose is not detected in this spectrum, as evidenced by the absence of peaks in the 

magenta regions, where DQ chemical shifts typically fall within the range of 160-170 ppm, a 

characteristic range for C3-C4 and C4-C5 carbon pairs in cellulose. This outcome aligns with 

expectations since cellulose is a rigid component and is not found in this spectrum, which is 

designed to detect mobile components. Intensities are observed in other magenta regions, but these 

sharp signals originate from mobile polysaccharides exhibiting similar chemical shifts at these 

indistinguishable carbon positions. 

The rigid portion of the spruce secondary cell wall was examined using 13C CP-based 

INADEQUATE and CORD experiments, where the spectra were dominated by cellulose signals 

(Figure 11.5a, b). Weak peaks were also spotted for the β-linked Xyl from xylan backbones and 

the Ara residues from xylan sidechains, as well as some Man signals from GGM. The α-Xyl 

residues, which are indicative of xyloglucans, are not observed in this spectrum as shown by the 

absence of C4-C5 signals within the DQ chemical shift range of 130-136 ppm. This outcome is 

anticipated, considering that the spruce sample under examination is primarily composed of 

secondary cell wall component and the current spectrum selectively targets rigid polysaccharides, 

whereas xyloglucan, being partially mobile, exists in primary cell walls. 

The use of carbohydrate fingerprints and the combination of selected datasets from certain 

glycans or organisms turned out to be an efficient approach for identifying polysaccharides, which 

should be applicable to both purified biopolymers and cellular samples. We have included a 

collection of individual scatter and density plots as Figures S11.1-S11.26 for the purpose of 

enabling direct comparisons with experimentally acquired spectra. This qualitative analysis will 



404 
 

aid in identifying potential carbohydrates in the plant sample of interest as the initial step, which 

will require further validation or complete resonance assignment as subsequent procedures. As the 

Arabidopsis and spruce spectra were collected on 400-700 MHz NMR instruments, it is evident 

that a moderate-to-high magnetic field is adequate for the implementation of this method. A current 

limitation is the lack of quantitative methods to assess the probability of specific resonance 

assignments, a capability akin to what is available for proteins and small molecules59, 60. Further 

development of new software and algorithms61, 62 will be essential. 

 

Figure 11.5 Overlay of carbohydrate density map and experimental spectra for a, refocused J-

INADEQUATE and b, 53 ms CORD spectra. The DP-based J-INADEQUATE spectrum measured 

on Arabidopsis primary cell walls, and the CP-based J-INADEQUATE and CORD experiments 

were conducted on spruce stems that are rich in secondary cell walls. Arabidopsis and spruce 

samples were measured on 700 MHz and 400 MHz NMR spectrometers, respectively.  

11.4.3 Plant Carbohydrates Evading Detection  

Many polysaccharides remain elusive to solid-state NMR detection, even for the 

polysaccharides in plants, which have been relatively well studied. Although xyloglucan (XyG) is 

the primary hemicellulose in the primary cell wall, most studies have to rely on its α-Xyl sidechains 
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to track XyG signals and examine interactions with other cell wall components13, 63. Its β-1,4-

glucan backbone, as well as the occasional substitutions of β-galactose (Gal) and α-fucose (Fuc)64, 

have not been unambiguously identified. The signals corresponding to the β-1,4-glucan backbones 

are predominantly shielded by the surface glucan chains of cellulose, which are chemically 

identical, while the Gal and Fuc residues are relatively scarce. In addition, the third abundant pectic 

polymer, RG-II, has not been detected in intact cell wall samples either. RG-II contains at least 12 

sugar types with complex linkages and has a relatively lower content compared with HG and RG-

