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SUMMARY  

 

Bioethanol has been highlighted as an alternative renewable energy source, which plays 

significant roles in reducing greenhouse gas emission and ensuring fuel security.  

Recently, lignocellulosic biomass (e.g., non food-based agricultural resides and forestry 

wastes) has been promoted for use as a source of bioethanol instead of food-based 

materials (e.g., corn and sugar cane), however to fully realize these benefits an improved 

understanding of lignocellulosic recalcitrance must be developed.  Therefore, enhanced 

characterization methodology is required to measure the chemistry, structure, and 

interactions of the biomass components and it can contribute to understanding biomass 

recalcitrance.   

 

In this dissertation, imaging mass spectrometry (IMS) is applied for biomass to 

characterize the surface upon pretreatment processes.  For methodologies development, 

time of flight secondary mass spectrometry (TOF-SIMS) and matrix-assisted laser 

desorption/ionization (MALDI)  are used for biomass characterization.  Juvenile hybrid 

poplar stem grown in a greenhouse were used as a model substrate. 

   

The first part of this thesis focuses on the development of sample preparation for surface 

analysis by IMS.  A cross sectioned sample is then treated under various methods such as 

dilute sulfuric acid pretreatment, flowthrough pretreatment, and cellulose isolation.  To 

determine the different chemistry between surface and bulk upon dilute acid pretreatment 

in batch reactor, TOF-SIMS is firstly applied to characterize the surface of the pretreated 



 

 xviii  

poplar stem in Chapter 5.  TOF-SIMS probes the surface of cross sectioned poplar 

samples, providing two-dimensional (2D) molecular images of major components (i.e., 

cellulose, hemicelluloses, and lignin) and their relative ion counts.  2D molecular images 

present the lateral distribution of major components before and after dilute acid 

pretreatment while the comparison of the relative ions provides semi-quantitative 

information on the surface.  Thereafter, these surface data are compared to bulk chemical 

composition by sugar analysis in order to prove different chemistry between surface and 

bulk. 

 

The second part is focused on tracking the lateral lignin distribution on the surface of 

poplar stem using TOF-SIMS technique developed earlier.  Cross sectioned poplar stems 

are flowthrough pretreated under different conditions, providing different bulk lignin 

contents.  Flowthrough pretreatment provides a number of advantages such as the 

removal of pretreatment products prior to quenching process thus avoiding precipitation 

of products.  To understand lignin changes at cell wall layers, high resolution TOF-SIMS 

imaging process is optimized under burst mode.  As a result, 2D lignin ion images 

present the lateral distribution under submicron scale, providing a lignin localized area in 

cell corner after flowthrough pretreatment.  Semi-quantitative information also presents 

an evidence of different chemistry between surface and bulk upon flowthrough 

pretreatment process. 

 

The third part is focused on the development of three-dimensional (3D) molecular 

imaging method using TOF-SIMS.  Extending the usefulness of TOF-SIMS for biomass 



 

 xix 

recalcitrance, a 3D molecular imaging is firsly introduced to biomass by acquiring 

multiple 2D images in a stack.  This is accomplished by reconstruction, stacking the 2D 

molecular images layer by layer.  Consequentially 3D molecular image provides both 

later and vertical distirbituion of characteristic species from surface to sub-surface.  This 

spatial molecular information can be used to directly determine the chemical change 

between surface and bulk without relative comparison of other data such as bulk sugar 

profile.  Stress-induced tension wood in poplar stem is used as a model substrate.  

Tension wood is not only defined by the presence of this gelatinous (G-) layer but also is 

ideal for demonstrations of chemical imaging because this cellulose rich area can be 

readily distinguished from the more chemically complex surroundings.   

 

The last part of this thesis is focused on the development and optimization of MALDI -

MS/IMS method for insoluble cellulose.  MALDI has a capability to detect large 

molecules (theoretically unlimited) while SIMS can only detect relatively lower mass 

species.  This feature allows detecting different molecular size of cellulose oligomers.  

Microcrystalline cellulose is used to optimize a cellulose detection protocol such as 

matrix application.  Thereafter, cellulose poplar isolated from holocellulose poplar is 

introduced to MALDI-MS.  To visualize lateral distribution of different DP of cellulose 

on the surface of poplar stem, a cross-section of cellulose poplar is used.  Series of 

cellulose oligomers in poplar stem are firstly generated using MALDI-IMS.  

 



 

1 

 

CHAPTER 1  

INTRODUCTION  

 

Due to the uncertainty of future fossil-based fuel reserves, increasing of energy 

consumption and greenhouse gas emission, alternative renewable energy sources such as 

biofuel and solar cell energy have been highlighted.
1-2

  Biofuel, a promising renewable 

energy source, has been promoted to replace a primary energy source (i.e., fossil fuel) 

since it can reduce greenhouse gas emission and contribute to energy security.
3
  For this 

reason, many countries worldwide have set the goal to increase biofuel consumption, 

especially for transportation fuel.  For example, The U.S. Department of Energy has 

made a plan to replace 30% of petroleum-based liquid transportation fuel with biofuels 

by 2025.  The European Union has also proposed a genuine action plan aimed at 

increasing the share of biofuels to more than 20 % of European petrol and diesel 

consumption by 2020.
4-6

   

 

Second-generation biofuel produced from biomass is more sustainable compared to first-

generation biofuel made up of food commodities (e.g., corn and sugar cane).
7-8

  With 

respect to biofuel production, the term biomass generally refers to non food-based 

lignocellulosic feedstocks available from plants and plant-derived materials.
9
  These 

resources are ultimately renewable and sustainable.  Therefore, biofuel production 

produced from lignocellulosic biomass is very attractive; however, it still has economic 

and technical obstacles.
10-11

   



 

 2 

Lignocellulosic biomass has a physically rigid and chemically complex structure which is 

mainly composed of cellulose, hemicelluloses, and lignin polymers.
1,12-14

  The natural 

resistance of the plant cell wall has evolved for survival to resist the microbial and 

enzymatic deconstruction of cellulose, referred to as biomass recalcitrance with respect to 

biofuel production.  Biomass recalcitrance is largely responsible for high cost of 

lignocellulose conversion due to additional time, additives, and processes whereas corn 

and sugar cane are directly fermented to ethanol.
3,15

  To achieve sustainable energy 

production, a significant technical improvement along with understanding the chemical 

and structural properties is required for the commercialization of second-generation 

biofuel.
3,16-18

 

 

Biomass recalcitrance is gradually decreasing with the application of advanced 

technologies, such as altering plant substrate characteristics via genetic manipulation, 

improving pretreatment efficacy, and developing microorganisms/enzymes for high-yield 

sugar release.
19-23

  With many recent approaches aimed at reducing biomass recalcitrance, 

advanced analytical tools have also been required in order to achieve detailed information 

since the limited chemical and/or physical information have been acquired via 

conventional wet chemical techniques.
24-25

  For example, a new imaging technique 

showing topochemical distribution of major components in plant cell wall can provide 

new insights into biomass recalcitrance.    

 

Imaging mass spectrometry (IMS) is a powerful and versatile tool for visualizing 

chemical topography on the surface of a sample.  A key advantage of IMS using time-of-



 

 3 

flight secondary ion mass spectrometry (TOF-SIMS) or matrix-assisted laser 

desorption/ionization (MALDI)  is the ability to probe the major components directly 

from the surface of the plant cell wall.  Consequently, we can understand the spatial 

distribution of the interesting species and their changes upon chemical and/or biological 

applications, whereas conventional bulk analysis such as high-performance liquid 

chromatography (HPLC) averages over a large spatial dimension, losing critical 

information about differences in chemical heterogeneity as a function of spatial and 

lateral position in the cell wall.     

 

The primary goal of this thesis is to gain fundamental knowledge about the surface of the 

plant cell wall, which is to be integrated into understanding biomass recalcitrance.  IMS 

is well-suited to understand detailed spatial and lateral changes of major components in 

biomass, but it has been seldom used for the plant cell wall characterization.  First, the 

methodology from sample preparation to instrument optimization for lignocellulosic 

biomass, especially poplar stem was developed (Chapter 5, 7, and 8).  Then, a hypothesis 

that there was different chemistry between surface and bulk biomass before and after 

pretreatment process was formulated.  To logically test the hypothesis, TOF-SIMS for the 

surface characterization of dilute acid pretreated poplar sample was employed and 

compared to the bulk analysis data (Chapter 5).  TOF-SIMS methodology successfully 

developed for biomass was applied for hydrothermal pretreated poplar samples and 

different chemistry between surface and bulk was observed after the pretreatment 

(Chapter 6).  To obtain spatially resolved chemical information from the surface to sub-

surface (i.e., bulk), three-dimensional TOF-SIMS analysis for poplar sample has been 
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firstly applied (Chapter 7).  In addition, MALDI -IMS methodology to observe different 

size of cellulose oligomers on the surface of the poplar stem was successfully developed 

(Chapter 8).   
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CHAPTER 2  

LITERATURE REVIEW A: LIGNOCELLULOSES FOR 

BIOETHANOL  

 

2.1 Lignocellulosic Bioethanol 

Bioethanol is a liquid biofuel produced from different source of feedstocks and 

conversion technologies.  Currently, bioethanol using first-generation feedstocks (i.e., 

food-based sources) is predominantly produced, adversely affecting global food supply or 

encroaching on other important land uses.
1
  With a significant improvement of 

biotechnology, lignocellulosic biomass referred to as second-generation feedstocks (i.e., 

non food-based sources) has been recognized as a potential sustainable source of mixed 

sugars for fermentation to biofuels.  Lignocellulosic biomass represents one of the most 

abundant, renewable, and sustainable resource on the planet, but it requires more 

complex processes for bioethanol production and overcoming biomass recalcitrance for 

cost-effective production (Figure 1).
10

  

 

 

Figure 1  Bioethanol production processes using biomass.
26

 



 

 6 

Conventional processes for producing lignocellulosic ethanol are typically divided into 

four steps: pretreatment, enzymatic cellulose hydrolysis (saccharification), fermentation, 

and distillation.
9
  Firstly, lignocellulosic biomass is pretreated in order to alter cellular 

structure of the lignocelluloses.  The pretreated biomass is amenable to be accessed by 

cellulolytic enzymes for cellulose hydrolysis to glucose.  Subsequently, simple sugars are 

fermented to ethanol followed by a distillation process which is separating and purifying 

ethanol to meet fuel specifications.   

 

2.2 Lignocellulosic Biomass 

Lignocellulosic biomass has been recently highlighted as a potential resource for 

bioethanol production since it represents the most abundant form of carbon on Earth (~ 

annual production at 10
10

 million tons).
27

  Lignocellulosic biomass is a fully renewable 

bioresources obtained from both forest and agricultural ecosystems categorized in Figure 

2.
28

  The forest-derived resources include forest residues from harvesting or land 

conversion, unused mills from wood or pulp processing, urban wood wastes, and 

construction/ demolition debris.  The agriculture-derived resources include crop residues, 

perennial energy crops (e.g., switchgrass) and woody crops cultivated in cropland.  In 

United States, forest lands and timberlands have the potential to sustainably produce 

close to 370 million dry tons of biomass annually.
29

  This estimate includes the residues 

generated in the manufacture of various forest products and the residues generated in the 

use of manufactured forest products.  It also includes the harvest of wood for various 

residential and commercial space-heating applications.  With the exception of urban 

wood residues, most of these sources of forest biomass are currently being utilized.  Two 
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potential large sources of forest biomass not currently being used are logging/other 

removal residues, and fuel treatment thinnings.
29

  These sources can sustainably 

contribute over 120 million dry tons annually.  The logging and other removal residues 

can be recovered following commercial harvest and land clearing operations.  Fuel 

treatment thinnings can also be recovered with efforts to reduce forest fire hazards.  

Agricultural lands can provide nearly 1 billion dry tons of sustainably collectable biomass, 

which continue to meet food, feed and export demands.
29

  This estimate includes 446 

million dry tons of crop residues, 377 million dry tons of perennial crops, 87 million dry 

tons of grains used for biofuels, and 87 million dry tons of animal manures, process 

residues, and other residues generated in the consumption food products. The perennial 

crops are dedicated primarily for bioenergy and bio-based products and will likely 

include a combination of grasses and woody crops.   
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Figure 2  Biomass resources categories.
28

 

 

2.2.1 Anatomical structure of lignocellulose 

Lignocelluloses are made up of the plant cell wall as a basic unit positioned outside the 

cell membrane in order for structural support and core protection.
13

  The plant cell wall is 

a highly complex and dynamic structure, consisting of cross-linked networks of 

polysaccharides and lignin.
30

  The primary cell wall solely protects the cell during growth 

stages, and the secondary cell wall is synthesized at the outer layer of the primary cell 

wall once the cell growth is terminated.
14,31

  After that, the cell walls are gradually 

thickened as major components (i.e., cellulose, hemicelluloses, and lignin) are 
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progressively growing inside cell walls.  Finally, protoplasm is lost and the cell walls 

form cellulose microfibrils interconnected with hemicelluloses (e.g., xylan and 

xyloglucan) and lignin at nanometer scale.  Then, cellulose microfibrils in the secondary 

cell wall are densely packed and highly ordered compared to that in the primary cell wall.  

The secondary cell wall is further divided into three layers partially based on the 

orientation of microfibrils: S1, S2, and S3 (Figure 3).
32

  Thicker middle layer (S2) 

represents a steep and uniform angle in microfibrils while the outer (S1) and inner (S3) 

have a cross-helical orientation.
14

  A single cell containing primary and secondary cell 

wall is separated with adjacent cells by intercellular substance referred to as middle 

lamella.  Middle lamella makes up the outer cell wall, sharing with adjacent cells shown 

in Figure 3.
32

  Among cell wall multilayers, the secondary cell walls typically account for 

more than 95% by the weight of the cell wall materials.
13

   

 

 

Figure 3  Electron microscope and schematic diagram of wood cell wall structure.
32
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2.2.2 Molecular composition of lignocellulose 

Lignocelluloses are composite and complex materials which are largely divided into 

major (e.g., polysaccharides and lignin) and minor components (e.g., extractives and 

mineral substances) shown in Figure 4.  Dry wood typically consists of 40-45% cellulose, 

20-30% hemicelluloses, and 20-32% lignin.  Other constituents of lignocellulose are 

extractives (< 10%) and ash (< 1%).  Major molecular components are cellulose, 

hemicelluloses and lignin where they are physically or chemically connected each other.  

Contents of major components in lignocelluloses are strongly based on biological species, 

growth stage, and cell type in nature (Table 1).
9
  In general, softwood has higher lignin 

content than hardwood.  

 

 

Figure 4  Chemical composition of the cell wall.  
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Table 1  Composition of some lignocellulose sources (% dry weight).
9,33
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2.2.2.1 Cellulose 

Cellulose is a main component of lignocellulose consisted of approximately 40~50% of 

total dry weight.  Cellulose is an unbranched homopolysaccharide composed of ɓ-D-

glucopyranose units which are linked by ɓ-(1Ÿ4)-glycosidic linkage (Figure 5).   

 

 

Figure 5  Molecular structure of cellulose.  

