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1. Introduction

1.1 Bright synchrotron radiation

Synchrotron light is photon beam, which is million times brighter than sunlight. A
synchrotron facility is a giant particle accelerator that turns electrons into light (Wikipedia,
2010). How a Synchrotron Works? Electric Gun (EG: Synchrotron Component 1) in a
synchrotron blasts out electrons. The electrons are accelerated to nearly speed of light by
Linear Accelerator (LA: Synchrotron Component 2). A small synchrotron orbiting Booster
Ring (BR: Synchrotron Component 3) increase their energy. Finally electron bunches enter
Storage Ring (SR: Synchrotron Component 4). The bunches orbit ring controlled by serial
magnets. Special magnet called “Undulator" causes electrons to rapidly change course and
vast emitting energy in form of photons. Then photons enter Beamline (BL: Synchrotron
Component 5) and directed to device called "monochromator" which selects specific
wavelength required for each experiment. Finally, light focus onto sample at Experimental
End Station (ES: Synchrotron Component 6), where scientists collect data to determine
molecular structure (Dumas, 2003; Marinkovic et al., 2002; Miller, 2009; CLS, 2010;
Wikipedia, 2010). The extremely bright synchrotron light makes it possible to detect
biomaterial structure (make-up or conformation) at both molecular and cellular levels
(Marinkovic & Chance, 2006; Miller & Dumas, 2006).

1.2 Probe molecular structure of biopolymer using synchrotron-based and DRIFT
molecular spectroscopy

Snchrotron FTIR microspectroscopy has been developed as a rapid, direct, non-destructive
and bioanalytical technique. This cutting-edge analytical technology is capable of exploring
the molecular chemistry or structure of a biological tissue without destruction inherent
structures at ultra-spatial resolutions (Dumas, 2003; Yu, 2004; Marinkovic & Chance, 2006;
Miller & Dumas, 2006; Yu et al., 2008). This technique has been used for molecular imaging
and mapping in plant/feed/food tissue (Yu et al., 2004; Marinkovic & Chance 2006; Miller &
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536 Biopolymers

Dumas 2006; Yu et al, 2007). The diffused reflectance infrared Fourier transform
spectroscopy (DRIFT) molecular spectroscopy is capable of exploring the biopolymer
conformation through molecular and functional group spectral analyses (Doiron et al.,
2009a; Liu & Yu, 2010). It can be used to detect molecular structure changes in oil seeds
affect by heat processing (Doiron et al., 2009b) and cereal grains after processing (eg bio-
ethanol processing).

1.3 Objective of this article

In this article, a novel approach was introduced to study the molecular structural features of
the asymmetric and symmetric CH; and CH3 and their ratios of biopolymers in complex
intact plant system. Recent progress and applications were reported on using synchrotron-
based bioanalytical technique (SFTIRM) and DRIFT molecular spectroscopy to image
ultraspatial distribution of intensities of the asymmetric and symmetric CH, and CHs
functional groups in complex intact plant tissue and detect the effects of plant seed variety
and bioethanol processing on plant-based biopolymer structure changes on a molecular
basis in terms of the asymmetric and symmetric CH; and CHj3 functional groups.

2. Molecular structure and spectral features of biopolymer in complex pant
system

2.1 Spectral characteristics of biopolymers in complex plant system

In complex plant system, the biopolymers which are highly related to nutrient availability,
including protein, lipid, structure and non-structural carbohydrates (cellulosic compounds,
starch). These biopolymers have very unique structures, therefore resulting in unique
spectral bands for each biopolymer. Fig. 1. showed a typical ultra-spatially resolved
synchrotron-based FTIRM spectrum in complex plant tissue (aleurone layer tissue of
sorghum with pixel size: 10 pm % 10 pm) in the mid-IR region ca. 4000-800 cm-.