I, making it very difficult to characterize65, 66. Moreover, chemical data suggest that pectic 

polymers exist in integrated networks containing polysaccharides and proteoglycans and might be 

covalently interconnected and further crosslinked to other cell wall macromolecules such as 

hemicellulose and protein components66-68. At this moment, such structural features have not been 

recognized using intact cell walls. The integration of solid-state NMR analysis with functional 

genomics, incorporating engineered mutants that selectively remove individual carbohydrate 

components, holds promise for the unambiguous identification of previously unresolved 

polysaccharides. This approach has recently proven successful in fungal species, particularly in 

resolving the ambiguity associated with the identification of galactosaminogalactan (GAG) and 

galactomannan (GM) within the cell walls of Aspergillus species25. Augmenting this approach 

with MAS-DNP can further mitigate detection issues associated with the low levels of certain 

carbohydrate components, such as RG-II and the Gal and Fuc sidechains of xyloglucan. 

Improvement in 2D/3D correlation experiments to achieve better signal dispersion69, 70, coupled 

with the assessment of 1H chemical shifts using ultrafast MAS techniques10, 71, are poised to 

surmount the existing resolution limitations. 
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11.4.4 Limited Dataset of Fungal Carbohydrates 

Fungal glycans have received inadequate attention, and most of the available data has been 

collected in the past five years, as summarized in Figure 11.6. We can unambiguously identify the 

signals from several amino sugars, such as the N-acetylglucosamine (GlcNAc) from chitin and the 

glucosamine (GlcN) from chitosan. Both chitin and chitosan have exhibited broad distribution 

owing to the high level of structural polymorphism in their crystallites72, 73. However, the 

relationship between the polymorphism of chitin and chitosan and the diversity of chitin synthase 

gene families remains unclear74. β-glucans are prominent molecules widely distributed in different 

fungi, and have a high level of linkage complexity and can exist as different structures, such as 

linear β-1,3-glucan, branched β-1,3/1,6-glucan, linear β-1,3/1,4-glucan, and linear β-1,6-glucan, 

depending on the location within the cell wall and the fungal species being studied75, 76. Different 

linkages can exist in the same fungi with variable percentages. For example, the β-glucans of yeast 

consist (~85%) of branched β-1,3-glucan, which contains ~3% β-1,3,6 interchain branching sites, 

with a smaller amount of linear β-1,6-glucans (~15%)76. Meanwhile, the filamentous mold 

Aspergillus fumigatus also have predominantly branched β-1,3-glucan accounts with ~4% β-1,6 

branching sites, but the minor component has changed to β-1,3/1,4-glucan, which constitutes 

approximately 10% of the cell wall β-glucans in this species75. Solid-state NMR studies mainly 

focus on the function of β-1,3-glucan and ongoing research aims to identify the signals of each 

linkage type and relate them to their structural functions in the cell wall. Recent solid-state NMR 

studies have mainly focused on the function of β-1,3-glucan and ongoing research aims to identify 

the signals of each linkage type and relate them to their structural functions in the cell wall.  

Recent studies have revealed the roles of α-1,3-glucan in stabilizing the cell wall assembly, 

but information regarding the α-1,4-linked glucose residue is lacking77. Other spotted 
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monosaccharide units, such as galactofuranose (Galf), galactosamine (GalN), N-

acetylgalactosamine (GalNAc), Man, and Fuc, belong to galactosaminogalactan (GAG), 

galactomannan (GM), phosphomanan, mannoproteins, and other minor cell wall polysaccharides, 

which can further complicated spectral analysis. The contribution of glycoproteins and lipid 

components to the cell wall architecture requires further investigation78.  

 

Figure 11.6. Summary of 13C chemical shifts from fungal carbohydrates. The simulated spectra 

were presented as a, DQ-DQ and b, SQ-SQ correlation spectra. The current plot contains data from 

157 entries, which is relatively limited and cannot efficiently represent the complex nature of 

fungal polysaccharides. The name of each polysaccharide is shown in bold followed by the 

monosaccharide units including GlcNAc, GlcN, Glc, Man, Galf, GalN, Galp, and GalNAc.  