 

Size of the cellulose molecule is typically defined by the average number of monomer 

units referred to as degree of polymerization (DP).  DP of cellulose can be determined by 

various analytical methods such as gel permeation chromatography (GPC), light 

scattering intrinsic viscosity measurements and viscometric methods.  In nature, cellulose 

chains have a degree of polymerization (DP) in the range of 200 to 27000 shown in Table 

2.
13

  Native cellulose in wood has a degree of polymerization (DP) of approximately 

5000 glucopyranose units and it is around 15000 for native cellulose in cotton.  Native 

cellulose DP is reduced during purification procedures reported by Bledzki et al.
34

  For 

example, a DP of 14000 in native cellulose was reduced to ~2500.  A DP of cellulose is 

very depending on its origin, isolation method, and even the part of plant/fiber.  For 

example, valonia fibers show DP of 25000 to 27000, while cotton fibers present a DP of 

14000 to 20000.  Cellulose DP value profoundly influences the mechanical, solution, 

biological, and physiological properties of cellulose in many cases.
35
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Table 2  Degree of polymerization of some celluloses.
13,36

  

 

 

Cellulose also has a strong tendency to form intra- and intermolecular hydrogen bonds, 

resulting in the formation of a crystalline structure (Figure 6).
37-40

  The hydrogen bonds 

contribute to stiffen the straight chain and promote aggregation into the crystalline 

structure.   

 

 

Figure 6  Inter- and intra-molecular hydrogen bond system of cellulose I.
41

 

 



 

 14 

Cellulose contains highly ordered (crystalline) regions and less ordered (amorphous) 

regions.  There are largely four types of crystalline allomorphs of cellulose: cellulose I, II, 

III, and IV, which are typically measured by wide-angle X-ray scattering (WAXS) 

patterns and CP/MAS 
13

C NMR spectrum.
42-43

  Para-crystalline cellulose is less ordered 

than crystalline cellulose IŬ and Iɓ, but more ordered than the amorphous region.
44

  

Amorphous cellulose can also be divided into two non-crystalline forms: accessible fibril 

surface and inaccessible fibril surface.
44-45

  The degree of cellulose crystallinity is 

determined as a ratio of weight fraction of the crystalline regions.  A structure of 

cellulose I has been proposed that a unit cell of the crystal lattice is a monoclinic unit 

with the space group P21, consisting of two anti-parallel cellobiose chain segments shown 

in Figure 7.
46

   

 

 

Figure 7  Unit cell of cellulose I and the dimensions of various cellulose allomorphs.
42,47

 



 

 15 

Cellulose I, the most abundant form in nature, has two distinct crystalline forms based on 

hydrogen bonding pattern at glycosidic linkages: cellulose IŬ and cellulose Iɓ.
48-50

  

Cellulose IŬ known as a triclinic (t) P1 structure has one cellulose chain per unit cell, 

whereas cellulose Iɓ known as a monoclinic (m) P21 structure has two cellulose chains per 

unit cell.  Generally, cellulose IŬ is the predominant form in bacteria and algae and 

Cellulose Iɓ predominantly exists in higher plants.  The abundance of IŬ or Iɓ polymorphs 

in lignocellulosic material may affect the reactivity of cellulose because meta-stable 

cellulose IŬ is more reactive than cellulose Iɓ.  Other types of crystalline cellulose can be 

obtained by modifying cellulose I such as mercerization and regeneration for cellulose II, 

ammonia treatment for cellulose III, or heating for cellulose IV (Figure 8).
46,48

  During 

modification processes, dimension of unit cell is also changed (Figure 7).   

 

 

Figure 8  Transformation of cellulose into its various polymorphs.
46

 

 

Cellulose crystallinity in lignocellulosic materials varies according to its origin and 

acquiring process.  For example, cellulose crystallinity in hybrid Populus measured by 

CP/MAS 
13

C NMR is ~63% very similar to loblolly pine shown in Table 3.
51-52

  

Differently, Populus contains ~20% less accessible amorphous region compared to that in 
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loblolly pine.  Switchgrass is composed of relatively lower crystallinity (~44%) and 

higher inaccessible amorphous region (~51%) compared to Populus or loblolly pine.
53

   

 

Table 3  Cellulose crystallinity (%) determined by CP/MAS 
13

C NMR.
51-54

 

 
a
 P. trichocarpa x deltoids, 

b
 Alamo 

 

The basic building unit of the cellulose skeleton is an elementary fibril which contains 36 

ɓïD-glucan chains with a diameter of approximately 3.5 nm (Figure 9).
55-57

  The 

dimension of elementary fibrils (e.g., unit-cell parameters and lattice planes) differs from 

the forms of crystalline structures.  For example, three lattice planes are shared and 

correspond to IŬ lattice planes (110)t, (010)t, and (100)t, and Iɓ lattice planes (200)m, 

(110)m, and (110)m, respectively.
58-59

  The main difference between IŬ and Iɓ is the relative 

displacement of the sheet (i.e., parallel stacking of cellulose chains) along the (100)t and 

(200)m planes, referred to as hydrogen-bonded plane, in the chain axis direction, 

respectively.  The cellulose IŬ is a relative displacement of c/4 between each subsequent 

hydrogen-bonded plane, while the cellulose Iɓ is between c/4 and ïc/4.  The elementary 

fibrils are aggregated together in the form of microfibril partially reducing the free energy 

of the surface.
60

  The diameter of the microfibril varies from 2 to 20nm with the length in 

the micrometer scale depending on its origin.
61
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Figure 9  Cross section of the elementary fibril containing 36 glucan chains of the unit 

cells for cellulose IŬ and Iɓ.
50

  

 

2.2.2.2 Hemicelluloses 

Hemicelluloses are typically branched heterogeneous polysaccharides mainly composed 

of pentoses (xylose, arabinose), hexoses (mannose, glucose, galactose), and/or uronic 

acids (glucuronic, galacturonic acids).
13

  Other sugars such as rhamnose and fucose are 

also present in small amounts and the hydroxyl groups of sugars can be partially 

substituted with acetyl groups.  Most hemicelluloses are relatively low molecular weight 

with a DP of 50~300 in woods which may contain 15-30% of hemicellulose in hardwood 

or softwood.  The hemicelluloses are broadly classified into four polysaccharide types 

based on structural differences in cellȤwall (Figure 10)
62-63

:  

 

(i) Mannans comprise galactomannan, glucomannan and galactoglucomannan. 

Galactomannans have ɓ-1,4-mannose backbones with Ŭ-1,6-galactose branches; 

glucomannans contain both ɓ-1,4-mannose and ɓ-1,4-glucose backbones; and 
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galactoglucomannans have ɓ-1,4-mannose and ɓ-1,4-glucose backbones with Ŭ-1,6-

galactose branches attached to the mannose backbone.  For example, the secondary cell 

walls of conifers (i.e., softwoods) consist of galactoglucomannan 10ï30% (w/w).  

 

(ii)  Mixed-linkage glucans comprise a backbone of glucose residues having both ɓ-1,3 

and ɓ-1,4 linkages.  For example, the primary cell walls of grasses contain 2ï15% of 

mixed-linkage glucans.  

 

(iii)  Xylans have ɓ-1,4-xylose backbones with arabinan and/or glucuronic acid as side 

chains.  For example, the primary cell walls of glasses contain 20ï40% 

glucuronoarabinoxylan, whereas the secondary cell walls contain 40ï50% 

glucuronoarabinoxylan.  In dicots (e.g., hardwoods), the secondary cell walls contain 20ï

30% glucuronoxylan.  

 

(iv) Xyloglucan has a ɓ-1,4-glucan backbone with xylose-containing branches which 

partially contain other monosaccharide such as galactose, arabinose and fucose.  For 

example, the primary cell walls of conifers (i.e., softwoods) contain 10% xyloglucans and 

the primary cell walls of dicots (e.g., hardwoods) contain 20ï25%. 
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7 

Figure 10  Molecular structure of hemicelluloses.
62

 



 

 20 

The content and structure of each component generally differ between softwoods, and 

hardwoods.  The main structural features of hemicelluloses in both softwood and 

hardwood are summarized in Table 4.
12

  The main hemicellulose of hardwoods (e.g., 

poplar) is O-acetylated 4-O-methyl-glucuronic acid xylan or glucuronoxylan while that in 

softwood is galactoglucomannan or arbinoglucuronoxylan.  In addition, the different ratio 

of hemicelluloses has been observed even at the cell wall layers (Table 5).
63

  Xyloglucan 

is the most abundant hemicellulose structure in primary walls of dicots, whereas 

glucuronoxylan is predominant in the secondary cell wall of dicots.  In commelinid 

monocots including grasses, glucuronoarabinoxylan is the major hemicellulose in both 

cell walls.    

 

Table 4  The major hemicellulose components in softwood and hardwood.
12,64-66
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Table 5  Occurrence of hemicelluloses in primary and secondary cell walls of plants.
63

 

 
a
- : absent or minor, 

b
+ : present but quantitative data not available. 

 

Other than cellulose and hemicelluloses, the cell wall also contains other carbohydrates 

such as sucrose, fructose, glucose and starch.  These sugars categorized as soluble 

carbohydrate account for a much smaller amount of carbohydrate compared to cellulose 

and hemicelluloses.  Their portions in biomass vary depending on their origin and source.  

For example, Sunburst switchgrass stem contains three times more sucrose than starch 

(2.86% to 0.88%) while switchgrass leave contains seven times more sucrose than starch 

(2.87% to 0.41%).
67

  Differently, Cave-in-Rock switchgrass contains the concentrations 

of sucrose (2.7%), glucose (0.6%), fructose (0.6%) and starch (0.5%).
68

 

 

2.2.2.3 Lignin  

Lignin is the third macromolecule in lignocellulose and plays an important role as a 

matrix material which binds the polysaccharide microfibrils and fibers, resulting in 

increasing the strength and rigidity to the plant stem for vertical growth.
69

  Lignin also 

plays an important biological function in the plant protection against foreign invasion by 
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impeding penetration of destructive enzymes through the cell wall.
13,70

  Lignins are 

composed mainly of three phenylpropane monomers: p-hydroxyphenyl (H, p-coumaryl 

alcohol), guaiacyl (G, coniferyl alcohol), and syringyl (S, sinapyl alcohol) units in Figure 

11.
71

  Composition and content of lignin vary depending on its origin and type of 

lignocellulose.  For example, gymnosperm (i.e., softwood) lignin is derived mostly from 

G-type monolignol while angiosperm (i.e., hardwood) lignin is derived mostly from G- 

and S-type monolignols with trace of H-type monolignol.
72-73

  Grass lignin (e.g., 

switchgrass) is derived mostly from G- and S-type monolignols with significant amount 

of H-type monolignol.  Grass also contains significant levels of p-coumaric and ferulic 

acid (Figure 12), which is involved in crosslinking to lignin and hemicellulose complex.  

The H and G contents of the lignin in Scots pine (softwood) are 2% and 98%, 

respectively, while the G and S contents in Populus (hardwood) are 41% and 59%, 

respectively.  The H, S, and G contents of the lignin in switchgrass are 8%, 51% and 49%, 

respectively.  Softwood generally contains about 25-35% lignin and hardwood contains 

18-25% lignin.
73

   

 

 

Figure 11  The three common monolignols.
74
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Figure 12  Structure of p-coumaric and ferulic acid. 

 

Lignin precursors are polymerized via radical coupling reactions, resulting in three-

dimensional complex, amorphous, and phenylpropanoid macromolecules.
71

  Radial 

reaction is initiated by oxidation of the phenylpropane phenolic hydroxyl group, which 

forms a resonance stabilized quinine methide radical intermediate (Figure 13).
13

  The 

radical electron occurs at different positions, allowing the several different inter monomer 

linkages via radical polymerization.   

 

 

Figure 13  Resonance stabilized phenoxy radical during lignin biosynthesis.
13

  

 

Thereby, many different types of inter monomer linkages are commonly found in both 

softwood and hardwood (Figure 14).  For example, ɓ-O-4 and ɓ-5 linkages would lead to 
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a leaner polymer which is branched via subsequent nucleophilic attack by water, alcohol, 

or phenolic hydroxyl groups.  Though the many possible coupling pathways between 

monolignol exist for producing macromolecule, the mechanism for biosynthetic 

regulation is not fully discovered yet.  However, evidence of macromolecule in lignin has 

been empirically discovered.  For example, typical proportions of lignin linkages in 

softwood and hardwood are summarized in Table 6. 
13,75-76

  Typical proportions of lignin 

linkages in poplar and switchgrass are also summarized in Table 7-8.
54,77

 

 

 

Figure 14  Common lignin linkages in softwood and hardwood lignin.
12, 72, 74
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Table 6  Proportions of different types of lignin linkages in softwood and hardwood.
13

  

 

 

Table 7  Proportions of different types of lignin linkages in poplar* . 

 
* Quantitative 

13
C NMR data 
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Table 8  Proportions of different functional group of lignin linkages in switchgrass*. 

 
* Quantitative 

13
C NMR data 

 

Many different types of lignin polymerization pathways result in a highly branched 

macromolecule.  Weight average of molecular weight (Mw) of isolated lignin in 

softwood and hardwood has been estimated at ~20000 and slightly low, while 

polydispersity of lignin was calculated as 2.5 and 3.5, respectively.
13

  Based on the inter 

linkage proportion and its structural analysis, a model structure of hardwood lignin has 

been proposed (Figure 16). 
78-79
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Figure 15  A structural model for softwood lignin.
78
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Figure 16  A structural model for hardwood lignin.
79

 

 

2.2.2.4 Lignin -carbohydrate complex 

Lignin-carbohydrate complexes (LCCs) are heterogeneous structures found in many plant 

species.  Lignin is directly or indirectly bound covalently to carbohydrate which presents 

as a complex structure in biomass.
80

  LCCs can be isolated as water-soluble entities and 

divided into three classes based on molecular weight.  Lignin carbohydrate bonds are 

presumed to exist in higher molecular weight lignin fractions which are water insoluble.  

In softwood LCCs, carbohydrate portions are mainly composed of galactomannan, 

arabino-4-O-methylglucuronoxylan, and arabinogalactan which linked to lignin at benzyl 

positions.
81-82

  However, hardwood and grass LCCs are exclusively composed of 4-O-

methylglucuronoxylan and arabino-4-O-methylglucuronoxylan, respectively.
83

  Four 

major types of native lignin-carbohydrate bonds have been proposed: benzyl ethers, 
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benzyl esters, phenyl glycosides, and recently, acetal linkages (Figure 17).  Among many 

different types of LC bonds have been proposed, but most evidence exists for ether and 

ester linkages shown in Figure 17.
84-85

 

 

 

Figure 17  Proposed types of lignin carbohydrate linkages.  
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The biosynthetic pathway for the ether and ester types of lignin-polysaccharide covalent 

bonds has been proposed to involve a nucleophilic addition of the hemicelluloses to the 

quinone methide intermediate formed from the dehydrogenative polymerization of 

coniferyl alcohol.
13,86

  From quantum mechanical calculations, the coupling between 

phenoxy radicals and ɓ-radicals are most favored, therefore the ɓ-O-4 linkage in lignin is 

the most abundant linkage.  The formation of the ɓ-O -4 linkage leads to a formation of a 

quinone methide-like structure as shown in.
86

  The Ŭ-position is now an electrophile, and 

it can be attacked by water, alcohol, or carboxyl groups which lead to the formation of 

benzyl alcohols, benzyl ethers, and benzyl esters. The biosynthesis of ester and ether 

LCC linkages has been proposed, but the biosynthesis of glycosidic and acetal LCCs is 

not fully discovered yet.  
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Figure 18  Biosynthesis of benzyl ether and benzyl ester LCCs. 
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2.3 Biomass recalcitrance and Pretreatments 

2.3.1 Biomass recalcitrance 

The inherent properties of lignocellulosic biomass make them resistant to deconstruction 

from microbes and enzymes, referred to as biomass recalcitrance.
3,15

  The structural 

heterogeneity and complexity of plant cell wall made up of a matrix of cellulose and 

lignin bound by hemicellulose chains are believed to contribute to biomass recalcitrance, 

reducing and/or retarding cellulase accessibility (Figure 19).
3,26

  To decrease the 

recalcitrance of biomass and make the cellulose in the lignocellulosic biomass more 

susceptible to digestion by cellulase enzymes, pretreatment is required.
87-88

  Therefore, 

the primary goal of the pretreatment process is to remove lignin and hemicellulose, 

reduce the crystallinity of cellulose, and increase the porosity of the lignocellulosic 

materials.  