The function groups of biopolymers in complex plant system included N-H and O-H
stretch, C-H groups stretch, amide I and II, C=O carbonyl, CHO and cellulosic compounds.
The protein amide I frequency band centered at 1650 cm! and amide II centered at ca. 1550
cm-l, both of which arise from specific stretching and bending vibrations within the protein
backbone (Jackson et al., 1989; Harris & Chapman, 1992; Jackson & Mantsch, 1995, 1996).
The cellulosic compound band is centered at ca. 1245 cm-l. The non-structural carbohydrate
of starch is at ca. 1025 cm! (Wetzel et al., 1998, 2003).

2.2 Asymmetric and symmetric CH, and CH; groups and their ratio in
complex plant system

In Fig. 1, the functional groups include C-H stretching group bands. These groups include
(1) Asymmetric CHj3 stretching band; (2) Asymmetric CH; stretching band; (3) Symmetric
CH3 stretching band; and (4) Symmetric CH; stretching band. Fig. 2 shows the CH; and CH>
asymmetric and symmetric stretching band features in typical ultra-spatially resolved
synchrotron-based FTIRM spectrum in complex plant tissue (aleurone tissue of sorghum,
pixel size: 10 pm X 10 pum) in the C-H stretch region ca. 3015-2780 cm showing C-H
function groups of biopolymers: CHs asymmetric stretch at ca. 2958 cm!, CH, asymmetric
stretch at ca. 2934 cm-!, CH; symmetric stretch at ca. 2874 cm-! and CH; symmetric stretch of
acyl chains at ca. 2851 cm! (Wetzel & LeVine 1999; Jackson & Mantsch, 2000). The ratios of
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the infrared absorbance intensity peak height or area are obtained by the height or area
under one functional group band divided by the height or area under another functional
group band (Yu et al., 2005).

g 07 R
g i C-H
g 0.6- stretch of Cellulosic CHO
2 I lipids olymer
< 0.5- P ey /
04- / -0 A l/ /

Fig. 1. Typical ultraspatially resolved synchrotron-based FTIRM spectrum in complex plant
tissue (aleurone layer tissue of sorghum, pixel size: 10 pm % 10 um) in the mid-IR region ca.
4000-800 cm! showed the function groups of biopolymers in complex plant system: N-H
and O-H stretch, C-H groups stretch, amide I and II, C=O carbonyl, CHO and cellulosic
compounds.

2.3 Molecular structure of a biopolymer in relation to nutrient availability

Nutrient availability of a biopolymer in animal and human is highly related to it molecular
structure features (Walker et al., 2009). In an animal study (Doiron et al., 2009b), the protein
molecular structure such as alpha-helix and beta-sheet ratio (Yu, 2006) highly associated
with truly absorbed protein supply (metabolizable protein) in the small intestine to dairy
cattle. Not only protein molecular structure but also amide I to II ratio in the new co-
products of bioethanol processing also associated with true protein supply to dairy cattle.

3. Molecular imaging and molecular spectral analyses to discriminate and
classify plant-based molecular structures in asymmetric and symmetric CH,
and CH, groups

3.1 Imaging and mapping of asymmetric and symmetric CH groups in complex intact
plant tissue

Using the synchrotron FTIR microspectroscopy, functional group images can be generated
by plotting the intensity of synchrotron IR absorption bands as a function of xy position
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(Budevska, 2002; Yu, 2005; Yu et al., 2007). Different coverage of the plant tissue with
measurements could also be achieved by varying the step size and the dimensions of the
image mask (aperture size). The big advantage of using synchrotron beam with FTIR
spectroscopy to map the tissues is that diffraction limits and spatial resolution are
achievable (Budevska, 2002; Wetzel et al., 1998). The false color maps were used (colors
representing band intensities), which were derived from the area under particular spectral
features.

e

Fig. 2. The CH;and CHjs asymmetric and symmetric stretching band features in typical
ultra-spatially resolved synchrotron-based FTIRM spectrum in plant tissue (aleurone tissue
of sorghum, pixel size: 10 pm % 10 pm) in the C-H stretch region ca. 3015-2780 cm-! showing
C-H function groups of biopolymers in complex plant tissue system: CHz asymmetric
stretch at ca. 2958 cm-1, CH; asymmetric stretch at ca. 2934 cm-1, CH; symmetric stretch at ca.
2874 cml, and CH; symmetric stretch at ca. 2851 cm-1.