Compared to their plant counterparts, fungal polysaccharides exhibit much higher 

structural diversity, and extensive solid-state NMR studies are necessary to document the 

carbohydrate signals across a wide range of fungal species to facilitate antifungal development and 

the biotechnology applications of these microorganisms. These endeavors may encompass the 
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utilization of multidimensional correlation experiments involving 13C, 15N, and 1H nuclear spins 

to elucidate the carbohydrate signals in significant human pathogenic species, such as Aspergillus, 

Candida, and Cryptococcus species, as well as non-pathogenic species that could potentially be 

used for nutritional resources and biomaterials28. 

11.4.5 Distinct Carbohydrates Can Have Identical Signals 

Caution should be taken when utilizing NMR maps to investigate novel species with 

unknown composition. In certain instances, two distinct carbohydrates may demonstrate strictly 

overlapping signals, for example, between arabinofuranose (Araf) and Galf25. While Araf 

(typically called Ara in our studies) is a common sugar forming the side chains of pectin and 

hemicellulose in plants, Galf is a rare form of galactose and is sporadically identified in some 

fungal species, for example, as a constituent of the GM present in the cell wall79-81. Although Galf 

is a hexose and Ara is a pentose, both sugar units possess five-membered rings, resulting in 

identical 13C chemical shifts in their first four carbons, with representative chemical shifts of 

approximately 108 ppm, 82 ppm, 77 ppm, and 84 ppm, respectively. The only unique signals of 

Galf in a 2D INADEQUATE spectrum come from its C5-C6 carbon pair, however, it showed up 

in a heavily crowded spectral region and cannot be utilized as a reliable tracker of molecules 

(Figure 11.7a). In a standard 1D spectrum, the sole distinctive signal for Galf, when compared to 

Araf, is the C5 signal at 69 ppm (Figure 11.7b). However, this peak falls within a densely 

populated region, making it impractical for distinguishing signals from other carbohydrates. The 

occurrence of such indistinguishable spectral patterns between two chemically and structurally 

distinct monosaccharide units was unanticipated as we extend our reach of carbohydrate ssNMR 

and expand our knowledge and understanding of these complex biopolymers. Hence, it is essential 

to carefully consider the source of the samples being analyzed, be it from plants, fungi, or other 
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organisms. In the case of a novel species, it becomes imperative to complement NMR analysis 

with the chemical assays that provide information on the linkage patterns and chemical 

composition of carbohydrate constituents. Moreover, the reliance on 1D spectra for analyzing 

previously uncharted samples should be minimized. 

 

Figure 11.7 Comparison of the NMR signals of Galf and Ara. a, The C1-C2-C3-C4-C5 signals of 

Galf in the 2D DP refocused J-INADEQUATE spectrum of A. fumigatus falls within the expected 

signals for arabinose residues from plant cell walls. Only the C5-C6 carbon pair of Galf is unique. 

b, Comparison of 1D 13C quantitative DP spectrum measured on Arabidopsis (top) and A. 

fumigatus (bottom). Orange and green lines indicate the signals from Ara (only in Arabidopsis) 

and Galf residues (only in A. fumigatus), respectively.  

11.5 Conclusions and Perspectives 

Significant advances have been made in solid-state NMR analysis of carbohydrates over 

the past decade, allowing us to identify key spectroscopic features of major plant and fungal 

glycans. It is critical to ensure that there is sufficient spectral resolution to track the minor 
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differences in molecules, carefully track the full carbon connectivity in 2D/3D correlation spectra 

without missing any carbon in the linkage pattern, seek additional validation from other 

techniques, such as mass spectrometry, and cross-compare with mutants or other strains lacking 

the carbohydrate of interest. Further datasets are required before statistical analysis and automated 

tools can be developed to facilitate the analysis of these complex carbohydrate polymers. It is 

anticipated that tools similar to those already available for other molecules, such as the DEEP 

picker for protein 2D spectral deconvolution and peak picking, and the probabilistic assignment 

tool for organic crystals59, 82, will lead to significant progress in solid-state glycoNMR. 
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APPENDIX 