 

 

Figure 19  Schematic diagram of the secondary cell wall.
26

 

 

Particularly the chemical and physical characteristics of plant cell wall are considered as 

major factors for biomass recalcitrance: particle size/surface area, cellulose crystallinity, 
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degree of polymerization (DP) of cellulose, hemicellulose/lignin/LCC content/structure, 

and degree of hemicellulose acetylation.
10,87-88

  First, of the efficiency of enzymatic 

hydrolysis to glucose partially depend on the surface area of the lignocellulosic biomass 

because the reaction takes place under heterogeneous condition (e.g., solid biomass with 

liquid enzyme).  Many studies reported that the larger surface area can positively affect 

the rate of enzymatic cellulose hydrolysis by increasing enzyme absorption.
89-90

  

However, surface area cannot solely explain biomass recalcitrance.  For this reason, it 

often requires multistep pretreatment processes instead of a single pretreatment process 

such as milling or grinding.  Second, cellulose crystallinity is strongly related to the rate 

of enzymatic cellulose hydrolysis because the strong inter- and intra-hydrogen bonding in 

crystalline cellulose resists enzyme attack.
91-93

  Therefore, low-crystallinity regions of 

cellulose (e.g., amorphous regions) are the primary target for enzyme attack and readily 

digestible.  Third, cellulose DP is also related to the rate of enzymatic cellulose 

hydrolysis because the number of reducing end per cellulose microfibrils has a higher 

chance to meet exoglucanases.
94-95

  Therefore, the lower DP of cellulose influences 

higher activity of cellulose deconstruction.  Finally, hemicelluloses and lignin content in 

lignocellulosic biomass are negatively correlated with the yield of enzymatic hydrolysis.  

Lignin partially acts as an inhibition compound and hemicelluloses make a physical 

barrier that restricts enzyme access to cellulose core.
93,96-99

  Thus, removal of 

hemicelluloses exposes the cellulose surface and increases enzyme accessibility to the 

cellulose microfibrils.   
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2.3.2 Pretreatments 

Pretreatment process in lignocellulosic biomass is for the structural breakdown of the 

plant cell, resulting in reducing biomass recalcitrance by decreasing degree of cellulose 

crystallinity, partially increasing the amorphous cellulose fraction, and solubilizing 

hemicelluloses and lignin (Figure 20).
21,87,100

  Hence, the pretreatment process is 

considered as one solution for producing lignocellulosic bioethanol with low costs and 

high productivity.  However, there is no universal pretreatment process to date because of 

the diverse nature of different biomass feedstocks.   

 

 

Figure 20  Schematic diagram of the effect of pretreatment on lignocellulosic 

materials.
101

  

 

A large number of pretreatment approaches have been investigated on a wide variety of 

feedstock types, which are typically divided into physical, chemical and biological 

applications (Table 9).
21, 100

  A combination of the different pretreatment methods such as 

physical and chemical pretreatments is frequently used in order to maximize pretreatment 

effects.  Physical pretreatments (e.g., milling) typically enlarge the surface of 
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lignocellulosic biomass in order to increase enzyme absorption or further pretreatment 

accessibility, but the performance is economically poor.  Biological pretreatment has 

been considered as an environmentally friendly approach because it requires low 

chemical and energy for enhancing enzymatic cellulose hydrolysis in lignocellulosic 

biomass.  Biological pretreatments using microorganisms such as fungi can selectively 

degrade lignin, hemicellulose and very little of cellulose.
102

  Lignin degradation by white-

rot fungi occurs through the action of lignin-degrading enzymes such as peroxidases and 

laccases.
103

  Therefore, it seems to be conceptually ideal pretreatment method, but the 

controllable, cost effective, and rapid system is not discovered to date.  Chemical 

pretreatments are carried out to solubilize, in part, hemicelluloses and/or lignin, and are 

the most promising method to date.
87

  Pretreatment method has to be selected based on 

the substrate and the desired end-product balancing with economic value.  In this review, 

the selected leading pretreatment methods are briefly discussed: acid pretreatment, 

hydrothermal pretreatment, ammonia fiber explosion pretreatment, and organosolv 

pretreatment.   
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Table 9  Lignocellulose pretreatment methods and fractionation technologies.
21,100

 

 

 

2.3.2.1 Acid pretreatment 

Acid pretreatment has been considered as one of most effective methods for rendering 

lignocellulosic biomass amenable to fermentation.
88,100

  Dilute acid pretreatment 

effectively releases hemicelluloses, mostly xylan up to 90%, as forms of mono- or 

oligosaccharides and small amount of lignin under moderate condition (e.g., (0.5-2% 

H2SO4 at 121-160 °C for a few minutes).
104

  Thereby, the cellulose is more accessible to 

enzyme, resulting in the significant improvement of enzymatic cellulose hydrolysis.  

Dilute sulfuric acid (H2SO4) is commonly used and widely effective for different types of 

biomass such as poplar, switchgrass, corn stover, and spruce.
105-110

  However, this 

method requires pH neutralization and generates inhibition compounds for the 

downstream enzymatic hydrolysis.
111-113

  The inhibition compounds are generated from 

sugar and lignin degradation to furfural, 5-hydroxymethyl furfural (HMF), and phenolic 
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compound (e.g., pseudo-lignin), which are mostly obtained under severe pretreatment 

condition.
113-115

  For example, several studies have found that the acid-insoluble lignin 

content of dilute acid pretreated material is often higher than that of the starting 

material.
104

  Sannigrahi et al. also reported that pseudo-lignin can be generated from 

carbohydrates without significant contribution from lignin during dilute acid pretreatment, 

especially under high severity pretreatment conditions.
116

  In addition, equipment 

corrosion and acid recovery are additional drawbacks.  To yield low inhibition 

compounds and high hemicelluloses/lignin recovery, it is necessary to optimize the 

pretreatment condition which is mathematically represented as the combined severity 

factor (log CS) calculated as: 

]75.14/)exp[(0 RH TTtR -¶=     (1) 

pHRCS -= 0loglog  

where R0 is the severity factor, t is the reaction time in minutes, TH is the hydrolysis 

temperature in °C, and TR is a reference temperature.  Reactor design also plays an 

important role like the selection of operating conditions.  In order to maximize 

pretreatment efficiency different types of reactors have been introduced such as batch, 

continuous flow, percolation, and shrink-bed reactors.
117

  For example, the batch reactor 

is used for low temperature batch process with high solids loading while the continuous 

flow reactor is used for high temperature reaction with low solid loading.
118

  Different 

kinds of acid beside sulfuric acid have been applied as alternative methods to enhance 

cellulose hydrolysis such as triflulororacetic acid (TFA), hydrochloric acid, nitric acid, 

fumaric acid, and maleic acid.
119

  For example, maleic, fumaric, or TFA acid 

pretreatment resulted in higher yield of hemicelluloses (similar to 70% yield from the 
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hemicellulose fraction) with less amount of the inhibition compounds at 150 °C at pH 

1.65.  TFA is considered as the mildest acid for pretreatment, leading to limited 

monosaccharide degradation among the acid pretreatment.  However, TFA solvent is not 

generally used due to the high commercial price of solvents.  Typical pretreatment 

methods and their features reported in the literature are described in Table 10.  

 

2.3.2.2 Hydrothermal  pretreatment: Steam explosion and Liquid hot water  

Hydrothermal pretreatment (e.g., steam explosion or liquid hot water) is widely employed 

for lignocellulosic biomass which is subjected to pressurized steam or hot water for a 

certain period of time (e.g., 160-260 °C corresponding pressure 0.69-4.83 MPa for 

several seconds to a few minutes).
100

  Hydrolysis reaction with no chemical additive is 

catalyzed by the release of in situ organic acids (i.e., acetic acid) generated from acetyl 

functional groups associated with hemicelluloses at high temperature.
100

  This results in 

the breakdown of glycosidic linkages in hemicelluloses and of the ɓ-O-4 ether bonds in 

lignin, solubilizing in liquid fraction as shown in Figure 21.  Hydrothermal pretreatment 

provides reasonable hemicelluloses recovery and partial lignin depolymerization at 

moderate condition.  In addition, hydrothermal pretreatment provides multiple benefits 

such as low yield of the inhibition compounds, no corrosion of the equipment, no/less 

chemical requirement.
120

  However, this method is limited to use for softwood biomass 

due to lack of acetylated hemicelluloses in softwood.
121

  To increase hemicelluloses 

recovery, decrease the production of the inhibition compounds, and extend application to 

softwood, acid catalyst has been introduced alternatively.
121

  SO2-steam explosion 

pretreatment, alternated from steam explosion pretreatment by the addition of dilute 
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sulfuric acid, allows shorter retention time and lower reaction temperature to maximize 

hemicellulose hydrolysis with reduction of the inhibition compound production compared 

to normal stem explosion pretreatment.
122-123

  Moreover, it can be used for softwood 

biomass regarded as one of the most effective pretreatment method.
124

  Without acid 

catalysis, alternative steam explosion and liquid hot water (LHW) have been also 

introduced by modifying pretreatment process in order to overcome their drawbacks.  For 

example, two-step steam explosion pretreatment divides heating temperature into two 

phases: low temperature for hemicelluloses hydrolysis and high temperature for cellulose 

disruption.
124

  This alternative process offers some additional advantages such as higher 

ethanol yields with lower enzyme dosages during subsequent enzymatic cellulose 

hydrolysis.
125

  Typical pretreatment methods and their features reported in the literature 

are described in Table 10. 

 

Figure 21  Acid-catalyzed hydrolysis of xylan. 
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2.3.2.3 Ammonia fiber explosion (AFEX) pretreatment  

AFEX pretreatment uses liquid anhydrous ammonia (1-2 kg ammonia/kg biomass) 

exposed to biomass at mild temperature (< 100 °C) and high pressure (1.7-2.0 MPa) for 

few minutes and then the pressure is explosively released similar to stem explosion 

pretreatment.
100,126

  The rapid expansion of ammonia gas at the end of pretreatment 

causes the swelling and physical disruption of lignocellulosic biomass, resulting in 

decreasing cellulose crystallinity and disrupting lignin-carbohydrate linkage.
127

  However, 

only a small amount of hemicelluloses and lignin is solubilized due to ammonia 

vaporization.  The advantage of AFEX pretreatment is very low formation of inhibition 

compounds, full recovery of loading solid material, and lower moisture content.
126

  The 

AFEX pretreatment is more effective on agricultural residues and herbaceous crops.
100

  

AFEX is limited for high lignin content material such as woody biomass.
128

  Other issues 

include the requirement of the ammonia gas recovery system to reduce the operating cost.  

Typical pretreatment methods and their features reported in the literature are described in 

Table 10. 

 

2.3.2.4 Organosolv pretreatment 

Organosolv pretreatment uses organic or organic aqueous solvent mixtures in order to 

solubilize lignin and hemicelluloses in liquid phase, resulting in increasing cellulose 

digestibility.
129

  Numerous organic solvent mixtures such as methanol, ethanol, acetone, 

ethylene glycol, triethylene glycol, and tetrahydrofurfuryl alcohol, have been utilized 

with an inorganic acid catalyst such as sulfuric or hydrochloric acid in order to obtain 

significant improvement of hemicellulose hydrolysis.
130

  Organic solvents solely removed 
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lignin at high temperature (above 185 °C), but very low yield of xylose was obtained.
131

  

Thus, organosolv pretreatment combined with acid hydrolysis allows the separation of 

hemicelluloses and lignin in a two-stage fractionation, resulting in high lignin removal 

(70%) and minimum cellulose loss (less than 2%).
129

  The advantage of the organosolv 

pretreatment is the recovery of pure lignin which can be used for valuable co-products.
130

  

However, organic solvent has to be separated due to its inhibition role at downstream 

enzymatic cellulose hydrolysis.  In addition, organic solvent has to be considered to be 

reused due to the high commercial price of solvents.
121

  Typical pretreatment methods 

and their features reported in the literature are described in Table 10. 
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Table 10  Selected pretreatment methods and typical conditions.
132
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2.4 Advanced imaging analysis for lignocellulose  

To improve the detailed knowledge of plant cell wall and its change during pretreatment 

or deconstruction process, there is a demand for advanced analytical methods beside the 

conventional biomass laboratory analytical techniques.  Thus, advanced imaging 

techniques have been recently highlighted and expended in the lignocellulosic biomass 

characterization.  Imaging techniques visualize the chemical and physical changes on the 

surface of plant cell wall, resulting in an insight into the selection of more appropriate 

feedstock-pretreatment combinations or the optimization of processes.  This section 

discusses the resulting spectroscopic (e.g., Raman and IR) and microscopic data (e.g., 

AFM, EM, and SMS).  Specifically, the imaging mass spectrometry is fully described in 

Chapter 3.   

 

2.4.1 Spectroscopic imaging analysis 

Raman and infrared (IR) spectroscopy provide characteristic fundamental vibrations of a 

particular molecular structure which is obtained from the transition in vibrational and 

rotational energy levels of the molecule on absorption of radiations.
133

  Raman spectroscopy 

involves inelastic scattering with a photon from a laser light source, whereas IR 

spectroscopy involves photon absorption with a molecule excited to a higher vibrational 

energy level.  In addition, Raman scattering depends on the changes in the polarizability 

and IR absorption is based on the changes in the intrinsic dipole moments.  Therefore, 

both provide complementary information of a sample with respect to the molecular 

vibration, providing both quantitative and qualitative molecular information.  Both 
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techniques have been used for analyzing a variety of lignocelluloses with a capability of 

chemical mapping and imaging for the lignocelluloses.
134-135

  Features of these imaging 

techniques are chemical specificity without tagging labels, non-invasiveness, high spatial 

resolution, and real-time monitoring capability.  Thus, both have been developed as an 

important tool for biomass characterization.   