3.2 Agglomerative hierarchical molecular spectral cluster analysis

Agglomerative hierarchical cluster analysis (AHCA) is used to determine the main sources
of variation in asymmetric and symmetric CH, and CHj groups spectra and the results are
displayed as dendrograms using Ward’s method (Cytospec Software). Doiron et al. (2009b)
used AHCA analysis to detect the structure difference between the raw and heated
treatment of flaxseed (cv. Vimy)

3.3 Spectral principle components analysis

Spectral Principle Components Analysis (PCA) used to determine major sources of variation
in the asymmetric and symmetric CH, and CH3 groups spectra. The purpose of PCA is to
derive a small number of independent linear combinations (PCs) for a set of variables, while
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retaining as much information in the original variables as possible. This analysis allows the
global study of the relationships between a set of quantitative characters p (eg. chemical
functional groups) observed for a set of n samples (eg. spectra). The outcome of such an
analysis can be presented either as 2D (two PCs) or 3D (three PCs) scatter plots
(Sockalingum et al., 1998).

4. Recent progress in asymmetric and symmetric CH; and CH, research in
complex plant system

4.1 Application I: Imaging of spatial distribution of asymmetric and symmetric CH-
and CHs groups with advanced synchrotron FTIR microspectroscopy

Using the synchrotron FTIR microspectroscopy, the functional group images of asymmetric
and symmetric CH; and CHj3 in complex plant system can be generated within cellular and
subcellular dimensions. Fig. 3 shows a visible image of the plant sorghum seed tissue. Fig. 4
shows plant CH functional group images (a) CHs asymmetric stretch at ca. 2960 cm; (b)
CH> asymmetric stretch at ca. 2929 cm-; (c) CH3 symmetric stretch at ca. 2877 cm-; (d) CH>
asymmetric stretch at ca. 2848 cm! of the plant sorghum seed tissue from the pericarp
(outside), seed coat, aleurone layer and endosperm.
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Fig. 3a. A visible image of the plant sorghum seed tissue
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Fig. 3b. Spectra corresponding to the pixel at the cross-hair in the visible image (spectrum
pixel size 10 x10 pm).
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Fig. 4. CH functional group images [(a) CHs asymmetric stretch at ca. 2960 cm; (b) CH>
asymmetric stretch at ca. 2929 cm-l; (c) CH; symmetric stretch at ca. 2877 cm-; (d) CH>
asymmetric stretch at ca. 2848 cm-!] of the sorghum seed tissue from the pericarp (outside),
seed coat, aleurone layer and endosperm, using synchrotron-based FTIR microspectroscopy
(1. Visible image; 2 Chemical image; 3. Spectra corresponding to the pixel at the cross-hair in
the visible image) (spectrum pixel size 10 x10 pm).
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4.2 Application Il: comparison of yellow- (Brassica Rapa) and brown-seeded (Brassica
Napus) canola within cellular dimensions in structural features of asymmetric and
symmetric CH2 and CHs, explored with advanced synchrotron FTIR
microspectroscopy

This study aimed to use advanced synchrotron technique- SRFTIRM to compare two types
of canola seed (yellow- (Brassica Rapa) vs. Brown-Seeded (Brassica Napus) Canola) at a
cellular level in structural features of asymmetric and symmetric CH, and CHs. The results
showed the average absorbed peak intensities of CH functional groups: CHsz-asymmetric;
CHz-asymmetric; CHz-symmetric; and CHz-symmetric stretching vibrations of the yellow-
and brown-seeded canola tissues, but no differences were found between the yellow-
(Brassica rapa) and brown-seeded (Brassica napus) canola tissue, indicating similar CH> and
CH3 content between the two seed types. The peak height ratios of total CH»:CHjs; CHzs-
asymmetric: CHs-symmetric; CHr-asymmetric: CHy-symmetric and total CH-asymmetric:
CH-symmetric were 1.06 and 1.13, 1.28 and 1.26, 2.90 and 3.08, 1.82 and 1.78, for the yellow-
and brown-seeded canola, respectively. Based on average data from each canola tissue, no
significant differences were found, indicating that lipid chain length and branching is
similar between the two seed types (Yu et al., 2005).