Table S11.1 An example of simulated data for a glucose unit in cellulose. The representative dataset of actual chemical shift values of 

cellulose includes the six 13C chemical shifts sequentially from C1 to C6: 105.8 ppm, 71.5 ppm, 75.8 ppm, 89.1 ppm, 72.5 ppm, 64.9 

ppm. The resultant INADEQUATE and SQ-SQ correlation data could be employed to construct graphical depictions portraying the 

projected 2D NMR spectra. The X and Y coordinates are indicative of the chemical shifts (ppm) of NMR signals/cross-peaks within a 

2D spectrum. Not applicable (/). 

a Cellulose 

(ppm) 

 

DQ-SQ Correlation 

 

SQ-SQ Correlation  

X Y X Y X Y X Y X Y X Y X Y X Y 

C1 105.8 
C1 

105.8 

C1+C2 

177.3 

C2 

71.5 

C1+C2 

177.3 

C1 

105.8 

C1 

105.8 

C1 

105.8 

C2 

71.5 

C1 

105.8 

C3 

75.8 

C1 

105.8 

C4 

89.1 

C1 

105.8 

C5 

72.5 

C1 

105.8 

C6 

64.9 

C2 71.5 
C2 

71.5 

C2+C3 

147.3 

C3 

75.8 

C2+C3 

147.3 

C2 

71.5 

C1 

105.8 

C2 

71.5 

C2 

71.5 

C2 

71.5 

C3 

75.8 

C2 

71.5 

C4 

89.1 

C2 

71.5 

C5 

72.5 

C2 

71.5 

C6 

64.9 

C3 75.8 
C3 

75.8 

C3+C4 

164.9 

C4 

89.1 

C3+C4 

164.9 

C3 

75.8 

C1 

105.8 

C3 

75.8 

C2 

71.5 

C3 

75.8 

C3 

75.8 

C3 

75.8 

C4 

89.1 

C3 

75.8 

C5 

72.5 

C3 

75.8 

C6 

64.9 

C4 89.1 
C4 

89.1 

C4+C5 

161.6 

C5 

72.5 

C4+C5 

161.6 

C4 

89.1 

C1 

105.8 

C4 

89.1 

C2 

71.5 

C4 

89.1 

C3 

75.8 

C4 

89.1 

C4 

89.1 

C4 

89.1 

C5 

72.5 

C4 

89.1 

C6 

64.9 

C5 72.5 
C5 

72.5 

C5+C6 

177.3 
/ 

C5 

72.5 

C1 

105.8 

C5 

72.5 

C2 

71.5 

C5 

72.5 

C3 

75.8 

C5 

72.5 

C4 

89.1 

C5 

72.5 

C5 

72.5 

C5 

72.5 

C6 

64.9 

C6 64.9 
C6 

64.9 

C5+C6 

177.3 

C6 

64.9 

C1 

105.8 

C6 

64.9 

C2 

71.5 

C6 

64.9 

C3 

75.8 

C6 

64.9 

C4 

89.1 

C6 

64.9 

C5 

72.5 

C6 

64.9 

C6 

64.9 

a The chemical shifts data for the six carbons of glucose in cellulose is from CCMRD. 
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Table S11.2 Parameters of ssNMR experiments applied for plant and fungi samples. Corresponding figure numbers are indicated. Not 

applicable (/). 