 

In the effort of the application of Raman microscopy for lignocelluloses last decade, 

cellulose and lignin signals can be clearly distinguished without an interference of 

hemicellulose signals.  In addition, a higher spatial resolution (~ 1µm) can be achieved by 

modifying a laser source in confocal microscopy mode which can distinguish multiple 

plant cell wall layers (e.g., secondary cell wall and middle lamella).
136-137

  Gierlinger et al. 

has demonstrated spatial distribution of lignin molecules in a cross-section of poplar 

sample using the high resolution confocal microscopy.
135

  The lignin molecules were 

preferentially located in the middle lamella and the cell corners in a cross-section of 

poplar sample.  Recently, new techniques by modifying Raman microscopy have been 

employed to acquire the high resolution signals which are orders of magnitude stronger 

than spontaneous Raman scattering signals in biomass.  There are two state-of-art Raman 

microscopies: one is coherent anti-Stokes Raman scattering (CARS) microscopy and 

another is stimulated Raman scattering (SRS) microscopy.
138-139

  CARS has been adopted 

with a nonlinear optical process which is utilized with two laser beams: a pump beam and 

a Stokes beam.
140

  Two beams interact with a sample and generate a coherent optical 

signal at the anti-Stokes frequency. The signal, then, is resonantly enhanced when two 

frequencies (anti-Stoke and Raman resonance) coincide.  Ding et al. introduced CARS 



 

 45 

microscopy to visualize spatial lignin distributions in a cell wall from both wild-type and 

lignin-downregulated Alfalfa.
138

  CARS microscopy is also used to monitor dynamic 

change of lignin during microbial digestion of poplar sample.  SRS microscopy is 

technically similar to CARS microscopy, but SRS microscopy has an advantage of 

detecting non-resonant electron background which allows detecting cellulose in biomass 

as well as lignin.  In addition, characteristic signals are observed at the same frequencies 

of spontaneous Raman scattering, allowing spectral assignment easy by the rich spectral 

library.   

 

Fourier Transform (FT) IR microscopy equipped with a focal plane array (FPA) detector 

allows rapid chemical mapping over large area with decreasing spectral acquisition 

time.
141

  In FTIR microscopy, characteristic signals such as different oligosaccharides, 

lignin, and proteins are well-defined and a sample spectrum is readily assigned based on 

unique spectral bend.
142-143

  However, FTIR microscopy is limited to spatial resolution 

due to long wavelength of infrared radiation and reduced penetration depth in high water 

content substrate.  Yin et al. has demonstrated FTIR microscopy for investigating the 

effects of the chemical changes in spruce wood lumber during steam pretreatment, 

monitoring the secondary cell wall degradation.
144

   

 

2.4.2 Microscopic imaging analysis  

Microscopic techniques have been traditionally, commonly applied to understand 

morphology and ultrastructure of plant cell wall.  Most common microscopic techniques 

are atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission 
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electron microscopy (TEM), and light/optical/fluorescent microscopy.  Each technique 

has been improved for better understating morphological feature of plant cell wall from 

micrometer to nanometer scale, resulting in providing multimodal information such as 

three dimensional structure or compositional properties.   

 

AFM is a member of the scanned-proximity probe microscopy, i.e., scanning without 

surface contact, which represents high resolution surface topography under nanometer 

scale.  Briefly, a microcantilever with a nanometer scale tip scans a sample surface and 

the deþections of the microcantilever are measured by multichannel photodiode detector.  

AFM has been used to measure the nanometer scale cellulose microýbrils on the surface 

of plant cell wall, resulting in understanding a molecular structure of plant cell wall.
145-147

  

For example, cellulose microýbrils at primary cell wall in native plant were observed as 

smaller, uniformly distributed, and highly parallel, whereas the microfibrils in dried plant 

cell wall were aggregated, disorganized, and twisted.
31, 148

  These results suggest that the 

dehydration processes could alter microfibril structure and arrangement at primary cell 

wall.  Ding et al. also proposed a new molecular model of the cellulose microfibril 

configuration in plant cell wall using high-resolution AFM.
149

  With modifying system or 

alternative tip AFM can provide rich information such as porosity, granularity, elasticity, 

density, and morphology in plant cell wall.  For example, mode-synthesizing atomic 

force microscopy (MSAFM), ultrasonic-based atomic force microscopy, has been 

employed for biomass characterization.
150-152

  MSAFM allows the probe and sample to 

engage in nonlinear mechanical interaction, which is collected by a mode synthesizing 

sensor.  Then, the signal provides multiple information such as subsurface mechanical 
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property and high resolution topography.  Tetard et al. reported that oxidative 

delignification process caused significant change in middle lamella on a cross-section of 

poplar sample.
150

  In addition, cell wall multilayer showed different mechanical 

properties (e.g., Youngôs modulus) in poplar samples. 
152

 

 

Electron microscopy such as SEM or TEM has been widely used for structural analysis of 

biomass due to a capability of the high spatial resolution imaging.  Nanometer scale 

images allow understanding the orientation of microfibrils or the degrees of porosity of 

the membranes in plant cell walls.
54,153-154

  In particular, environmental mode SEM 

(ESEM) development in recent years has enabled high resolution morphological 

information on fully hydrated tissues of lignocellulosic biomass. 
155

  ESEM allows the 

examination of practically any specimen under any gaseous conditions, resulting in 

imaging in wet and non-conductive system.  Hamm et al. has demonstrated ESEM to 

observe an effect of thermal dehydration on wood stems.
155

  Electron tomography (ET) 

providing a three-dimensional (3D) structure has been introduced in biomass 

characterization.
156-157

  ET is based on the acquisition of multiple projection images (100-

200) obtained from tilted angle frames by TEM.  Then, these projections are aligned and 

combined, generating a 3D reconstruction of the original object.  ET has showed the 

orientation of cellulose microfibrils and the arrangement of lignin and hemicelluloses in 

secondary cell wall of radiate pine.
157

   

 

Light or optical microscopy is easy to access but is limited by the spatial resolution which 

is constrained by the diffraction limit of visible light (~200 nm).
158

  Thus, several 
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microscopic techniques have been recently developed with increasing spatial resolution 

up to 50 nm: stimulated emission depletion (STED), reversible saturable optical linear 

þuorescence transitions (RESOLFT) microscopy, saturated structured illumination 

microscopy (SSIM), stochastic optical reconstruction microscopy (STORM), and total 

internal reflection fluorescence microscope (TIRFM).
159-160

  These techniques, referred to 

as single molecular spectroscopy (SMS), are used to detect interaction between plant cell 

wall polymers, cellulolytic microbes, and enzymes in order to investigate a molecular 

dynamic and kinetic.
161

  For example, SMS utilized with þuorescent tagging materials 

captures transient intermediates and provides direct information on the distribution of 

physical properties of a single molecule in a highly heterogeneous system.  Ding et al. 

reported a capability of a single molecular detection and mapping at the molecular level 

of resolution when the tagged carbohydrate-binding modules (CBM) probed and detected 

a target molecule on the surface of plant cell wall by TIRF microscopy.
161

  SMS images 

are frequently compared with other high resolution imaging techniques such as TEM or 

AFM.  
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CHAPTER 3  

LITERATURE REVIEW B: IMAGING MASS SPECTROMETRY  

 

Imaging mass spectrometry (IMS) is a powerful technique combining the chemical 

specificity and parallel detection of mass spectrometry with microscopic imaging 

capabilities.
162

  The ability to simultaneously obtain chemical images from all analytes on 

sample surface provides spatial distribution of interesting species from atomic to 

macromolecules and their chemical organization.  In addition, the chemical image can be 

correlated with physical features.
162-163

  There are generally two types of imaging mass 

spectrometry based on the method of scanning a sample and generating a surface image: 

secondary ion mass spectrometry (SIMS) and matrix-assisted laser desorption/ionization 

(MALDI) -IMS techniques.   

 

The first type of imaging mass spectrometry, SIMS, generates secondary ions using 

bombardment of an accelerated primary ion (PI) on the surface of samples.
164

  On the 

other hand, MALDI -IMS uses pulsed laser to desorb molecules associated with a matrix 

from sample surface.
165

  Ejected secondary ions or matrix associated fragment ions are 

simultaneously detected by a time-of-flight (TOF) mass spectrometry and mapped as an 

ion image across the sample.
162

  Both MALDI and SIMS imaging provide spatial 

information about different classes of biomaterials on sample surface.  For this reason, 

both imaging techniques are increasingly used to investigate a wide variety of chemicals 

within biological systems at tissue and single cell levels.
166

  Both techniques are 

complementary with respect to spatial imaging resolution, mass detection range, and 
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degree of surface damage by ionization process.
167

  In terms of the spatial resolution, 

SIMS can generate 2-dimensional (2D) chemical images at micron to 100 nm level while 

MALDI provides relatively lower spatial resolution images at ~ 10 µm.
168-170

  Comparing 

the range of mass detection, MALDI has a capability to detect large molecules 

(theoretically unlimited) but SIMS can detect relatively lower mass species due to very 

low secondary ion efficiency above m/z 1000.
164,167

  In terms of 3-dimensional (3D) 

imaging capability, SIMS equipped with dual beams (primary and sputter beams) can 

generate in situ 3D chemical image as well as depth profiling, whereas MALDI requires 

series of sectioned samples to generate a 3D chemical image.
171-172

   

 

The advantage of IMS is that both techniques, in common, provide versatile information 

through retrospective data analysis such as four different modes of interpretation at single 

experiment: total ion image, total area spectrum, regions of interest (ROI) spectra, and 

mass-specific images (Figure 22).
167

 

 

 

Figure 22  Overview of retrospective data process for two-dimensional image analysis. 
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Total ion image approximately shows how many different regions exist and where the 

target species are located on the analyzed area.  In a total ion image, all of detected ions 

are visualized using pseudo-color scale at each pixel.  Different level of color intensities 

at each pixel can be assumed as different chemical species which can be used for further 

MS interrogation.  Total area spectrum acquired by summation of all the ions at the same 

mass-to-charge range gives an answer how many different chemical species exist within 

the analyzed area.  Characteristic signals in the total area spectrum can be assigned using 

comparison with mass libraries or further experiment (e.g., MS/MS in MALDI-IMS).  

Once understanding the number of chemical species in the sample, the interesting species 

in ROI can be identified by summation of mass spectrum at each pixel and ROI spectra 

can be classified in all ROI across the surface.  Finally, a mass-selected image, the 

chemical image of interesting species based on the identified mass signals, can represent 

spatial distribution on the surface of the sample.  The number of mass-selected images 

can be generated as many as the number of interesting species on the surface of the 

sample.  This chapter reviews imaging mass spectrometry fundamentals and their 

applications on lignocellulosic biomass.   

 

3.1 TOF-SIMS: basic principle, instrumentation, and applications 

3.1.1 Basic principle  

Secondary ion mass spectrometry (SIMS) is a highly refined mass spectrometry (MS) 

technique specialized for surface analysis by detection of ionized particles (i.e., 

secondary ions) on the surface of the sample.
167

  The basic mechanism to generate 

secondary ions is that a pulsed ion beam (i.e., primary ion: PI) with high energy 
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bombards a small spot on the surface and the PI energy is transferred to the atom which 

interacts with neighbor atoms, referred to as a collision cascade. 
164,167

  During the 

collision cascade, atoms or molecules receiving enough momentum return to the surface 

and are sequentially ejected as either neutrals or ions, referred to as sputtered particles 

(Figure 23).  Only a small portion of positive or negative ions among the sputtered 

particles are considered as secondary ions and detected by mass spectrometer, e.g., time-

of-flight (TOF) analyzer.  Ionization probability of the species is totally based on the 

nature of the species, such as the chemical state of the surface or the environment of the 

species, referred to as matrix effect.
164,167

 

 

 

Figure 23  Schematic diagram of secondary ion emission process initiated by the impact 

of a primary ion on the surface of sample.
173
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3.1.2 Instrumentation  

SIMS is generally equipped with liquid metal ion gun (LMIG) as a primary ion source 

using monatomic, polyatomic, or cluster ions.  LMIG has become the standard gun 

because of its ability for  rapid submicron imaging.
174

  LMIG is the most important part 

that can significantly improve the sputter yields especially in organic and larger 

molecules.  For example, static SIMS suffers from low secondary ion yields since limited 

PI dose less than 1.0 x 10
13

 ions/cm
2
 is used to avoid chemical or molecular damage on 

the surface.  In addition, ejection of large organic species or their fragments from the 

surface has also been limited even at dynamic SIMS mode which uses a continuous PI 

beam.  For these reasons, recently cluster ions of gold (Aun
+
), indium (Inn

+
), bismuth 

(Bin
+
) and fullerene (C60

+
)  have been developed as LMIG sources in order to improve 

secondary ion yields, replacing conventional monatomic ions (e.g., gallium). 
164,167

   The 

cluster ions dramatically increase sputter yields compared to conventional monatomic 

ions resulting in significant improvement of secondary ion yields, particularly of high 

mass species.  For example, sputtering yields of water molecule from thin water ice film 

were calculated between Au
+
 and cluster ions bombardment.  The result showed that the 

cluster ions generate ~ 25 times more sputtered particles as determined by molecular 

dynamics computer simulation (Table 11).
164,175

  Therefore, cluster ions have an 

advantage for analyzing and imaging biopolymer samples such as cellulose or lignins.   
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Table 11  Sputter yields of water molecules from ice under bombardment by 20 keV 

Aun
+
 ions compared with C60

+
.
164

 

 

 

To analyze insulators such as non-conducting organic or biopolymer materials, surface 

charging has to be considered due to increasing surface potential by cumulative positive 

primary ions.  High potential beyond the acceptance level of analyzer leads to lose SIMS 

spectrum.  For this reason, a flooding gun is applied to neutralize the surface (i.e., charge 

compensation) by irradiating with relative amount of a flux of electrons between PI 

intervals in duty cycle (Figure 24).
164,176

 

 

 

Figure 24  The duty cycle of the extractor, analysis gun, sputter gun and flood guns in 

TOF-SIMS.
177
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Emitted secondary ions voyage into mass analyzer by a high voltage potential to 

determine their mass as mass-to-charge ratio (m/z).
164,176

  There are different types of 

mass analyzer: time-of-flight (TOF) mass spectrometer (MS), quadrupole mass analyzer, 

and magnetic sector.
164,178

  Herein, TOF analyzer widely equipped with SIMS is briefly 

introduced.  TOF-MS is based on a simple mass separation principle by time duration.  

Ionized secondary ions travel from the same staring position at the same time and are 

accelerated by means of a constant homogeneous electrostatic field.  The velocity of 

accelerated ions is, of course, related to its mass-to-charge ratio and the time of arrival (t) 

to a detector is used to determine its mass, calculated as:  

2/1

2
ö
÷

õ
æ
ç

å
=

zV

m
Lt      (2) 

where L represent length of flight path; m, mass of ion; z, charge of ion; and v, 

acceleration potential.
164

  Hence, low mass ions will travel faster and hit the detector 

before heavier ions.  TOF analyzer needs to be coupled with a pulsed ion beam due to 

separation of all the ions by mean of flight time duration.  Accordingly all emitted ions 

can be detected over the full mass range.  The advantages of TOF analyzer are great 

sensitivity, wide mass range detection, and high mass and spatial resolution compared to 

other types of mass analyzer.   

