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Abstract

Several Brassica species are cultivated globally for production of seed oils as food, lubricants, and
increasingly biofuels. The stem and leaf residues of these herbaceous dicotyledonous crops
constitute another feedstock for biofuels and other products. Plant cell walls are complex, multi-
polymeric structures that consist primarily of polysaccharides and lignin. Cellulose chains
coalesce to form crystalline microfibrils while the amorphous biopolymers, hemicellulose and
lignin form a network structure and fill the interstitial space. Neutron scattering has been used for
the structural study of the assembly and deconstruction of the plant cell walls. However, similar
neutron sensitivity of the different amorphous biopolymers has made structural association to
individual component biopolymers non-trivial and ambiguous. To improve the association of
structural features to specific biopolymer components, partial deuteration of the plant cell wall can
be employed to increase the difference in the neutron scattering length density between amorphous
carbohydrate and lignin plant polymers. Vegetative stems from partially deuterated Brassica
oleracea acephala (Kale) plants were obtained commercially and the plant cell wall structures
were studied by contrast-variation small-angle neutron scattering (CV-SANS) and Fourier-
transform infrared spectroscopy (FTIR). FTIR results indicated that deuterium substitution for
hydrogen in the carbohydrates was higher than in lignin. By combining CV-SANS and FTIR
results, the neutron scattering length density (nSLD) of the polysaccharides and lignin were
determined to match nSLD of 65%:35% and 48%:52% D,0:H,0 solvent mixtures, respectively.
These nSLD values were higher than the nSLD values of polysaccharides and lignin for H,O
grown biopolymers. The nSLD increase correlates to replacing about 42.5% of hydrogens present
as both C-H and O-H groups in cellulose with deuterium atoms, while only 21% for lignin. This
study lays the foundation to use partially deuterated plants to deconvolute structural features of the
different component biopolymers, especially cellulose, hemicellulose and lignin of the plant cell
wall without introducing unintended structural modifications due to the pretreatment extraction

Processes.
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Introduction

The unique capabilities of small-angle neutron scattering (SANS) assisted by Fourier Transform
Infrared Spectroscopy (FTIR), and Nuclear Magnetic Resonance (NMR) spectroscopic
techniques, and computational simulation have been applied to reveal detailed molecular structure
of both natural lignocellulosic biomass!-* and model cellulosic composites® % (. In this study, these
techniques are applied to examine the cell wall structure of stems of an herbaceous dicotyledonous
plant stem, kale (collards), which exhibits an hierarchical structure resembling wood in vascular
architecture but with lower lignification and higher pectin content.® Kale and other B. oleracea
spp. are close relatives of a major oil and biomass crop, rapeseed (Brassica napus), which
originated from a diploid fusion of B. oleracea and B. rapa® and the emergent biofuel crop B.
carinata, a natural hybrid of B. oleracea and B. nigra.'% ! In addition to the utilization of B. napus
seeds for food oil and biodiesel, the straw left after seed harvest is a lignocellulosic feedstock for

biofuel production.

The plant cell wall is a complex material consisting of an intricate arrangement of cellulose,
hemicellulose, pectin and lignin biopolymers.!? Cell wall composition and properties of
component biopolymers of kale have been reported.'> 4 Lignin content of kale grown for culinary
use (early first season harvest) was reported to be 5.6% of dry weight with high G/S ratio of 4.9.13
Content and composition of lignin in the stems of Brassica species varies depending on age and
tissue type. The lignin content of stems of two kale varieties was found to increase about two-fold
from 6 months to 12 months of growth, approaching that of wood (20-30%) during the second
season, while the G/S ratios increased as well.! As reported for the related model species
Arabidopsis thaliana, flowering stems are more highly lignified than vegetative stems, with
secondary xylem resembling that of wood. Increase in stem thickness correlated with decreased
lignification among different cultivars. Hemicellulose was previously reported to be composed
mostly of glucuronoarabinoxylan, with 20-25% xyloglucan.!? Kale pectin was found to contain
both homogalacturonan and rhamnogalacturonan I regions with molecular weights of M, 133 kDa
and M, 17,000 by size exclusion chromatography.'4 Separation of parenchymal cells from
secondary xylem cells enabled determination of their carbohydrate and lignin composition.
Parenchymal cells contained higher pectin and lower lignin and lower cellulose, while the

secondary xylem cells were more lignified, with lower pectin content.'3

4

ACS Paragon Plus Environment

Page 4 of 31



Page 5 of 31

oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

Deuterium labeling of spinach, carrots, and kale (collards) grown in hydroponic culture has been
used to enable monitoring of metabolism of nutrients such as carotene, lutein, and tocopherol in
nutritional studies.!”!® The reported characterization of these plants has been limited to a
determination of site and amount of deuterium substitution in these nutrients, in contrast to the
detailed investigation of deuterium incorporation and gene expression carried out for Arabidopsis
thaliana grown in 30% D,0.2° We have previously described the analysis of deuterium
incorporation in stems of partially deuterated kale plants obtained commercially using both
solution and solid phase '"H 2H-NMR.?! The deuterium content of freeze-dried samples of the kale
stems dissolved in ionic liquid was determined to be 33% by 'H?H-NMR analysis, with higher
incorporation in the carbohydrate fractions than in the lignin characteristic aromatic regions. FTIR
has been utilized to estimate D incorporation in several biomass materials including deuterated