 
Figure  

11.5a 

Figure  

11.5a 

Figure 

11.5b 

Figure  

11.7a 

Figure 

11.7b 

Figure 

11.7b 

Sample 
Arabidopsis 

thaliana 
Spruce Spruce 

Aspergillus 

fumigatus 

Aspergillus 

fumigatus 

Arabidopsis 

thaliana 

Experiment 
DP J-

INADEQUATE 

CP 

J-INADEQUATE 
CORD 

DP 

J-INADEQUATE 
1D 2s-DP 1D 2s-DP 

Experiment Time 30 h 9 h 12 h 4 h 5 min 140 min 

Number Scans 128 192 128 8 128 2048 

Field (T) 16.5 9.4 9.4 18.8 18.8 16.5 

Spinning Speed (kHz) 20 10 10 13.5 13.5 20 

Temperature (K) 293 298 298 298 298 293 

Recycle Dalay (s) 1.8 1.8 2.0 1.55 2.0 2.0 

1H Excitation (kHz) / 83.3 83.3 83.3 / / 

13C Excitation (kHz) 62.5 62.5 62.5 62.5 62.5 62.5 

CP Contact Time (ms) / 1.0 1.0 / / / 

1H Decoupling (kHz) 83.3 83.3 83.3 83.3 83.3 83.3 

Acquisition Time (aq2; ms) 12.8 14.0 16.0 19.4 28.7 12.8 

Evolution Time (aq1; ms) 5.0 5.3 4.2 10.2 / / 

Number of Points For 

Direct Dimensions (td2) 
1600 1400 1600 2600 4096 1600 

Number of Points For 

Indirect Dimensions (td1) 
464 90 166 1024 / / 
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Figure S11.1 Projected 2D INADEQUATE correlation spectra of plant glucose residue in 

cellulose.  
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Figure S11.2 Projected 2D SQ-SQ 13C correlation spectra of glucose residues in cellulose.  
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Figure S11.3 Projected 2D INADEQUATE DQ-SQ 13C correlation spectra of plant xylose 

residue.  
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Figure S11.4 Projected 2D SQ-SQ 13C correlation spectra of plant xylose residue.  
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Figure S11.5 Projected 2D INADEQUATE DQ-SQ 13C correlation spectra of plant arabinose 

residue.  
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Figure S11.6 Projected 2D SQ-SQ 13C correlation spectra of plant arabinose residue.  
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Figure S11.7 Projected 2D 13C INADEQUATE correlation spectra of plant galactose residue.  
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Figure S11.8 Projected 2D SQ-SQ correlation spectra of plant galactose residue.  
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Figure S11.9 Projected 2D 13C INADEQUATE correlation spectra of plant galacturonic acid and 

glucuronic acid residues.  
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Figure S11.10 Projected 2D 13C SQ-SQ correlation spectra of plant galacturonic acid and 

glucuronic acid residues.  
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Figure S11.11 Projected 2D 13C INADEQUATE correlation spectra of plant rhamnose residue.  
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Figure S11.12 Projected 2D 13C SQ-SQ correlation spectra of plant rhamnose residue.  
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Figure S11.13 Projected 2D 13C INADEQUATE correlation spectra of plant mannose residue.  
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Figure S11.14 Projected 2D 13C SQ-SQ correlation spectra of plant mannose residue.  
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Figure S11.15 Projected 2D 13C INADEQUATE correlation spectra of fungi chitin.  
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Figure S11.16 Projected 2D 13C SQ-SQ correlation spectra of fungi chitin.  
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Figure S11.17 Projected 2D 13C INADEQUATE correlation spectra of fungi chitosan.  
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Figure S11.18 Projected 2D 13C SQ-SQ correlation spectra of fungi chitosan.  
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Figure S11.19 Projected 2D 13C INADEQUATE correlation spectra of fungi α-glucans.  
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Figure S11.20 Projected 2D 13C SQ-SQ correlation spectra of fungi α-glucans.  
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Figure S11.21 Projected 2D 13C INADEQUATE correlation spectra of fungi β-glucans.  
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Figure S11.22 Projected 2D 13C SQ-SQ correlation spectra of fungi β-glucans.  
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Figure S11.23 Projected 2D 13C INADEQUATE correlation spectra of fungi galactomannan 

(GM).  



443 
 

 

Figure S11.24 Projected 2D 13C SQ-SQ correlation spectra of fungi galactomannan (GM).  
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Figure S11.25 Projected 2D 13C INADEQUATE correlation spectra of fungi 

galactosaminogalactan (GAG).  
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Figure S11.26 Projected 2D 13C SQ-SQ correlation spectra of fungi galactosaminogalactan 

(GAG).  

 

 

 

 