 

The great function of TOF-SIMS is depth profiling which allows measuring vertical 

chemical information such as qualitative chemical composition or 3D ion image from the 

surface to subsurface of the sample.  To erode an analyzed layer TOF-SIMS is equipped 

with a sputter gun using a focused DC ion beam which uses low ion energy (1keV ~ 
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10keV).
167

  In ION-TOF instrument, Dual source column (DSC) mounted with two 

different ion sources (commonly cesium and oxygen) is used to erode the surface.  DSC 

is useful to switch between a thermal ionization cesium (Cs) source and an electron 

impact (EI) oxygen source.
167

  The Cs source is used for profiling electronegative 

secondary ions while oxygen EI source is used for profiling electropositive ones.   

 

3.1.3 Mode of operation for high mass resolution or high spatial resolution  

In TOF-SIMS, there are the interrelationships between mass resolution, spatial resolution, 

and signal intensity and thereby a mode of operation has to be selected in order to obtain 

desired information such as high mass resolution spectra or high spatial resolution image.  

The mass resolution primarily depends on the duration of the PI.
162-163

  It is noted that 

bunching a pulsed PI beam, referred to as bunched mode, can result in the highest mass 

resolution without concurrent loss of ion counts in TOF-SIMS (Figure 25).
174

  However, 

the bunched mode is often a trade off in the spatial resolution which is no better than 2-5 

µm.  To improve the spatial resolution by submicron scale, the pulsed PI beam is 

operated under non-bunched mode with narrowing PI beam, referred to as burst 

alignment or collimated mode.  However, both non-bunch modes seriously lose mass 

resolution so that close signals in mass spectrum can be not separated (Figure 25).  The 

loss of the mass resolution results in a barrier for TOF-SIMS application in bio or organic 

materials because the number of possible interferences for molecular ions can be very 

high.  To compromise the drawback of each mode, e.g., low mass resolution in non-

bunched mode or low spatial resolution in bunched mode, a series of short PI pulses 

(~1.5ns) with non-bunching, referred to as burst mode, has been introduced only in ION-
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TOF instrument.  The burst mode, thereby, generates a series of separated signals from 

one species which can be summed up during mass interpretation, while the high spatial 

resolution is kept (Figure 25).   

 

 

Figure 25  Examples of mass spectra based on operational modes.
179

 

 

3.1.4 Two-dimensional (2D) image analysis 

Visualizing chemical species with a spatial distribution on the surface of the sample 

provides valuable information in many areas, which is a crucial role of TOF-SIMS.  

There are two types of imaging modes: microprobe (scanning probe) and microscope 

modes (Figure 26).
162,178,180

   

 

Microprobe mode is widely used due to technically simplicity and wide comparability 

with different type of mass analyzers.  In microprobe mode, a small diameter of PI hits a 

spot at the whole region of interest and secondary ions are subsequently collected as a 

mass spectrum.  Then the sample stage sequentially moves to the next spot for ionization 
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by the PI and the spectrum is recorded in a parallel manner.
167

  These processes are 

repeated until the whole region of interest is scanned.  All mass spectra obtained across 

the surface of the sample are recorded and reconstructed as the mass spectrometry image.  

Firstly, the intensity of each spectrum is assigned using pseudo-color scale and is 

displayed in a single pixel which is used to determine spatial resolution.  In other words, 

spatial information inside a pixel governed by PI beam is lost, a major drawback of 

microprobe mode.  However, the drawback may not be seriously affected in TOF-SIMS 

image since the image shows the greatest spatial resolution with sub-micron scale among 

the other IMS.  All species detected by TOF analyzer are represented as total ion image 

which is summation of all of ions in mass spectrum in each pixel.  Total ion image is 

useful to understand topographic information and to be correlated with optical/electron 

images.  Characteristic ions assigned in total mass spectrum are also mapped and 

superimposed in the total ion image as many as the number of interesting species.  In 

addition, ROI spectra where the interesting ions are localized in total ion image can be 

extracted for further analysis.   

 

Microscope mode is technically complex and only comparable with TOF analyzer, but it 

provides superior spatial resolution which is not governed by PI beam.
 162,178,180

  In 

microscope mode, a large diameter PI beam illuminates the surface of the sample and 

emitted secondary ions are subsequently detected via TOF analyzer at a time.  The 

detector records both the mass information (e.g., intensities of the interesting species) and 

geometrical position (e.g., x and y positions) of each ion.  In microscope mode, therefore, 
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one image of one m/z can be generated at a time and then multiple shots of PI beam are 

repeated as many as the number of interesting species.  

 

 

Figure 26  Schematic diagram of the two approaches for molecular imaging mass 

spectrometry: (a) microprobe and (b) microscope modes.
180

 

 

3.1.5 Three-dimensional (3D) image analysis 

Unique feature of TOF-SIMS is three dimensional (3D) MS imaging of the sample 

combined with the surface erosion using sputtering process, which provides vertical and 

lateral chemical information from surface to sub-surface.
169

  The origin of secondary ions 

is the outmost one or two atomic or molecular layers although the energy of PI is 

distributed wider.  As a result TOF-SIMS is possible to characterize ultrasurface rather 

than other techniques (e.g., XPS or Raman spectroscopy).
164

   

 

A focused DC ion beam equipped in TOF-SIMS is capable of shallow surface erosion 

from several nm to µm so that the new surface below the analyzed surface can be 
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revealed.
167

  Sequential TOF-SIMS analysis and surface sputtering allows monitoring of 

all interesting species simultaneously, referred to as depth profiling.  The 2D imaging 

combined with the depth profiling under the optimal condition for the certain area 

removal can allow for 3D image reconstruction.  3D imaging by TOF-SIMS, referred to 

as 3D microarea analysis, is generally performed under dual beam mode (i.e., 

combination of DC ion beam and PI beam) in order to maintain high mass resolution and 

high spatial resolution during 2D TOF-SIMS imaging process.  The advantage of the dual 

beam mode is the choice of the DC ion beam based on the composition or the desired 

kinetic energy so that a sputter rate and a penetration depth of the energy cascade can be 

controlled.  For example, the lower voltage of the DC ion beam is preferred when it is 

desired to minimize the artifact formation and the surface disruption at the new exposed 

surface.  In 3D microarea analysis, secondary ions are usually collected at relatively 

smaller area than the etch area because secondary ions from the crater edge can reduce 

spatial resolution by depth differences.  Timing cycle of dual beams for 3D microarea 

analysis of insulating materials needs to be optimized due to adding a flooding gun for 

charge compensation.  Generally the surface charge by a DC ion beam in one cycle is not 

fully compensated even though the flooding gun is simultaneously operating.  This leads 

to reducing mass resolution because of an unstable sample potential and a large integral 

energy spread of the secondary ions.  To maintain high mass resolution, single phase of 

charge compensation is then inserted before the analysis phase in duty cycle, referred to 

as non-interlaced mode.
177

  Briefly in one cycle, a DC ion beam initially removes a 

certain amount of material for few seconds while the PI beam is blanked.  Thereafter a 

flooding gun neutralizes the surface by irradiating with a relative amount of a flux of 
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electrons prior to PI beam irradiation.  Subsequently, PI beam scans the surface inside the 

etch area and the secondary ions are analyzed while DC ion beam is blanked.  In case of 

multiple scans between sputtering process, a flooding gun has to be applied at the end of 

each scan.  

 

3.1.6 Applications of TOF-SIMS in biomass    

Initially, TOF-SIMS applications were dominated by inorganic materials for 

semiconductor research and lately minerals processing with regards to surface chemistry, 

organic contaminants and adsorbates.  TOF-SIMS application on the plants began with 

the investigation of inorganic species such as calcium, sodium, or phosphorous as well as 

its earlier application on pulp and paper researches.  Earlier studies on pulp and paper 

using TOF-SIMS have provided basic knowledge such as lignin signal assignment, 

resulting in widening TOF-SIMS usability for cell wall characterization.  Saito et al. 

investigated the lignin fragment ions and its structure generated by PI bombardment in 

TOF-SIMS.  Series of prominent fragment cations were detected and characterized from 

the isolated hardwood or softwood lignin.
181-182

  Moreover, their structures were 

identified using deuterium-labeled synthetic lignin: m/z 107 (C7H7O
+
) and 121 (C7H5O2

+
) 

for p-hydroxyphenyl units (H), m/z 137 (C8H8O2
+
) and 151 (C8H7O3

+
) for guaiacyl units 

(G), and m/z 167 (C9H11O3
+
) and 181 (C9H9O4

+
) for syringyl units (S).  Tokareva et al. 

applied TOF-SIMS to visualize lignins, carbohydrate, and metals on the sections of aspen 

and spruce wood and found the uneven distribution of H-lignin and G-lignin in cell wall 

whereas carbohydrates were uniformly distributed.
183

  Interestingly TOF-SIMS was used 
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for historical architecture study where TOF-SIMS image discriminates the 

indistinguishable sapwood from the heartwood collected from an ancient construction.
184

   

 

Recently TOF-SIMS has been applied on the field of biofuel and biomass research.  Jung 

et al employed TOF-SIMS to characterize the surface of poplar sample after dilute acid 

pretreatment.
104

  In dilute acid pretreated sample, xylan content on the surface relatively 

increased compared to the untreated sample whereas xylan content in bulk composition 

significantly decreased after dilute acid pretreatment.  This result indicated the possibility 

of different chemistry between surface and bulk upon chemical treatment of woody 

material.  Goacher et al. also employed TOF-SIMS to measure the cellulase enzyme 

activity on lignocellulosic biomass.
185

  Principle component analysis of polysaccharide 

and lignin signals in TOF-SIMS spectra represented different cellulase activities in the 

samples, showing the possibility of TOF-SIMS as an enzyme activity measuring tool.  

The spatial distribution of the syringyl and guaiacyl lignin, and their ratio is considered as 

an important factor in biofuel research.
186

  Zhou et al. determined the spatial distribution 

of the S and G lignins within a single cell wall of cross sectioned poplar stem where the 

guaiacyl lignin was predominantly located in the vessel cell wall while syringyl lignin 

was mainly located in the fiber cell wall.
187

  Saito et al. also reported the vessel walls 

were G-rich and the earlywood was S-rich in maple wood.
188
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3.2 MALDI -IMS: basic principle, instrumentation, and applications 

3.2.1 Basic principle  

Matrix-assisted laser desorption/ionization (MALDI) uses a soft ionization technique for 

transferring large and/or nonvolatile molecules into the gas phase as intact ions for mass 

analysis (Figure 27).
189-190

 MALDI is often coupled with a discontinuous mass analyzer 

such as a time of flight (TOF) analyzer because of a pulsed ion source in the system (see 

Chapter 3.1.2).  The analytes are embedded in the matrix which absorbs the UV-light 

emitted from a laser aiding the analyte to desorb in intact form.
191

   

 

The ionization mechanism in MALDI is not fully discovered yet, but the photochemical 

ionization model has been broadly accepted proposed by Ehring et al.
192-193

  The 

photochemical ionization is a two-step process: the ionization of analyte and the 

proton/electron transfer to an analyte ion.
193-194

 Briefly, primary matrix ions are produced 

by laser absorption and analyte ions are subsequently produced by the interaction 

between matrix ion and analyte ions.  During the multi-photon ionization process all 

possible routes such as excited-state proton transfer, disproportionation reaction, and 

thermal ionization are considered to produce the matrix ions.  The second step is 

producing the analyte ions by protonation or deprotonation from a collision process with 

matrix ions.  An analyte ion is produced as either positive or negative form.  Other 

ionization models such as cluster ionization have been also proposed.
191, 195
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Figure 27  Schematic diagram of MALDI ionization.
196

  

 

MALDI -based imaging mass spectrometry (IMS) was introduced by Caprioli et al. 

providing a capability of measuring both low and high mass species with the spatial 

information.
197

  This MALDI-IMS leads to a significant advance in the field of MS.  

Once MALDI-IMS has employed TOF analyzer due to the nature of pulsed laser, the 

image are mostly acquired under microprobe mode (see Chapter 3.1.3).  MALDI -IMS is 

amenable to detect low and high mass species with high sensitivity and thus this is well-

suited to biological sample.  It is noted that the quality and reproducibility of MALDI 

image such as the spatial distribution is, in some degree, governed by the matrix 

application and sample preparation.
162-163

  For example the size of matrix crystal directly 

affects the spatial resolution of the MALDI image where the limitation is discussed in 

next part.  Commercial MALDI-IMS routinely provides lower lateral resolution (around 

100 ~ 25 µm) compared to TOF-SIMS imaging (~ 50 nm).  Recently the lateral 

resolution in MALDI-IMS is improved up to ~ 0.6 µm with a specialized instrument and 

automated matrix application.
170
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3.2.2 Instrumentation  and matrix application 

MALDI -MS instrument consists of ionizer, mass analyzer, and detector as well as TOF-

SIMS instrument mentioned at Chapter 3.1.2.  As a source of ionizer, two types of UV 

lasers are typically employed: nitrogen laser (337 nm), and frequency-tripled and 

quadrupled Nd:YAG (355 nm or 266 nm).
163, 198

  The UV laser sources are used to ionize 

matrix-analyte complex by the proposed mechanism (see Chapter 3.2.1).  Positive or 

negative ions generated from the analyte are separated on the basis of mass-to-charge 

ratio in the mass analyzer.  There are various types of analyzers such as TOF, Quadrupole, 

or Ion trap.  TOF analyzer widely used in commercial MALDI instrument is briefly 

reviewed earlier (see Chapter 3.1.2).  The ions accurately separated via the analyzer are 

detected and recorded in nanometer seconds.
198

 

 

In MALDI -MS/IMS analysis the analyte material is mixed with a suitable matrix which 

is typically a low molecular weight organic acid prior to laser irradiation.  This is the 

most crucial step, so-called as the matrix application, in order to properly ionize the 

analyte or improve the spatial resolution.
162, 199

  First, the choice of matrix depends on the 

type of analyte.  There are several organic matrices commercially available such as 

sinapinic acid (SA), Ŭ-cyano-4-hydroxy-cinnamic acid (CHCA), and 2,5-

dihydroxybenzoic acid (DHB).  The properties and applicability of three major matrices 

are summarized in Table 12.
199

  The matrices are required to isolate the analyte by 

dilution, to make co-crystal with the analyte, to absorb laser energy, and to easily 

disintegrate the condensed phase of the co-crystal.   
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Table 12  Features of common matrices for MALDI-IMS.
199

 

 

 

The matrix is typically dissolved in suitable solvents such as methanol, water, acetone, 

acetonitrile and mixture of these.  For MALDI-MS of liquid or bulk solid samples the 

analyte is also dissolved in appropriate solvents and then mixed with the matrix solution.  

For MALDI-IMS of the tissue sample containing the analytes matrix solution is applied 

on the surface the sample using various methods.  During matrix application procedure, 

the matrix-analyte complex is co-crystallized on the surface.  The size of co-crystal or the 

homogeneous coverage on the surface of the sample directly influences the quality of the 

MS image such as the spatial resolution.  Another concern of the matrix application is 

that the matrix solution has to extract the analyte vertically from the sample into matrix 

crystals while avoiding the corresponding horizontal diffusion and analyte redistribution.  