bacterial cellulose,% 22 switchgrass,?*-?3 and annual ryegrass.?®

SANS has been used extensively to characterize plant cell wall structure.!> 2’-3! Previous
applications of contrast variation small-angle neutron scattering (CV-SANS) for studies of
lignocellulose and related materials had been limited to the structural characterization of
deuterated bacterial cellulose and its interactions with hemicellulose” 2% 3% 33 as composite
materials. In principle, neutron scattering can be applied to resolve structures of component
biopolymers within a plant cell wall, however, from the composition and density of the component
plant biopolymers such as cellulose, hemicellulose, and lignin, their neutron scattering length
densities (nSLDs) to neutrons were determined to be similar. For systems in which negligible
contrast exists between component biopolymers, contrast can be enhanced by utilizing methods
that replace covalently bonded hydrogens (H) with deuterium (D) atoms.?* 33 When plants are
grown in media containing D,O, the inherent variation in the cumulative impact of the D/H kinetic
isotope effects in the metabolic pathways of the different plant biopolymers, can be expected to
result in differential D/H substitution in these plant biopolymers. We previously demonstrated that
in-vivo deuterium labeling enabled CV-SANS to distinguish the component biopolymers in tiller
biomass from switchgrass, a C4 perennial prairie grass able to grow in 40-50% DO for several
months.* 2324 In the work reported here, we now show that CV-SANS techniques can be applied
similarly to a C3 annual dicot, kale, grown in a lower D,0O concentration (31% D,0O) under
conditions successfully used to label many species of plants for nutritional and other studies.!’-1°

The results from the commercially obtained deuterium labeled kale thus both help validate our
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method and demonstrate that readily achievable levels of deuterium incorporation in plant biomass

can be used to extend application of neutron scattering techniques.

Here, we report the characterization of the plant cell wall structure of partially deuterated kale
stems spanning length scales from nanometer to sub-microns using CV-SANS. FTIR was included
in this study as a complementary, easy to access technique, to obtain a qualitative determination
of deuterium incorporation, and improve the robustness of the structural knowledge available from
CV-SANS data on the plant cell wall structure. The CV-SANS method used to investigate the
structure of the whole plant cell wall and the component biopolymers takes advantage of the
increased contrast between component biopolymers, especially between carbohydrates (cellulose

and hemicellulose) and lignin.

Materials and Methods

Deuterium labeled Brassica

Frozen vegetative stems (leaf petioles). 20 g, from partially deuterated kale (collards) plants
(Brassica oleracea var. acephala, cultivar Georgia; d-kale) were obtained from a commercial
source (Oak Ridge Research Reagents Inc., Oak Ridge, TN). They were stored at -80 °C until use.
According to the vendor, deuterium content was given as 31% and the plants had been produced
by a published method in which seedlings were germinated and grown in vermiculite watered with
normal abundance water for 14 days, then transferred to hydroponic cultivation in D,O/H,0O
mixtures.!”1% 3¢ The deuterium content of a-tocopherol (C,9Hs00,) in the deuterated kale grown
under similar conditions was determined using mass spectroscopy to range from 9 to 13 deuterium
substitutions corresponding to approximately 18-26% D.!° Due to the limited quantity (20 g) of

deuterium labeled kale samples, compositional analysis was not carried out.

Cell wall component polymers extraction

Deuterated kale stems (d-kale) were freeze-dried at -80 °C for 48 h followed by knife-milling (mini
Wiley mill, Thomas Scientific Inc. Swedesboro, NJ) through ASTM standard 40-mesh (< 0.425
mm).3” The d-kale powder underwent Soxhlet extraction with water for 6 h followed by drying in
a fume hood. The powder was Soxhlet-extracted with a solvent mixture of toluene:ethanol (2:1

v/v) for 8 h followed by drying in a fume hood, and further Soxhlet-extracted with acetone for 4
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h.3 The Soxhlet-extraction with acetone removed extractives and resulted in an extractives-free d-

kale.

For cellulose and hemicellulose recovery, the extractives-free d-kale powder was delignified by
first peracetic acid soak (5.5 g/g biomass) at 25 °C and in a dark environment, followed by repeated
centrifugation and washing at 8000 rpm in 50 mL centrifuge tubes with deionized water
(Eppendorf 5804R with fixed rotor).3® For pectin recovery, the delignified sample was treated
with 50 mM ammonium oxalate at 25 °C for 24 h followed by centrifugation. The solid residue
was washed thoroughly with deionized water and then treated with 1 M potassium hydroxide
(KOH) + 1% sodium borohydride (NaBH,) and 4 M KOH +1% NaBH, at 25 °C for 24 h each.?
The alkaline supernatants after centrifugation were neutralized using glacial acetic acid. The
ammonium oxalate, 1| M and 4 M KOH extracts were dialyzed against 10 L of deionized water for
3 days using 3500 molecular weight cut-off regenerated cellulose membranes and with water
exchanged each day. The dialyzed extracts were freeze-dried to recover pectin, and 1 M and 4 M
alkali-soluble hemicelluloses.*® The yields of pectin and 4 M alkali soluble hemicellulose were
very low. Therefore, only 1 M alkali-soluble hemicellulose was used for characterization.
Cellulose solids after 4 M KOH treatment were washed thoroughly with deionized water by

repeated centrifugation and freeze-dried.