4.3 Application lll: effect of bio-ethanol processing on structure changes of
asymmetric and symmetric CH2 and CH; on a molecular basis

Recently there is a dramatic increase in the bioethanol production which results in different
types of co-products (Nuez-Ortin & Yu, 2009, 2010). This study aimed to reveal molecular
structures of the new co-products of bioethanol production affected by bio-ethanol
processing, identify the differences in asymmetric and symmetric CH, and CH3 on a
molecular basis between grains and new co-products and between different types of the
bioethanol co-products. Fig. 4 (D. Damiran, personal communication) showed that the
structural asymmetric and symmetric CH> and CHs groups were different between the
grains and the new co-products of bio-ethanol production.

Cluster analyses (Fig. 5) indicated that the spectra of asymmetric and symmetric CH, and
CHj; between the grain (corn) and co-products of bioethnaol production (corn DDGS) were
fully discriminated. This indicates that bioethanol processing change molecular structure of
asymmetric and symmetric CH, and CH3 conformation of the grain.

Fig. 6 show results from principal component analysis of the spectrum of asymmetric and
symmetric CH; and CHs. The first two PCs (obtained after data reduction) were plotted and
show that the original grain (corn) and co-products of corn DDGS from bioethanol
production can be grouped in separate ellipses. The first two PCs explain 99.98%, and 0.01
of the variation in the structural molecular spectrum data set between the corn and corn
DDGS. Therefore principal component analysis show the distinguished difference between
the corn and corn DDGS. These results indicate that the structural make-up in terms of
asymmetric and symmetric CH; and CH3 conformation between the corn and corn DDGS is
fully distinguished.

5. Conclusions and implications

Using synchrotron-based SFTIRM and DRIFT molecular spectral spectroscopy, the
structural feature and conformation of functional groups of asymmetric and symmetric CH;
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Fig. 4. Comparison of different types of DDGS and original feedstock in CHz and CH>
asymmetric and symmetric stretching bands profiles using the DRIFT molecular
spectroscopy: Effect of Bio-Ethanol Processing
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Fig. 5. Cluster analysis of spectrum detected with DRIFTS (acquired at 4 cm-! resolution in
the reflectance mode with subtraction of the KBr background, accumulated 256 times; range
of wavenumbers, 3027-2813 cm-1, IR reflectance Kubelka-Munk units) obtained from corn
DDGS (1) vs. corn grain (6) from all original spot spectrum [CLA: (a) region of CH groups
(CH,, CH3) ca. 3027-2813 cm-?; (b) distance method, Euclidean; (c) cluster method, Ward’s
algorithm] (source: D. Damiran)

and CH3 and their ratios (asymmetric CH, to symmetric CH» ratio; asymmetric CH3 to
symmetric CHj3 ratio; asymmetric CH> to asymmetric CHj; ratio; symmetric CH> to
symmetric CHj3 ratio) on a molecular basis could be detected in complex plant system. The
molecular structure changes induced by various processing (eg. heating and bio-ethanol
processing) or molecular structure difference between plant varieties could be revealed. The
ultra-spatial distribution of the intensities of the asymmetric and symmetric CH, and CHj3
and their ratios could be imaged. The molecular structure difference between plant varieties
or structure change induced by processing in terms of asymmetric and symmetric CH, and
CHs and their ratios will affect functionality and nutrient availability and biodegradation in
human and animals.
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