For this reason several methods for matrix application have been developed such as 
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automatic depositing the matrix by robotic device or sublimating the matrix under 

reduced pressure, instead of manual dropping of the matrix.
199-200

  

 

3.2.3 Applications of MALDI -IMS in biomass    

Since Tanaka and Hillenkamp developed MALDI -MS technique, the versatility of 

MALDI -MS has been extended with the advent of protein profiling and imaging directly 

from the surface of thin biological tissue sections.
190, 197, 201-202

  For example, MALDI-

MS/IMS has been used to characterize a variety of microorganisms including bacteria, 

fungi, and viruses.  Beside its clinical and biological applications, MALDI-MS/IMS has 

been little emphasized in plant biology, especially cell wall polymers, in part, due to the 

difficulty of cellulose and lignin ionization.   

 

Metzger et al. employed MALDI -MS to determine the molecular weight (MW) of milled 

wood lignin (MWL) isolated from birch wood.
203

  The mass spectrum of MWL showed a 

series of signals (i.e., different lignin oligomers) at m/z 2600 which was a good 

agreement with the average number MW (Mn) of birch MWL determined by gel 

permeation chromatography (GPC).  Using synthetic lignin, De Angelis et al. also 

observed the repetitive units (mass interval: 178.6 Da) between m/z 500~1800 in mass 

spectrum.  Recently, Yoshioka employed nano-assisted laser desorption/ionization 

(NALDI) -MS to detect synthetic lignin and observed intense of lignin signals.
204

   

 

Cellulose is limited to ionization in MALDI -MS due to rigid and crystalline structure.  

Accordingly only part of cellulose has been detected by MALDI-MS up to 20 
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oligomers.
205-207

  Sumi et al employed MALDI- to determine MW distribution of 

microcrystalline cellulose after hot-compressed water pretreatment.
205

  The glucose 

oligomers in the water insoluble fraction after pretreatment were observed up to 18 

glucose units containing mass interval 162Da, which was also confirmed by HPLC 

analysis.  Jung et al. introduced MALDI-IMS to visualize cellulose oligomer distribution 

on the surface of poplar sample.
206

  A cellulose poplar sample was prepared by removing 

hemicellulose and lignin and was, then, conducted to MALDI-IMS.  MS images 

illustrated the distribution of cellulose up to 21 glucose oligomers on the surface of the 

poplar sample.  For plant cell wall MS imaging, Lunsford et al. employed MALDI -linear 

ion trap (LIT)-MS in order to increase molecular speciýcity so that the chemical 

similarities of the various sugars and monolignols can be distinguished.
207

  The MS 

images showed even distribution of both cellulose and hemicellulose ions on the surface.  

IMS has been also employed for the cellular distribution of metabolites in plant tissue in 

order to understand how the metabolism is controlled in cells.
208

  For example, Burrell et 

al. reported that phosphorylated metabolites (e.g., glucose-6-phosphate) were unevenly 

distributed in wheat seeds upon different stages of development.
209
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CHAPTER 4  

EXPERIMENTAL MATERIALS AND PROCEDURES  

 

4.1 Materials 

4.1.1 Chemicals and materials 

All chemicals were purchases either from Sigma-Aldrich (St. Louis, MO) or VWR (West 

Chester, PA), and used as received.  All gases were purchased from Airgas (Radnor 

Township, PA).  Embedding material (OCTÊ) for cryotome sectioning was purchased 

from Sakura Finetek Tissue-Tek
® 

(Alphen aan den Rijn, Netherlands).  G8 glass fiber 

filter for carbohydrate analsys, double side adhesive carbon tape for SEM, and KBr 

powder (500 mg packet) for FTIR analysis were purchased from Thermo Fisher 

Scientific (Madison, WI).  Glass slides and disposable blade were purchased from VWR 

(West Chester, PA). Plastic pouch for holocellulose pulping was purchased from Kapak 

Corporation (Minneapolis, MN).   

 

4.1.2 Biomass substrate 

Hybrid poplar clones were grown in for six months in a greenhouse at different locations.  

Populus. deltoides x nigra (DN34) clone was grown at National Renewable Energy Lab 

(NREL, Golden, CO) and Populus tremula x alba (PTA) clone was grown at Oak Ridge 

Nation Lab (ORNL, Oak Ridge, TN).  The plants were grown on a flood table and 

watered four times a day automatically.  The greenhouse maintained 16 h of light per day 

with 30-60% humidity. The entire poplar stems were cut and stored at -20 °C.  Populus 
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trichoparpa x deltoids (baseline poplar) was harvested between 2007 and 2008 by ORNL.  

Logs were debarked, split with an axe, chipped (Yard Machines 10HP, MTD Products 

Inc., Cleveland, OH), and knife milled (Model 4 Wiley Mill, Thomas Scientific, 

Swedesboro, NJ) through a 1 mm screen size; all of these operations were performed at 

NREL.  After one month of air-drying at NREL, the chips had a moisture content of 

approximately 5 wt%.  The material was further milled through a 20-80 mesh screen to 

produce particles with diameters of 0.18 mm to 0.85 mm (Thomas-Wiley Laboratory Mill 

Model 4, Arthur H. Thomas Company, Philadelphia, PA) before being shipped to 

Georgia Tech. 

 

4.1.2.1 Milled  poplar stem 

Fresh poplar stem was pre-dried in vacuum oven at 40 °C overnight prior to milling.  

Dried poplar stem was milled using Thomas-Wiley Laboratory Mill machine and was 

simultaneously sieved through a 20-80 mesh screen.  Milled sample was stored at -20 °C 

for further treatments.  

 

4.1.2.2 Cryotome section of poplar stem 

Cross-section samples of poplar were accomplished by employing a slight modification 

of the literature method.
210

  A piece of poplar stem less than 2 cm in diameter was cross-

sectioned to 50 ɛm thickness using a LEICA CM 3050S cryostat (Leica Biosystems, 

Richmond, IL) equipped with a disposable steel blade and embedding material (OCTÊ, 

Sakura Finetek).  A disposable steel blade was installed and used after removing the 

lubricant on the blade surface using dichloromethane and ethanol.  To avoid any 
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contamination from the embedding material, a piece of poplar stem was attached on the 

metal plate using a small amount of glue on the bottom edge instead of embedment 

(Figure 28).  The chamber temperature for cryotome section was adjusted at -8 °C and 

cutting speed was manually controlled.  Sectioned sample was stored at -20 °C for further 

treatments.  

 

                                           

Figure 28  Non-embedding sample mount for a cryotome section. 

 

4.2 Experimental Procedures 

4.2.1 Soxhlet Extraction 

Extractive-free poplar was prepared with sequential 5 h Soxhlet extractions according to 

TAPPI method T 204 cm-07.
211

  Extractives for both the cross sectioned and milled 

samples were removed by placing the samples (5.00 g of dry weight) into an extraction 

thimble in a Soxhlet apparatus.  The extraction flask was filled with CH2Cl2 (300 mL) 

and then refluxed with boiling rate of five solvent cycles per hour.  The extractive-free 

solids were air dried overnight. 
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4.2.2 Holocellulose pulping 

Holocellulose poplar was isolated from the extracted sample by removing lignin 

following well-cited procedures.
212-213

  Extractive-free sample was subjected to an 

oxidative treatment with NaClO2 (1.30 g/g sample) and acetic acid (0.14 M, 375 mL) in a 

sealed plastic pouch (Kapak Corporation).  The pouch was then placed in a reciprocating 

water bath at 70 °C for 1 h.  The oxidative treatment was repeated three more times to 

produce holocellulose.  The holocellulose was recovered by filtration and washed 

thoroughly with deionized (DI) water, and air dried overnight. 

 

4.2.3 Cellulose isolation 

Cellulose poplar was isolated from the holocellulose samples  by removing hemicellulose 

according to literature procedure.
214

  Holocellulose sample was subjected to an acid 

hydrolysis with HCl (2.5 N 100 mL) at 100 °C for 4 h.  The cellulose was recovered by 

filtration and washed thoroughly with deionized (DI) water, and air dried overnight. 

  

4.2.4 Dilute acid pretreatment 

Dilute acid pretreated samples were prepared using different sulfuric acid concentration 

and temperature. A sample (2.00 g dry weight) was presoaked in 1-2 vol. % H2SO4 (v/v, 

200 mL) for 4 h with stirring at room temperature.
215-216

  The presoaked sample was then 

filtered, washed with DI water, and then transferred to a 4560 mini-Parr reactor (300 ml) 

and added to 1-2 vol. % H2SO4 (% dry solids content).  The vessel was heated to ~175 °C 

over ~30 min (at 5 ºC/min).  The reactor was held at ~175 ± 2 °C (648 kPa) for ~10 min 

and then quenched in an ice bath.  The pretreated samples were filtered and washed with 
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DI water and paramagnetic impurities were removed by washing the solids with a dilute 

aqueous solution of ethylenediaminetetraacetic acid (EDTA,300 mL, 0.2 N) and DI water 

followed by air dried overnight.   

 

4.3 Analytical Procedures 

4.3.1 Carbohydrate and acid-insoluble lignin (Klason lignin) analysis 

Samples for carbohydrate constituents and acid-insoluble lignin (Klason lignin) analysis 

of both sectioned and milled poplar were prepared using a two-stage acid hydrolysis 

protocol based on TAPPI methods T-222 om-88 with a slight modification.  The first 

stage utilizes a severe pH and a low reaction temperature (72 vol.% H2SO4 at 30 °C for 1 

h).  The second stage is performed at much lower acid concentration and higher 

temperature (3 vol. % H2SO4 at 121 °C for 1 h) in an autoclave.  The resulting solution 

was cooled to room temperature and filtered using G8 glass fiber filter (Fisher Scientific).  

The remaining residue which is considered as Klason lignin was oven-dried and weighed 

to obtain the Klason lignin content.  The filtered solution was analyzed for carbohydrate 

constituents of the hydrolyzed poplar sample using high-performance anion-exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD) using Dionex ICS-

3000 (Dionex, Sunnyvale, CA).
217

  Error analysis was conducted by performing 

carbohydrate and acid-insoluble lignin analysis at least three times on milled samples.  

The plotted data represent the average and the error bars are one standard deviation. 
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4.3.2 TOF-SIMS analysis 

TOF-SIMS analysis was performed using PHI TRIFT III spectrometer (Physical 

Electronics, Chanhassen, MN) or ION-TOF TOF·SIMS V instrument (ION-TOF, 

Münster, Germany).  PHI TRIFT III spectrometer equipped with a 
69

Ga liquid metal ion 

gun (LMIG) as a primary ion source.  The instrument was operated in positive mode (22 

keV) with 600pA of primary ion current.  A raster size of 200 µm × 200 µm was used for 

all data acquisition from the samples.  ION-TOF TOF·SIMS V spectrometer was 

equipped with a Bi liquid metal ion gun (LMIG) as a primary ion source and an O2 

sputter ion source.  With a pulsed Bi3
+
 primary ion gun (25 keV) at a current of 0.18 pA 

positive spectra were obtained in either a high-mass resolution mode or in a high spatial 

resolution imaging mode.  For a high-mass resolution mode, the sample (500 × 500 µm
2
) 

was rastered by Bi3
+
 primary ion gun and charge compensation was subsequently applied 

using pulsing low-energy (25 eV) electrons onto the sample between successive primary 

ion pulses.  Three data points per each sample were acquired from the three replicates, at 

least, to reduce site specificity and error analysis was conducted.  For a high spatial 

resolution imaging mode, 2D SIMS image was generated by scanning the Bi3
+
 primary 

ion beam over the sample (50 × 50 µm
2
, 256 × 256 pixels) for 100 times using a software 

(SurfaceLab6, ION·TOF, Münster, Germany).  After 100 scans of topmost layer, surface 

erosion by O2
+
 sputtering source (300 × 300 µm

2
, 2 keV) at a current of 0.65 pA was 

applied for 2s at non-interlaced mode. The imaging/sputtering cycles were repeated for 

30 times and the data set was used for 3D image reconstruction.  A 3D SIMS image was 

generated by stacking multiple 2D images using a software (ImageSurfer ver. 1.20, 

http://imagesurfer.cs.unc.edu/).
218
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4.3.3 Matrix application for MA LDI -MS/IMS  

Three matrixes were tested with cellulose to determine the best signal response: 2,5-

dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA), and sinapinic 

acid (SA).  Matrix solution was composed of 20 mg/ mL matrix (e.g., DHB) dissolved in 

acetonitrile/trifluoroacetic acid solution (TA:10% acetonitrile and 0.1% trifluoroacetic 

acid (v/v) in DI water).  For MALDI-MS analysis, the section of each sample was milled 

for 10 min, while vibrating at 15 Hz using MM200 mixer mill (Retsch Inc, Haan, 

Germany).  After 2 min of vortexing the milled sample (100 mg/ mL) with TA solution , 

the suspension was mixed with the matrix solution at a 1:100 (suspension: matrix 

solution) volume ratio.  The mixture (~2 µL) was spotted onto a stainless steel MALDI 

plate and air dried.  For preparing MALDI -IMS samples, an oscillating capillary 

nebulizer (OCN) matrix application system was employed.
219

  Cross-section of poplar 

cellulose was fixed on a stainless steel MALDI plate using adhesive tape.  The DHB 

matrix solution was delivered to OCN sprayer using a syringe pump (KD Scientific, 

Holliston, MA) at 60 µL/ min flow rate and uniformly dispersed through an oscillating 

capillary (Polymicro Technologies, Phoenix, AZ) with a nitrogen pressure of ~ 345 kPa 

for 20 min.   

 

4.3.4 MALDI -MS/IMS analysis 

MALDI -MS was performed using a Voyager DE STR MALDI -TOF-MS (Applied 

Biosystems, Framingham, MA) equipped with a 337 nm N2 laser.  The data was acquired 

under delayed extraction conditions in both reflectron and linear positive ion modes using 

an external mass calibration.  Positive ion MALDI-MS data was acquired in both linear 
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and reflectron mode at an accelerating voltage of 12 and 20 kV, respectively, with an 85% 

grid ratio and a delay time of 400 ns.  The laser power was set to a minimum for 

ionization (2900 arbitrary units (AU) for reflectron mode and 3300 AU for linear mode), 

and then increased by 100-200 units for medium and high laser intensity.  The spectra 

were accumulated for 100 laser shots in a sample spot.   

 

MALDI -IMS data were acquired at an accelerating voltage of 12 kV with optimized laser 

power (3100 AU) in linear positive ion mode.  Raster scans were performed 

automatically on the sample surface with 12 shots for each spot.  MALDI-IMS data was 

processed using the data acquisition software (MALDI MS Imaging Tool, MMSIT; 

Novartis Pharma AG, Basel, Switzerland, http://www.maldi-msi.org/) over the sectioned 

poplar cellulose.  Mass spectra were processed for baseline correction and normalization 

using Data Explorer 4.0, which was supplied with the mass spectrometer.  The MS 

images were reconstituted using Biomap software (Novartis Pharma AG, Basel, 

Switzerland).   