For lignin recovery, about 100 mg of extractives-free d-kale was ball milled at 300 rpm for 8 h
using six 10 mm zirconia balls with 5 min interval in a 50 mL zirconia jar in Retsch PM 100
planetary mill (Retsch USA, Newtown, PA). Since the d-kale powder was stuck on the walls of
the jar, it was recovered by rinsing with deionized water followed by freeze drying. The flour was
then enzymatically hydrolyzed using 150 mg total protein cocktail per gram biomass, made from
mixing 100 mg Accellerase 1500, 30 mg Accellerase XY® and 20 mg Multifect pectinase (Dupont
Lifesciences), in 50 mM pH 5.0 sodium citrate buffer, 0.02% sodium azide, at 50 °C, 150 rpm, for
72 h. The suspension was then centrifuged, and the remaining solids were again hydrolyzed with
fresh enzyme solution for another 72 h. The suspension was then washed with water by repeated
centrifugation and lignin solids were hydrolyzed with pronase (from Streptomyces griseus)
(Sigma-Aldrich, E.C. No. 3.4.24.4) at 37 °C for 24 h at 150 rpm. The solids were washed with

water by repeated centrifugation and freeze-dried at -80 °C for 24 h to recover lignin.
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In all the component extraction processes described above for extractive free d-kale, extracted
cellulose, hemicellulose, pectin, and lignin, h-solvents were used and therefore these samples have
mostly O-H groups. Due to high solvation of hemicellulose and pectin, these plant polymers will
have a lower number of O-D groups remaining. On the other hand, due to lower solvation of
cellulose and lignin components, cellulose and lignin will have lower extent of O-H groups and

higher extent of O-D groups.

Protiated Brassica

Commercially produced kale (collard) plants at a similar growth stage to the deuterated sample
were purchased at a local grocery store and stored at -20 °C until use. The protiated kale sample
was prepared by size reduction and Soxhlet as described above for the deuterated kale plants.
Compositional analysis was performed to provide an estimate on the content of the various plant
biopolymers in the deuterated Brassica plants based on the compositional data obtained for the
protiated Brassica sample (Table 1). The neutral sugar composition of the extractives-free
protiated kale was determined by acid hydrolysis followed by analysis of the hydrolysate and sugar
recovery standards by high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) using a published method.*' Glucose and xylose yields
were used to calculate the cellulose and xylan content presented in Table 1. Extractives, ash, and

lignin were determined by gravimetric analysis.

FTIR measurements

Fourier Transform InfraRed — Attenuated Total Reflection (FTIR-ATR) spectroscopy (Spectrum
100, PerkinElmer, Wellesley, MA) was carried out for extractives-free d-kale (whole biomass),
cellulose, 1 M alkali-soluble hemicellulose and lignin recovered from d-kale stems in 4000—
600 cm! range with a resolution of 1 cm! with 32 scans. A background scan was taken without
sample. Baseline transmittance was calculated as the average transmittance for wave numbers
4000-3700 cm!, a range without IR peaks for biomass biopolymers. Minimum % transmittance
was found for O-H, C-H, O-D and C-D bands between 3600-3000 cm™!, 2965-2800 cm'!, 2600-
2340 cm!, and 2240-2030 cm™!, respectively. Peak height for the band was taken as the difference
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between baseline % transmittance and a minimum % transmittance of that band. Ratios were

calculated from peak heights of C-D/C-H and O-D/O-H.

Small-Angle Neutron Scattering measurements.

Small-angle neutron scattering (SANS) measurements were performed at the Bio-SANS
instrument at the High-Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory (Oak Ridge,
TN, USA).#>4 Two different instrument configurations were employed with the main detector at
7 m and 12 m from sample to cover a scattering vector range, 0.003 < O (A1) < 0.3 at a wavelength

of 6 A (AA/2 = 13.2%), where Q = (47/1)sin@, and 20 is the scattering angle and A is the neutron

wavelength. The recorded 2D neutron scattering images were azimuthally averaged and processed
using MantidPlot software to obtain 1D scattering intensity profiles /(Q) versus Q. The scattering
data were corrected for detector dark current, pixel sensitivity, solid angle correction and sample
transmission and empty titanium quartz sample cell. Absolute calibration of SANS intensity was
carried out using a porous silica standard. The blank buffers containing the same D,0O percentage
as the samples were measured similarly and subtracted from sample scattering as the background.
To maximize exchange of O-H to O-D of deuterated kale and its cellulose extract samples from
the deuterium in the solvent prior to SANS measurement, the deuterated kale stalks and its
cellulose extracts were soaked in D,O/H,0 solvent mixtures for at least 24 h. This involved two 2
h soaks with fresh solvent mixtures followed by an overnight soak followed by the last change to
a fresh solvent mixture 1-2 h before samples were loaded into titanium cells (for deuterated kale
stems, vertically aligned) and filled with equilibration solvents to ensure no bubbles were present

in the cells before SANS measurements.

SANS data of deuterated kale stems and its cellulose extracts soaked in 0% D,0O was analyzed
using the IRENA SAS macro implemented in Igor Pro software (Wavemetrics, USA).#** The
Unified Fit approach was employed to deconvolute structural features spanning multiple lengths
scales; the scattering exhibited by each structural level is the combination of a Guinier exponential-

form and a structurally limited power-law tail. The expression is:
Pi

n _ ZRZi _ ZRZi f Ri 6 3
1(Q)=Z'=1Giexp (L)JrBieXp( Q g(+1))[(er Q g/\f))l o

3 3 Q
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where n is the number of the structural level, G is exponential pre-factor and R, is the radius of
gyration. B and P are the pre-factor and the exponent of the power-law function, respectively.*3- 46
All reported error bars in this manuscript were obtained by performing error bar analysis as part

of the fitting routine in the IRENA** fitting package by using the feature ‘analyze uncertainty’.

Results

FTIR Estimation of Deuterium Incorporation:

FTIR measurements were performed on partially deuterated whole kale stem samples as well as
on the extracted plant biopolymers cellulose, hemicellulose, and lignin. In addition to the usual
C-H and O-H stretching bands, all the FTIR patterns also showed the presence of a C-D (2300-
2000 cm!) and O-D (2500 cm™) stretching band indicating that deuterium atoms were successfully
incorporated into all the component biopolymers of the partially deuterated kale stem sample
(Figure 1; Table 2). An exception was observed for extracted hemicellulose sample; the O-D band
was absent. Cellulose and hemicellulose have exchangeable hydrogen atoms as O-H groups on
the 274, 31 and 6™ carbon atoms of the glucose ring. Similarly, lignin also has O-H groups on the
3t carbon of the phenolic ring and the terminal carbon of the tail.#” The higher hydrophilic nature
of hemicellulose makes its O-D groups highly susceptible to exchange to O-H in h-solvents which
was used for extraction and lyophilization to prepare samples for FTIR measurement.
Consequently, FTIR measurement of extracted hemicellulose does not detect an O-D peak in the
FTIR spectrum. The peak emissions of the stretching bands of C-D is different from C-H (3000-
2800 vs. 2300-2000 cm!) making it easy to distinguish between them and similarly for O-D to
O-H stretching bands (2500 vs. 3400 cm!). This difference is used to qualitatively determine
deuteration extent and improve data interpretation of CV-SANS. Unlike C-H and C-D groups, the
equilibrium ratio of O-H/O-D in the samples is highly dependent on the O-H/O-D ratio of the
incubating solvent. All FTIR samples were soaked in 100% H,O solvents implying all solvent
accessible O-D groups within the cell wall will have exchanged back to O-H groups. On the other
hand, CV-SANS samples were soaked in solvents with increasing amounts of O-D groups (0 to
100% D,0) implying increasing extent of O-H groups will exchange to O-D, increasing the extent
of O-D groups in CV-SANS samples compared to FTIR samples. Due to this inconsistency in the
extent of O-D groups between FTIR and CV-SANS samples, only the ratios of non-exchangeable
hydrogens (C-H/C-D) obtained by FTIR analysis were used for combining with CV-SANS data.

10
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CV-SANS Estimation of Deuterium Incorporation:

Partially deuterated kale (d-kale) stems were studied using CV-SANS to determine the structure
of the plant biopolymers, cellulose, hemicellulose, and lignin in the cell walls. Interestingly, FTIR
measurements showed a qualitative difference of D incorporation into carbohydrate and the lignin
biopolymers. This differential incorporation of D affects the neutron SLD of these biopolymers
beneficially by increasing their contrast and ability to distinguish between them. The scattering
intensity profiles of whole d-kale stems and cellulose extracts of the d-kale stems in a series of
D,0/H,0 aqueous solvents (0 to 100% D,0) are plotted in Figures 2A and 2B, respectively.
Previously, deuterated kale stems dissolved in ionic liquid with d/h-TFA internal standards were
found by '"H’H-NMR to have 33% D substitution in the range assigned to carbohydrates and
aliphatic groups of lignin,?! while no D substitution was detected in the aromatic region. Similar
results were obtained for annual ryegrass cultivated in 50% D,0.%¢ At this level of D incorporation,
cellulose, and lignin neutron SLD is much closer to 100% D,O solvent than 0% D,0. Consistent
to this expectation, whole d-kale stems, and cellulose extracts in 0% D,O solvent produced
maximum scattering intensities for the entire measured Q-range indicating these partially
deuterated plant samples had maximum neutron contrast in 0% D,O solvent. Therefore, SANS
scattering data of d-kale stem samples in 0% D,O solvent was used for deconvoluting the
hierarchical structure of the plant cell wall. Unified fit approach with three structural levels was
employed; Deconvoluted profiles for each level are shown in Figures 2C and 2D and the fit
parameters (power-law exponents, P, and the radius of gyration, R,) are summarized in Table 3.
The application of contrast variation study here relies on the condition that the dominant scattering
feature in the high-Q region is from cellulose microfibrils and is approximated as a two-phase
system of cellulose microfibril and water. Similarly, in the low-Q region, the approximated two-
phase system is cell wall and water filled lumens in deuterated kale sample or cellulose
macrofibrils and water in extracted cellulose. These two systems behave independently due to their
significantly different length scales of 20-40 A for the cellulose microfibril feature and 0.1-0.2
microns for the surface characteristics of the cell wall lumen in d-kale sample or cellulose

macrofibrils in the extracted cellulose sample.
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Plant cell wall hierarchical structure: The shoulder feature observed in the high-Q region, 0.05 <
O (A" < 0.4, of partially deuterated kale stem (Figure 2C) and its extracted cellulose samples
(Figure 2D) was modeled to a particle size and ascribed to the cross-sectional R, of the cellulose
microfibril 27 47- 48 The measured values are 15 = 1 A and 24 + 3 A, respectively. The cross-
sectional R, for partially deuterated kale stem sample is slightly higher than reported R, for native
switchgrass?’ and poplar! (~9.0 A) and close to microcrystalline cellulose Avicel PH-1054° (18.5
+ 0.5 A). On the other hand, the cross-sectional R, for extracted cellulose was much larger than
even microcrystalline cellulose Avicel PH-105 indicating that the extraction process has promoted
the coalescence of neighboring crystalline cellulose microfibrils. The behavior of increased
cellulose microfibril R, has been reported for native switchgrass and its extracted cellulose samples

t00, Ry ~ 8.7+ 0.6 A and ~13.6 = 1.0 A, respectively,* even though the absolute values are lower.