 

4.3.5 Scanning Electron Microscopy 

All cross-sectioned samples were mounted onto a stage and then coated with gold for 2 

min by EM350 sputter.  Images were acquired via a JEOL-1530 Thermally-Assisted 

Field Emission (TFE) Scanning Electron Microscope (SEM) (JEOL, Peabody, MA) at 

various resolving powers under 5 kV. 
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4.3.6 Fourier Transform Infrared (FTIR)  Spectroscopy 

FTIR spectra were measured on a Nicolet Magna 550 spectrometer (Thermo Fisher 

Scientific, Madison, WI) with deuterated triglycine sulfate (DTGS) detector and OMNIC 

6.0 software. 64 scans at a resolution 4 cm
-1

 were averaged.  Poplar sample (10mg of dry 

weight) was uniformly ground and well mixed with KBr powder (500 mg packet, Thermo 

Fisher Scientific).  The samples were then transferred to a pellet making die and FTIR 

pellets were prepared applying ~11 Pa ram pressure (PHI Hydraulic laboratory press, 

City of Industry, CA) for 2 min under vacuum and FTIR spectra was acquired under N2.   

 

4.3.7 Solid-state NMR analysis 

The NMR samples were prepared with milled wood or isolated cellulose added into 4-

mm cylindrical ceramic MAS rotors.  Solid state NMR measurements were carried out on 

a Bruker Avance-400 MHz spectrometer (Bruker, Billerica, MA) operating at frequencies 

of 100.55 MHz for 
13

C in a Bruker double-resonance MAS probehead at spinning speeds 

of 10 kHz. CP/MAS experiments utilized a 5 µs (90°) proton pulse, 1.5 ms contact pulse, 

4 s recycle delay and 4ï8 K scans.  All spectra were recorded on pre-wet samples (30ï40% 

water content), and the line-fitting analysis of spectra was performed using NUTS NMR 

Data Processing software (Acorn NMR, Livermore, CA).  Error analysis was conducted 

by performing three individual isolations, NMR acquisitions and line-fit data processing. 
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CHAPTER 5  

SURFACE CHARACTERIZATION OF DILUTE ACID 

PRETREATED POPULUS DELTOIDES BY TOF-SIMS
1
  

 

5.1 Introduction  

Lignocellulosic materials are the most abundant biopolymers in nature, and have been 

highlighted as a potential source of biofuel production.  These renewable resources will 

be drawn from agro-energy crops (non-food crops) and biomass residues originating from 

both forest and agricultural ecosystems, considered a second generation biofuel resource.  

These bio-resources are attractive biofuel feedstocks as they avoid ñfood or fuelò 

concerns and are generally low-cost and widely distributed.
220-221

  Lignocellulosic 

materials are composed primarily of cellulose, hemicelluloses, lignin and pectin in plant 

cell wall.  The very same properties that make lignocelluloses attractive as plant cell wall 

components contribute to its resistance to deconstruction to simple monosaccharides.  

This property is commonly referred to as the recalcitrance of biomass.  This latter 

property contributes substantially to the current cost of biofuels and is the primary 

deterrent to the widespread commercialization of these types of alternative biofuels.  To 

overcome recalcitrance, and increase conversion of biomass to biofuels by enzymatic 
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hydrolysis and subsequent fermentation, a pretreatment process has been typically 

employed prior to biomass deconstruction.
22

  Many studies have reported dilute acid 

pretreatment (DAP) significantly improved cellulose enzymatic hydrolysis rate and 

glucose yields as DAP alters the biomass ultrastructure and increases enzyme 

accessibility and activity.
21

  A deeper understanding of the surface change, chemically or 

physically, on plant cell walls during DAP will give a better idea of how to optimize this 

pretreatment process.          

 

To investigate and establish the fundamental mechanisms of plant cell wall structure, 

various analytical techniques have been applied including nuclear magnetic resonance 

(NMR), infrared spectroscopy (IR), Raman spectroscopy, X-ray diffraction (XRD), and 

X-ray photoelectron spectroscopy (XPS).
43,222-225

  Liquid and solids NMR has been 

widely used to characterize the chemical structures of plant macromolecules but provide 

little topological information.
225

  Electron microscopy (EM) techniques, such as scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force 

microscopy (AFM), have also been used to study the surface morphology, although they 

do not provide detailed chemical information.
226-229

  Fluorescence imaging using 

monoclonal antibodies has been widely used to analyze the surface chemistry in plant cell 

walls. However, their use is limited due to the small library of antibodies for specific 

components within the plant cell wall.  

 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a powerful method for 

characterizing the surface on solid samples without any special treatment with high 
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spatial resolution. Due to its unique capabilities of analyzing a solid surface, this 

technique has been used for the characterization of organic and polymeric materials in 

various fields.
176

  Recent studies have highlighted some applications using TOF-SIMS in 

plant and animal tissue.  For example, the cross sections of Hinoky cypress have been 

characterized semi-quantitatively for the distribution of plant extractives and these results 

were used to identify the interface between sapwood and heartwood.
184

  Tokareva et al. 

have also employed TOF-SIMS to investigate the distribution of lignin, carbohydrates, 

extractives and metals across the cross sections of Norway spruce.
210

  Though examples 

exist of using TOF-SIMS to characterize plant tissue, the application of TOF-SIMS to 

characterize biomass resources during their conversion to second generation biofuels has 

not been reported yet.  This is partly due to the matrix-effect, defined as various ion 

yields depending on the chemical environment, and is the major barrier for quantitative 

measurement.  It is difficult to make direct comparisons of the same analytical 

component or species between chemically altered samples because of this matrix-effect.  

To counter this effect several methods have been employed in an effort to make SIMS 

quantitative:  (1) using a relative sensitivity factor, (2) matrix isotope species ratio, or (3) 

utilizing a method of standard addition.
176

  In recent studies, normalization of peak 

intensity has been used for semi-quantitative analysis of natural polymers on wood-based 

fiber surfaces after refining.
230

  

 

In this study, TOF-SIMS technique was examined to characterize cell wall component 

changes occurring on the surface of poplar stem after dilute acid pretreatment (DAP).  

Cross sections of extractive-free and holocellulose poplar stem were also analyzed and 
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used as a reference.  The change in major cell wall components (i.e., cellulose, xylan and 

lignins) on the surface of dilute acid pretreated poplar was semi-quantitatively compared 

using both relative contents and the spatial distributions of major components visualized 

by TOF-SIMS.  To further elucidate the spatial re-distribution of major cell wall 

components experienced during pretreatment, SIMS images were transformed to 

processed mapping images via a MATLAB platform.  Finally the chemical changes in the 

surface components after DAP were correlated with gross topological changes using 

electron microscopy (EM) images. 

 

5.2 Experimental Section 

5.2.1 Materials 

Samples were prepared as described in Chapter 4 (4.1.2 Biomass substrate).  Populus. 

deltoides x nigra (DN34) clone was grown at NREL and six-month-old juvenile poplar 

stem was collected for this study.  Poplar stem was sectioned or milled as described in 

Chapter 4 (4.1.2.1-2 Milled poplar stem and Cryotome section of poplar stem).  Both 

sectioned and milled samples were treated under same conditions with various methods.  

Flow diagram for sample preparation is shown in Figure 29.  
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Figure 29  Flow diagram describing the sample preparation of poplar stem. 

 

5.2.2 Extractive-free, holocellulose, and cellulose poplar preparation 

Samples were prepared as described in Chapter 4 (4.2.1-4.1.3).  All the results from the 

analyses were calculated based on the oven dry weight of biomass that was determined 

by measuring the moisture content using a moisture analyzer. The analyses that include 

standard deviations were done in three replicates. 

 

5.2.3 Dilute acid pretreatment (DAP) and severe DAP 

Dilute acid pretreatment process was performed as described in Chapter 4 (4.2.4 Dilute 

acid pretreatment).  Two different conditions of pretreatment were applied to both 

sectioned and milled samples: 1 vol. % H2SO4 and 160 °C for 10 min (DAP) or 2 vol. % 

H2SO4 and 175 °C for 10 min (severe DAP).  After post pretreatment process (e.g., DI 

water washing for neutralization), a sample was subsequently Soxhlet extracted with 
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CH2Cl2 in order to remove soluble residue on the surface.  A sample was then air dried 

(between glass slides especially for a sectioned sample). 

 

5.2.4 TOF-SIMS analysis 

TOF-SIMS spectra of cross-sectioned samples were collected with a PHI TRIFT III 

spectrometer as described in Chapter 4 (4.3.2. TOF-SIMS analysis).  The instrument was 

operated in positive mode (22kV) with 600pA of primary ion (
69

Ga) current under high 

mass and imaging resolution mode.  TOF-SIMS image of individual components was 

obtained by mapping selected positive ions.  MATLAB platform was used for mapping 

process from TOF-SIMS images.  Only the selected pixels over middle brightness on 

SIMS image were filtered and transformed by MATLAB ver.7.2. 

 

5.2.5 Carbohydrate and acid-insoluble lignin (Klason lignin) analysis 

Carbohydrate profiles and acid-insoluble lignin content in cross-sectioned and milled 

samples were determined as described in Chapter 4 (4.3.1 Carbohydrates and acid-

insoluble lignin analysis).  

 

5.2.6 Scanning Electron Microscopy 

Surface morphology of cross-sectioned poplar before and after various treatments was 

observed by using JEOL-1530 TFE-SEM as described in Chapter 4 (4.3.6 Scanning 

Electron Microscopy).  The images were taken at various resolving powers under 5 kV.  
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5.2.7 FTIR  Spectroscopy 

Transmission mode FT-IR spectra were collected with a Nicolet Magna 550 spectrometer 

as described in Chapter 4 (4.3.7 Fourier Transform Infrared (FTIR) Spectroscopy).  Both 

sectioned and milled samples were finely ground to powder and dried at 105 °C for 12 h.  

Then, the sample (10mg of dry weight) was mixed KBr powder for making FTIR pellet. 

 

5.3 Result and discussion 

5.3.1 Effects of sample preparation 

Although the pretreatment of biomass, prior to enzymatic deconstruction, is typically 

accomplished on sawdust or milled wood, for this study cross sections of poplar stem, 

e.g., extractives-free and dilute acid pretreated poplar, was elected to facilitate TOF-

SIMS analysis.  To ensure that the 50 µm thick cross-sectioned poplar stem was 

undergoing comparable pretreatment chemistry as milled wood, 20-mesh ground poplar 

was also dilute acid pretreated and both materials were characterized for their sugars 

profiles and gross chemical constituents by FTIR.  The extractive-free, holocellulose, 

severe holocellulose, cellulose enriched, and dilute acid pretreated poplar samples were 

prepared. The ground and cross-sectioned poplar from samples were analyzed by FTIR in 

Figure 30.  A major absorption band at 1740 cm
-1 

was assigned to carboxylic-ester 

bonding, which originates from acetyl groups of the non-cellulosic fraction in the poplar 

cell wall.
231

  Generally, acetylated hemicellulose is contributed as a form of 4-O-

methylglucuronoxylan in poplar.
232

  The absorption peaks around 1595 and 1510 cm
-1 

were assigned to aromatic skeletal vibration from lignin. The absorbance at 1428 cm
-1
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was also attributed to lignin, while other wavenumber ranges represented common 

absorption bands for example glycosidic linkages at 1150 cm
-1

, b-(1Ÿ4) linkages at 890 

cm
-1

, and hydroxyl group at 3500 cm
-1

.
233-234

  In milled poplar, acetylated hemicellulose 

absorbance at 1740 cm
-1 

was observed in the extractive-free, holocellulose and severe 

holocellulose samples in Figure 30a. However, the hemicellulose absorbance peaks 

nearly disappeared in cellulose enriched and DAP poplar.  This observation was 

consistent with carbohydrate composition of the ground samples, in which only trace 

amount of hemicellulose was detected in cellulose enriched and DAP poplar (Table 13).  

Two peaks corresponding lignin (1510 and 1428 cm
-1

) were clearly observed in 

extractive-free and DAP poplar, while an additional lignin peak (1595 cm
-1

) was 

overlapping with the adjacent broad absorption (1650 cm
-1

) originating from water.  

Moreover, lignin absorption peaks were not observed in holocellulose and cellulose 

enriched poplar in Figure 30a. The spectra of cross-sectioned poplar presented identical 

spectral patterns with those of ground poplar in Figure 30b.  Bulk carbohydrate analysis 

of both ground and sectioned poplar exhibited nearly similar carbohydrate and lignin 

distribution values as summarized in Table 13.  The results of these analyses suggest that 

under the DAP conditions ground and cross-sectioned poplar are undergoing comparable 

chemical processes. 
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Figure 30  Part of FTIR spectra of (a) milled poplar and (b) sectioned poplar. Inner boxes 

represent full range spectra. 
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Table 13  Carbohydrate compositions of sectioned and milled poplar after treatments. 

 
a
: Average of relative carbohydrate compositions based on total sugar units, b

: Standard 

deviation. 

 

 

5.3.2 Carbohydrates and Klason lignin analysis 

In an effort to quantitatively analyze the changes to the compositions of the structural 

carbohydrates and lignin, which make up the bulk of the biomass samples, 

monosaccharide and Klason lignin analysis were performed on cross sections of poplar 

stems.  An extractive-free sectioned poplar was used as a baseline material for 

comparison.  Figure 31 summarizes the variation of bulk carbohydrate and Klason lignin 

distribution after various treatments.  The majority of the hemicelluloses seen in the 

extractive-free poplar, characterized by the xylose, mannose, arabinose, and galactose 

contents, were hydrolyzed after DAP, while the relative glucose content increased by 40% 

after DAP.  The relative Klason lignin content detected previously in extractive-free 

poplar slightly increased ~ 5% as a result of DAP.  After severe dilute acid pretreatment 

(sDAP), the relative Klason lignin content was increased significantly by ~60%, while 

relative glucose content increased by ~20% as compared with that of extractive-free 
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poplar.  One possible explanation for the increment of Klason lignin content after sDAP 

is that cellulose is easily degraded than lignin under severe acidic pretreatment condition.   

 

In addition, at high temperatures and long residence times during pretreatment 

polysaccharides have been shown to undergo acid catalyzed dehydration to yield a lignin-

like structure referred to as pseudo-lignin.  This material is acid insoluble and therefore 

could contribute to the Klason lignin content.
235

  Li et al. estimated 25-40% of the 

residual lignin content in steam-exploded aspen wood (170 °C for 210 min) was actually 

pseudo-lignin.  Holocellulose poplar was obtained from cross sections of extractive-free 

poplar.  To further clarify the component distribution, especially for lignin at the poplar 

surface, an additional sample was obtained from a more severe holocellulose pulping 

process, which is defined here as severe holocellulose poplar.  The relative Klason lignin 

content after holocellulose pulping process dramatically decreased over 85% as compared 

with that of extractive-free poplar.  Interestingly, the severe holocellulose poplar still 

contained 1.5% Klason lignin which was approximately half that of the holocellulose 

poplar. 
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Figure 31  Carbohydrate and Klason lignin contents of cross sectioned poplar after 

treatment; Y scale is enlarged on inner graph to show the low contents of hemicelluloses. 
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5.3.3 Surface analysis of dilute acid pretreated poplar 

To investigate how the chemical constituents of the cell wall change during pretreatment, 

the cross sections of native and DAP poplar were analyzed by TOF-SIMS.  Figure 32 

shows positive ion mass spectra (m/z 100-200) obtained from various treated poplar by 

TOF-SIMS.  Characteristic TOF-SIMS ion fragments of the major components in poplar 

were identified according to published literature values.
181,229-230,236-237

  Cellulose yields 

primary fragments of m/z 127 (C6H7O3
+
) and 145 (C6H9O4

+
), while xylan (major 

hemicellulose component) fragmented to m/z 115 (C5H7O3
+
) and 133 (C5H9O4

+
).