In the mid-Q region, 0.006 < O (A1) < 0.05, the scattering intensity demonstrated a power-law
decay behavior (OF); P =2.10 + 0.04 was observed for length scales 125-1050 A (=2n/Q), for
partially deuterated kale stem sample soaked in 0% D,O solvent indicating that the scattering
characteristics refer to the spatial conformation of the biopolymers- amorphous polysaccharides
and possibly lignin too.2” A power-law exponent of 2.1 for a system of biopolymers indicates that
the amorphous polymers responsible for this feature exhibits random flexible conformation. Also,
this characteristic can be observed by these amorphous polymer chains being either linear and
entangled or mildly branched. This interpretation is consistent with hemicellulose, pectin and
lignin biopolymers. On the other hand, removal of the amorphous plant polymers as in the
extracted cellulose sample, showed the coalescence or aggregation of microfibrils to form
macrofibrils with R, of 190 + 28 A. And a mass fractal exponent of 2.50 + 0.05 implies the
organization of the cellulose microfibrils in the aggregate are dense and entangled. The observation
of dense entangled aggregates in the mid-Q region combined with cellulose microfibril
coalescence in the high-Q region, show an increased propensity for cellulose structure to aggregate

with removal of hemicellulose, pectin, and lignin.

The power-law decay behavior extended into the low-Q region, 0.003 < O (A1) < 0.007, for both
samples. However, due to the limited range of Q available for fitting (0.003 - 0.007 A, the

exponent was only qualitatively interpreted. A clear cross-over to a steeper slope (P > 3.0) was
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observed around O ~ 0.007 A-! for partially deuterated kale stem sample, while for extracted
cellulose sample, the same mid-Q slope propagated into the low-Q region (P < 3.0). This
observation indicated that only surface characteristics of the intact micron-sized structural features
(> ~0.1 um; =27/Opnax; Omax ~ 0.007 A-1) were observed for partially deuterated kale stem sample,
for example, the surface characteristics of the cell wall lumen. In contrast, only bulk characteristics
was observed for extracted cellulose sample. The loss of surface morphology feature in the low-Q
region for extracted cellulose sample implied that the extraction process disrupted the cell lumen
structure by the removal of the amorphous biopolymers. The loss of the cell wall lumen structure
combined with the pronounced coalescence of cellulose microfibrils to form macrofibrils make

the cellulose macrofibril feature become the most visible scattering signal in the low-Q region.

Determination of contrast match point: Figure 2A shows the SANS profiles of partially deuterated
kale stem samples in a series of H,O/D,0 solvent mixtures- 0, 20, 40, 55, 75 and 100% D,0. Each
cell contained equal number of d-kale stem material in H,O/D,0 solvent. The square-root of the
scattering intensity at a fixed Q-value was plotted as a function of solvent %D,0. A linear relation
was observed and the intersect with x-axis was used to determine the contrast matched solvent
mixture (see Figures 2A and 2B insets). For example, at 0=0.05 A-! the contrast matched solvent
ratio is 63.7% D,0 for partially d-kale stem sample and 69.4% D,0 for its extracted cellulose
sample. Further, to calculate nSLD (in units of 10-° A-2) from the %D,O value determined, the

equation nSLD = -0.56 + 6.92 fp,o, where fp,¢ is the fraction of D,O of the contrast matched
solvent was used. For example, if the contrast matched solvent is 70% DO, then fp,p = 0.7 in the

equation and nSLD = 4.28 x 10° A2, The coefficients used were obtained from nSLDs of 100%
H,0 (-0.56 x 10 A-2) and 100% D,0 (6.36 x 106 A-2),

Contrast match point of the different component biopolymers: The method of determining
contrast-matched solvent for a single O-value, as detailed in the previous paragraph, was applied
to several selected O-values that spanned the entire O-range of the measured SANS profile (Figure
3). Based on the component biopolymers responsible for the structural features in the different Q-
regions, the O-resolved contrast matching solvents obtained were used to determine the extent of
D/H substitution to the different component biopolymers. The concept of ‘Q-dependence of

scattering length density” has been reported in literature on the structural study of E.coli**3! and a
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computation effort for a simpler system of protein in solution3?. A similar approach was applied
in this study and more details is provided in supplementary information under ‘Q-dependence of
scattering length density’. With the scattering signal in the high-Q region (> 0.07 A-') dominated
by the cellulose microfibril structure, the contrast matched solvent for partially deuterated cellulose
in d-kale stem sample was measured to be ~65.0 + 2.5% D,O solvent (nSLD =3.94 £ 0.17 x 10°
A2). For partially deuterated cellulose in the extracted cellulose sample, the contrast matched
solvent is slightly higher at 69.0 £ 2.5% D,O solvent (nSLD =4.21 £ 0.17 x 10-® A-2) consistent
with the removal of hemicellulose because hemicellulose has a lower nSLD than cellulose. In the
low-Q region (0.004-0.03 A1) O-resolved contrast matched solvent was slightly higher at ~72.5
+1.0% D,0 solvent (nSLD =4.46+0.07 x 10° A*z) for the extracted cellulose sample. An overall
contrast matched solvent of 65-75% D,0 solvent implies that all structural features of the extracted
cellulose sample, high- and low-Q, are associated with the cellulose component of the plant
biopolymers. Further, a higher contrast match point of +3.5% DO in the region of the macrofibril
feature (O < 0.03 A-") can be explained as the average nSLD of different populations of cellulose
microfibrils and water (or D,0) filled spaces. The volume fraction of solvent molecules necessary

for such an increase in the nSLD 1s ~11%.

In contrast, d-kale stem sample showed a gradual reduction in the D,0% of the contrast matched
solvent from O ~ 0.04 A-! to QO ~ 0.015 A-! and eventually levelled at ~48% DO in the low-Q
region, 0.003 — 0.01 A-!. This indicated that a plant biopolymer with much lower nSLD than
partially deuterated cellulose was responsible for the scattering signal in the low-Q region. Since,
surface characteristics of large structures (< 0.1 um) in the plant cell wall is observed in the low-
QO region, the contrast match point of ~48% D,O was associated with one or more of the amorphous
plant biopolymers- hemicellulose, pectin, and lignin, present on the surface of these large
structures. Applying qualitative estimation, hydrophilic polysaccharides hemicellulose, and pectin
biopolymers are expected to follow or do better than cellulose component in the extent of O-H
exchange to O-D due to better solvation and with a density that is similar to cellulose, nSLD will
be close to cellulose (~65% D,0). On the other hand, hydrophobic lignin biopolymer will have a
low degree of O-H exchanged to O-D due to a combined effect of low water penetration and a low
degree of deuteration of the non-exchangeable as obtained from FTIR. Therefore, the nSLD of

lignin biopolymer will only increase slightly. This implies that the contrast match point of ~48%
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D,0 observed in the low-Q region is mostly associated with features that contain partially
deuterated lignin biopolymer. With lignin found to concentrate within 1-2 microns on the surface
of the cell wall lumen,>3 it implies that the low-Q surface scattering for the d-kale stem sample is

of the cell wall lumen and not aggregates of cellulose microfibrils.

Quantification of O-H to O-D exchange:

FTIR analysis revealed ~2.22 of 7 C-H groups were replaced by C-D in d-kale cellulose and ~0.59
O-H groups were replaced by O-D. Together, the calculated nSLD from FTIR measurements of
the contrast matched solvent is 57% D,O which is lower than the SANS measured contrast
matched solvent of 65% and 69% D,0O for d-kale stem and extracted d-kale cellulose samples,
respectively. This difference is attributed to the higher extent of O-H groups exchanged to O-D
that occurred for the SANS samples during sample soaking process employed for contrast variation
SANS measurements. The soaking process has been described in the ‘Small-Angle Neutron
Scattering Measurement’ sub-topic of ‘Methods and Materials’ section. Furthermore, samples for
FTIR measurements were in hydrogenated solvents which will have facilitated re-exchange of O-
D groups back to O-H groups resulting in increased O-H groups. Using the number of C-D groups
measured by FTIR analysis, a nSLD of 65% D,0 as measured by SANS indicated approximately
1.54 of 3.0 O-H groups were replaced by O-D for the d-kale stem sample, while a nSLD of 69%
D,0 for d-kale cellulose sample implied approximately 2.03 of 3.0 O-H groups were replaced. The
d-kale cellulose sample exhibited a slightly higher degree of solvent penetration resulting in a
higher degree of O-H group exchange to O-D group. In summary, SANS results indicated that
approximately 4.25 deuterium atoms were present in the form of C-D/O-D groups out of 10 total

groups in d-kale cellulose sample and approximately 3.76 of 10 for d-kale stem sample.

The major type of hemicellulose in the kale plant cell wall is glucuronoarabinoxylan with a wide
variation in the degree of branching and substitution of acetyl and glucuronic acid groups.!3 These
hemicelluloses are amorphous and hydrophilic and mainly contain hexoses (glucose) and pentoses
(arabinose and xylose). Irrespective, hemicelluloses have 3 O-H hydrogens of the 8 or 10 available
in total and being hydrophilic, they are freely available for exchange with solvent and therefore, it
is safe to assume that at least 50% of all the available O-H groups in the system have exchanged

to O-D. Further, FTIR results shows that 1.5 C-H hydrogen of the 10 (hexoses) or 1.07 C-H
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hydrogens of 8 (pentoses) have been replaced by C-D. With a density of 1.5 g/cm? and combining
all hydrogen replacements C-H and O-H, the contrast match point of the hemicelluloses is greater
than 59% D,0. This implies the contrast matched solvent mixture of 48% D,O measured for the

low-Q region of the data is not from a feature that predominantly has hemicellulose on its surface.

Lignin is composed of three monomers sinapyl, S, coniferyl, G, and p-coumaryl, H, with the
amounts of each monomer dependent on plant type and tissue. In addition, depending on the
composition of the lignin molecule, its density varies between 1.35 to 1.50 g/cm?.>* With such a
wide range in the lignin polymer’s monomer composition and density, it is difficult to precisely
determine nSLD of a lignin molecule. However, to estimate an average nSLD of lignin, the middle-
sized monomer, coniferyl monomer G, was selected with an approximate density of 1.35 g/cm?3
and 2.05 C-D groups (of 10) as determined by FTIR was used. The calculated nSLD for d-lignin
was then 47% D,0, which agrees with the contrast matched solvent mixture of 48% D,0 obtained
by SANS measurement in the low-Q region. This implies that on the average, most exchangeable
hydrogens (O-H groups) at any given instant were mostly not exchanged to deuteriums (O-D
groups) for the lignin molecule. On the other hand, the contrast matched solvent mixture for d-
hemicellulose, detailed in the earlier paragraph, is much higher than 48% D,0, adding to the
interpretation that low-Q feature is most probably due to lignin molecules on the surface of the
micron-sized structures contributing to the scattering signal in the low-Q region of the SANS

profile.

Discussion

SANS and FTIR results showed preferential incorporation of deuterium into cellulose consistent
with previous NMR findings on similar samples.?! Deuterium incorporation into C-H groups of
cellulose, hemicellulose, and lignin plant biopolymers obtained by FTIR were 32% (2.22/7.0),
21% (1.5/7.0 for hexoses or 1.07/5.00 for pentoses) and 21% (2.05/10.00), respectively. The
uneven distribution of deuterium incorporation among the different component biopolymers of the
plant cell wall can be attributed to the inherent variation in the metabolic pathways of the different
plant biopolymers during hydroponic cultivation. Unfortunately, the detailed metabolic pathways
of plant growth particularly in deuterium-enriched media are largely unknown. Considering

photosynthesis is an extremely complicated biological process, other factors including the
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differences in hydrophobicity and relative development/growth rates of cellulose and lignin may
also result in differential D incorporation. Further studies involving monitoring the D incorporation
into the cell wall component biopolymers as well as cell wall compositional changes at different
growth stages could be helpful to reveal the different extent of D incorporation and the underlying
mechanism in more detail. The ability to distinguish molecular structural features in the plant cell
walls of plants grown in the typically non-inhibitory level of 31% D,0O will enable extension of
CV-SANS to study their root systems, which play important roles in absorption and transportation

of nutrients and water from soil as well as response to various abiotic stresses.>>

To obtain the degree of D incorporation in different plant cell wall component biopolymers
through CV-SANS measurements, the knowledge regarding the extent of O-H exchange to O-D
was required. The distribution of hydroxyl groups in the interior and on the surface of the
component biopolymers particularly for hemicellulose, and lignin, which subsequently influences
their accessibility to solvents and the extent of O-H exchange to O-D was estimated. Furthermore,
beside lignin, cellulose, and hemicellulose, kale has around 10-20% and 30-40% pectin in the total
cell wall material of its secondary xylem and parenchyma cells, respectively.® 13 Similar to
hemicellulose, pectin exhibits a branched structure®® and has a similar density, so the neutron SLD
of pectin was estimated to be similar to hemicellulose which implies that pectin could not be
responsible for low-Q structural feature. Furthermore, computational simulations on the behaviors
of the component biopolymers in different D,O:H,0O solvents could also be used to validate these
assumptions by imposing more constraints.*®->7 Localization and quantification of D incorporation
in the component biopolymers cellulose, hemicellulose, pectin, and lignin with "H?H-NMR and
mass spectroscopy would provide more specific information on their interactions in the cell wall.?*
24 By combining these experimental methods (FTIR, NMR, and neutron scattering) and
computational simulations, the hierarchical plant cell wall structures and D incorporation can be

characterized and determined in greater detail to that presented in this work.>®

The detailed, in-depth analysis of the hierarchical structure of plant lignocellulosic biomass using
neutron scattering has been hampered by the existence of marginal neutron scattering contrast
among the different cell wall biopolymer components. However, hydroponic growth of kale plants

in 31% deuterated media to produce d-kale sample with variable deuterium incorporation,
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enhanced the contrast between lignin and cellulose. Therefore, structural studies of the different

biopolymer components in the complex plant cell wall can now be performed in its native state

without the need to deconstruct and fractionate the different plant cell wall biopolymer components.

This is extremely important since many unintended irreversible structural changes occur to the
component biopolymers as well as to the entire cell wall architecture, when subjected to extraction
and sample preparation processes.” ®© For example, increase of cellulose microfibril size and
appearance of a larger aggregate (Ry~190 A) has been observed in the cellulose extracts compared
to those of native kale stem (Figure 2). To alleviate the issues of unintended modifications due to
extraction processes, partially deuterated kale with the increased contrast between cellulose and
lignin makes as an excellent model system to study the effect of pretreatment and improve our
chance of resolving the contribution from different biopolymer components. This will help us
understand the underlying structural complexity of plant recalcitrance toward cell wall
deconstruction for biofuel production. The deconvolution approach employed here have already
been demonstrated for switchgrass and can be used to determine the extent of deuterium
incorporation for other biofuel-relevant plant systems such as poplar.* Since many plant species
have been reported to grow close to normal in 30% D,0, the ability to distinguish the component
biopolymers by CV-SANS approach at these deuteration levels will extend its experimental
application.?® Finally, the use of deuterated biomass in neutron scattering studies requires both the
extent of D incorporation as well as an examination of deuteration on any potential structural
alternations of cell wall component biopolymers. The latter will be conducted in future studies

following similar procedures that have been developed for deuterated switchgrass.? 23 3°

Conclusions

Partially deuterated kale plants produced by hydroponic cultivation in 31% deuterium media had
partial deuteration of the stems. Deuterium (D) incorporation was not uniform and homogeneous
among the different cell wall component biopolymers. SANS determined the total deuterium
incorporation for cellulose and lignin component biopolymers and by using FTIR determined
deuterium atom incorporation into C-D groups, the extent of hydroxyl O-H exchange to O-D in
the cell wall component biopolymers was also determined and established a comprehensive picture

of the deuterium incorporation scheme.
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The cross-sectional dimension of the cellulose microfibrils observed in high-Q region (Q > 0.08
A-") contrast matched with 65% and 69% D,O solvent for d-kale and extracted d-kale cellulose
stem samples, respectively. The difference was associated to the differing amount of solvent
penetration that afforded a difference on the average extent of O-H exchange to O-D. Consistent
with the hydrophobic characteristic of lignin biopolymer, lignin indicated minimal extent of O-H
exchange to O-D. Deuterium incorporation in the cellulose component of the deuterated kale stem
was consistent with its cellulose extracts, nSLD =4.21 £0.17 x 106 A2 (~69.0 £ 2.5 %D,0) over
the whole Q range, which is comparable to nSLD = 3.94 + 0.17 x 10 A2 (65.0 £+ 2.5 %D,0)
solvent obtained for the cellulose component in the deuterated kale stem. In the low-Q region, the
large-scale cell wall surface features responsible for the power law decay (~0*) show a neutron
sensitivity that matches 48% D,0O solvent. To obtain an overall nSLD that is lower than cellulose,
the SLDs of other cell wall component biopolymers like lignin and hemicellulose needs to be lower
to off-set the high nSLD of cellulose within the cell wall. With evidence that lignin is located on
the surface of the cell wall, 1.5 to 1.75 of the total 10 available covalently bonded H atoms need
to be replaced by D atoms. This number is identified as 2.05 in the lignin extracts by FTIR. Finally,
this study revealed the hierarchical structures of deuterated kale stems and varying amounts of
deuterium incorporation in the different cell wall component biopolymers. These discoveries offer
valuable insights to understanding the in vivo plant deuteration process. Moreover, it provides a
methodology to study the biopolymer structures of lignocellulosic biomass and their response to

various treatments that may be employed in biofuel production.
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Tables:

Table 1. Compositional analysis of extractives free protiated kale stem*

Cellulose Xylan Ash Others*
28.2+0.2 11.8+£0.2 5.6 55.0

L Unit for all values are percent weight, wt%; Lignin content

were below the accuracy limit of the analytical balance.

* Includes polysaccharides like hemicellulose other than xylan
(arabinose, glucuronic acid), pectin (homogalacturonan,
rhamnogalacturonan), and acetyl groups.

Table 2. Fourier-transform Infrared — Attenuated Total Reflection (FTIR-ATR) Spectroscopy
data of deuterated kale stem and its component plant biopolymers.

Sample/Ratios C-D/C-H O-D/O-H
d-kale stem (Extractives Free) 0.384 0.145
Cellulose 0.464 0.244
Hemicellulose (Xylan) 0.273 -
Lignin* 0.258 0.137

* Trace quantities of lignin recovered after removal of the
polysaccharides was sufficient for FTIR-ATR measurements
but not sufficient for estimation of lignin content.

Table 3. Unified fit structural parameters of the SANS data of deuterated kale stem and cellulose
extracted deuterated kale in 0% DO solvent.

Sample Structural Length Scale Q-range (A) Radius of Power-law
p Level Range** (A) g Gyration, R, (A)  exponent, P
d-kale 1 2.5-20 0.05-0.4 15+1 4*
stem 2 20 - 166 0.006 - 0.05 2.10+£0.04
3 166 - 333 0.003 - 0.006 4%
Cellulose 1 25-25 0.04-04 24+3 4%
extracts 2 25-200 0.005 - 0.04 190 + 28 25+0.2
3 200 - 333 0.003 - 0.005 24402

*The values for ‘Length Scale Range’ were calculated using the relation 1/Q (A™!) to determine the
range of accessible particle sizes in each O-range.

"The ‘length scale range’ for correlation distance (or particle-particle distance), d, accessible for the
same set of O-ranges is obtained using the relation d (A) = 2n/Q (A-). This length scale range is used
to interpret sizes of features responsible for the power-law behavior (surface and bulk morphology).
#Parameters with a fixed value during fit.
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Figure captions

oNOYTULT D WN =

10 Figure 1.

12 FTIR spectra of deuterated kale stem and its cellulose, hemicellulose, and lignin extracts. The
13 spectra are vertically shifted for clarity.

Figure 2.

20 SANS profiles for contrast variation study of deuterated kale stems (A) and extracted cellulose
21 (B). Inset in (A) and (B) shows a plot of square-root of scattering intensity for a fixed Q (= 0.05
A-) versus D,O content of the solvent. A linear fit to the data shows zero contrast is obtained for
24 63.7% D,0 (A) and 69.4 % D,0 (B) for 0=0.05 A-!. (C, D) SANS profile of deuterated kale stem
25 (C) and its extracted cellulose (D) in 0% D,0. The lines in (C, D) represent the composite Unified
26 Fit (solid black line) and its three individual levels (Level 1: dashed green, Level 2: dashed blue,
28 Level 3: dashed magenta).

32 Figure 3.

34 Contrast matching D,0% as a function of scattering vector Q for deuterated kale stem (red dot)
and its cellulose extracts (blue triangle).
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23 Synopsis:

25 Growing partially deuterated kale plant shows differential incorporation of deuterium into

component biopolymers enabling deconvolution of the complex cell wall structure.
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