229-230
  

Depolymerized fragments of lignin were also assigned employing the results by Saito et 

al.  The signals at m/z 167 (C9H11O3
+
) and 181 (C9H9O4

+
) were assigned to syringyl (S) 

lignin units and m/z 137 (C8H9O2
+
) and 151 (C8H7O3

+
) to guaiacyl (G) lignin units.

181
   

 

All  characteristic fragment ions of cellulose, hemicellulose and lignin were detected with 

various intensities depending on the treatment conditions as illustrated in Figure 32.  

Although the bulk carbohydrate and Klason lignin analysis indicated a 95% drop in the 

relative amount of hemicellulose sugars after DAP, TOF-SIMS analysis detected the 

considerable presence of xylan fragments on the surface of the dilute acid pretreated 

poplar as shown in Figure 32b. Also the peak intensities of xylan did not change 

significantly even after severe dilute acid pretreatment (sDAP) as shown in Figure 32d.  

Ion fragments of G-lignin units in holocellulose poplar were still observed while only 

trace levels of S-lignin units were detected in Figure 32c.  A similar pattern of G and S-

lignin units was detected even in severe holocellulose poplar (Figure 32e), which were in 

contrast to the results of bulk carbohydrate and Klason lignin analysis.   
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Figure 32  Part of positive TOF-SIMS spectra: (a) Extractive-free poplar, (b) DAP poplar, 

(c) Regular holocellulose pulping poplar, (d) sDAP poplar, (e) severe holocellulose 

pulping poplar.  Characteristic ions are marked as C (cellulose ions), G (guaiacyl lignin 

ions), S (syringyl lignin ions), and X (xylan). 
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To observe quantitative cell wall component change on the surface of poplar, 

normalization of peak intensity from TOF-SIMS is required. Since secondary ion yields 

vary based on chemical environment, the direct comparison of the absolute ion counts 

cannot be employed to obtain quantitative information in SIMS.
176

  Therefore ion count 

normalization following the procedures described by Kleen was performed prior to 

comparison of relative intensities.
237-238

  The relative intensity of each species was 

calculated as the sum of its primary fragments in Figure 33.
237

  The relative intensity of 

S-lignin units dramatically decreased on the surface of holocellulose poplar as compared 

with that of extractive-free poplar, but the intensity of G-lignin units only slightly 

decreased.  However, the relative intensity of xylan increased approximately two-fold, 

whereas the cellulose signal did not change significantly on the surface of holopulped 

poplar.  Interestingly, after the severe holocellulose pulping treatment, the relative 

intensities of the major cell wall components did not change compared with those of 

regular holocellulose poplar, showing almost identical normalized ion counts.  This result 

was contrary to bulk carbohydrate and Klason lignin analysis which indicated a ~ 50% 

reduction of relative lignin content after severe holocellulose pulping.  TOF-SIMS would 

suggest that only a small proportion of lignin on the surface is removed by the 

holopulping process.  The observed increases in intensities of the characteristic cell wall 

components after DAP when compared with extractive-free poplar may result from two 

factors: matrix-effects and/or further exposure of characteristic components to the surface.  

Since DAP can break down the lignin-carbohydrate complex and disrupt the crystalline 

structure of cellulose, deformation of plant cell walls should be addressed.
239

  This 

change in surface morphology and chemistry may permit higher yields of secondary ion 
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fragments from the biomass surface.  The relative intensities of cellulose and G-lignin 

units after DAP (1% H2SO4 at 160 °C for 10 min) were doubled as compared to those of 

extractive-free poplar.  This most likely suggests more cellulose was exposed to the 

surface, which can be partially supported by bulk carbohydrate and Klason lignin 

analysis.  The relative glucose content in bulk carbohydrate analysis was doubled after 

DAP as compared to extractive-free poplar while almost all hemicelluloses were removed 

upon DAP.  Interestingly, the relative intensity of xylan after DAP increased by 30%, 

while the intensity of xylan after sDAP slightly decreased as compared to extractive-free 

poplar.  This result suggests that DAP also causes migration of xylan fragments to the 

surface of sectioned poplar prior to solublization of xylan due to acid hydrolysis. As 

additional evidence of this migration, the severe pretreatment condition (2% H2SO4 at 

175 ºC for 10 min) seems to release xylan from the biomass which has accumulated on 

the surface of the poplar during the pretreatment.  Brunecky et at. observed similar 

migration of xylan in DAP corn stover by confocal laser microscope using fluorescent 

labeled antibody.  They detected decreasing xylan signal as a function of increased DAP 

severity and suggested the migration of xylan from the central cell wall to the lumen and 

middle lamella during DAP.
240

  Notably, the intensities of S-lignin units after sDAP 

dramatically decreased as well as xylan, whereas the intensities of cellulose and G-lignin 

units remained relatively similar to those of dilute acid pretreated poplar.  This may 

indicate that S-lignin units are more reactive than G-lignin units and therefore easily 

removed upon pretreatment.   
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Figure 33  Relative intensities of each component in cross-sections of different treated 

poplar by TOF-SIMS. 

 

TOF-SIMS images were used to determine the spatial distribution of cellulose, xylan and 

lignin after DAP.  Figure 34 shows ion count images of characteristic cell wall species on 

the surface of dilute acid pretreated poplar Figure 34a represents a total ion image and the 

other images represent the integrated intensities of selected mass fragments as a function 

of pixel position (Figure 34b-e).  Brighter colors on TOF-SIMS images correspond to 

higher intensities of the indicated species.  According to Figure 34, the characteristic ions 

of the major components (cellulose, xylan, and G- & S-lignin units) were observed across 

the cell wall while the lumen were shown as black color on the surface of cross-sectioned 

poplar.  The high number of low intensity signals often makes it difficult to identify the 
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spatial distribution of a particular species in areas having overlapping ion fragments for 

various species and to determine how they relate to each other.   

 

 

Figure 34  TOF-SIMS images of cross-sections of DAP poplar: (a) Total ion image, (b) 

Cellulose ion image (pooled signal for m/z 127, 145), (c) Xylan ion image (c, green dots, 

pooled signal for m/z 115, 133), (d) S-lignin ion image(pooled signal for m/z 167, 181), (e) 

G-lignin ion image (pooled signal for m/z 137, 151).  Scale bar is 100µm.  
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To better understand where the characteristic ions are spatially located, TOF-SIMS 

images of dilute acid pretreated poplar were transformed by a MATLAB platform based 

on the pixel brightness in Figure 35.  The transformed images only represent intense 

signals, as the MATLAB platform filters less intense spots from the original image, 

resulting in a visually clearer image with distinct areas of intensity.  Overlaying the 

transformed images of individual cell wall components with one another or with the 

image of total ion count can permit the comparison of localized areas on cell wall surface.  

The image in the center area of Figure 35a can easily be cross-correlated with the TOF-

SIMS image in Figure 34a.  Transformed images of all characteristic components were 

superimposed over the total ion count image as seen in Figure 35b.  Red dots represent 

the localized positions of intense cellulose fragments, while xylan is shown as green dots. 

TOF-SIMS images of G- and S-lignin units were also transformed in the same manner, 

and depicted as blue and pale purple dots.  Notably green dots, representing xylan, 

appeared more frequently and more widely dispersed along the cell wall than cellulose in 

Figure 35b even though both species exhibited similar levels of relative intensities in 

Figure 33.  A potential factor contributing to the random appearance of xylan fragments 

could be due to hemicellulose re-precipitation during DAP.  Another explanation is that a 

part of xylan may localized in the inner cell wall layer which was exposed on the surface 

as the cell wall morphology was changed during DAP.
241
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Figure 35  Images transformed by MATLAB platform using DAP TOF-SIMS images: (a) 

Total ion image (yellow); (b) Cellulose (red), xylan (green), G and S-lignin units (blue 

and pale purple) overlaid on (a).  Scale bar is 100µm.  

 

Scanning electron microcopy (SEM) images partially supported the latter as 

morphological changes in the cell wall before and after DAP were observed in Figure 36.  

The middle lamella (arrowhead) was observed in the central area of the cell wall and the 

thick layers adjacent to the middle lamella include multi-layer secondary cell wall as seen 

in Figure 36a.
242

  After DAP, the inner layers of the cell wall (i.e., part of secondary cell 

wall) were detached from the central area (i.e., middle lamella) and the detached inner 

layers became widely dispersed as seen in Figure 36c.  Interestingly, the detached inner 

layer was not observed after sDAP in Figure 36d.  The thin layer in Figure 36d could be 

the middle lamellar and the remaining secondary cell wall because border lines were 

observed at both side of thin layer (arrowhead).  This observation also further supports 

the existence of xylan located preferentially in the inner cell wall layer, as reflected in the 

relative intensities of xylan after DAP and sDAP in Figure 33.  Essentially, the relative 

intensity of xylan after sDAP dramatically decreased compared to that of DAP, but the 
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intensity of cellulose did not change between DAP and sDAP in Figure 33.  However, 

holocellulose pulping process did not affect the cell wall thickness much as shown in 

Figure 36e-f.  The thickness of cell wall even after holocellulose pulping treatment was 

similar to that of untreated poplar and cell wall detachment was not observed. 

 

 

Figure 36  Electron micrograph of cross-sectioned poplar: (a) Untreated poplar, (b) 

Extractive-free poplar, (c) DAP poplar, (d) sDAP poplar, (e) Holocellulose poplar and (f) 

Severe holocellulose poplar. ML: middle lamella, SCW: secondary cell wall, Scale bar is 

1ɛm. 
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5.4 Conclusion 

In this chapter, a sample preparation method was introduced using non-embeded cryo-

microtome technique for 50 µm thick of cross-sectioned poplar stem.  The sectioned 

sample was suitable for surface analysis, because it was contamination-free and flat, 

keeping a native cell wall structure even after severe dilute acid pretreatment.  Chemical 

comparability on both sectioned and milled samples was determined using FTIR and 

carbohydrate analysis prior to surface analysis since there was no study on the 

relationship between particle size and pretreatment effect.  The sectioned sample was 

chemically comparable to milled sample before and after various treatments such as 

dilute acid pretreated or holocellulose pulping.  Cross section of dilute acid pretreated 

poplar was then analyzed by TOF-SIMS in order to observe the changes of surface 

characteristics (i.e., cellulose, xylan, and lignin) and to understand different chemistry 

distribution between surface and bulk sample.  After dilute acid pretreatment, xylan 

notably increased on the surface while most of hemicelluloses including xylan were 

removed in bulk carbohydrate analysis.  In detail, TOF-SIMS image presented widely 

spread xylan over the surface of dilute acid pretreated poplar stem.  In addition, semi-

quantitative approach by TOF-SIMS showed that relative intensity of xylan in pretreated 

sample increased by 30% compared to untreated sample.  One reasonable explanation of 

this result is that there was xylan re-precipitation during the low temperature quenching 

process.  As a result there are different chemical distributions between surface and bulk 

sample.  After severe dilute acid pretreatment, the relative intensity of xylan dramatically 

decreased similar to that in untreated sample on the surface, resulting from further 

degradation of xylan to small soluble molecules even at low temperature.  Increment of 
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Klason lignin content after severe dilute acid pretreatment shows one of evidence of 

pseudo lignin formation generated from carbohydrate.  Morphological changes observed 

by SEM also showed that cell wall thickness was decreasing with increasing pretreatment 

severity.  These results may help explain certain aspects of the difficulty to enzymatically 

hydrolyze lignocellulose.  Furthermore, the surface analysis of pretreated biomass by 

TOF-SIMS could give a clue to investigate the origin of different chemical distribution 

between surface and bulk biomass after a pretreatment process.  Since the chemical 

difference could be partially resulted from re-precipitation of xylan at low temperature in 

batch reactor, using different type of reactor with continuous solvent flow system the 

mechanism can be determined.  This study was performed in Chapter 6. 
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CHAPTER 6  

EFFECT OF FLOWTHROUGH PRETREATME NT ON THE 

SURFACE OF POPLAR STEM: 2D CHEMICAL IMAGE  ANALYSIS 

BY TOF-SIMS
2
 

 

6.1 Introduction  

Growing worldwide energy demands and increasing concerns of energy security and 

climate change have led to renewed global efforts in the development of alternative 

energy sources from renewable sources such as lignocellulosic biomass, to augment and 

replace fossil transportation fuels.
1, 3

  Lignocellulosic biomass is the most abundant 

biopolymer in the Earth.  It is considered that lignocellulosic biomass comprises about 50% 

of world biomass and its annual production was estimated in 10ï50 billion ton.
243

  The 

lignocellulosic complex is made up of a matrix of cellulose and lignin bound by 

hemicellulose chains.  This structural heterogeneity and complexity of biomass contribute 

to natural resistance of plant cell wall.  For biofuel production perspective, the inherent 

structural feature, however, make a big barrier for cellulose deconstruction referred to as 

biomass recalcitrance.  Due to the inherent recalcitrance of biomass towards enzymatic 

deconstruction, chemical pretreatments are necessary to make the carbohydrates 

amenable to enzyme hydrolysis and fermentation.
3
   

                                                 

2
 Heather McKenzi, University of California Riverside, prepared water-only flowthrough pretreated poplar 

for this study. 
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Flowthrough pretreatment provides a number of advantages such as the monitoring of the 

evolution of pretreatment products as a function of time, the limitation of side and 

degradation reactions, and the removal of pretreatment products prior to quenching 

process thus avoiding precipitation of products.  Previous study in Chapter 4, abundance 

of residual xylan was detected on the surface of pretreated sample.  Xylan oligomers that 

are soluble at reaction temperatures are insoluble at lower temperatures and precipitate on 

the surface during the low temperature quenching process of batch reactor.  A fixed bed 

flowthrough reactor offers the opportunity to avoid these problems. In this system, 

solubilized products are removed from the reactor quickly therefore hydrolysis products 

can be tracked as a function of time and the potential for side and degradation reactions is 

limited. Additionally, the evolution of hydrolysis products reflects the relative 

recalcitrance of the biomass fraction. Finally, few solubilized products are present in the 

reactor during the reaction quench thereby lowering the possibility of precipitates.  

Bobleter et al. pioneered the use of flowthrough reactors.
244

  Flowthrough pretreatment 

has been shown to produce highly digestible cellulose, increase hemicellulose recovery 

and lignin removal. Liu et al found that flowthrough pretreatment removed more 

hemicellulose and lignin from corn stover than batch pretreatment.
245

  A later study by 

Yang et al. found that flowthrough pretreated corn stover was also more digestible than 

the batch pretreated material.
246

 

 

Lignin has been implicated as an inhibitor during enzymatic cellulose hydrolysis.  Lignin 

is considered to act as both a physical barrier and an attractant to cellulases, resulting in 

limitation of cellulases accessibility and non-productive binding to cellulose, 
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respectively.
247

  Therefore, many of the pretreatment methods currently being explored 

have tried to decrease the lignin content in biomass with minimizing the degradation of 

carbohydrates.
21

  In addition, lignin distribution is also considered as an important factor 

as well as the actual lignin content because a lignin redeposition on the surface of 

biomass also occurs during pretreatment process.
248

  Donohoe et al. found an evidence of 

lignin extrusion at cell wall layer, mostly at cell corner and middle lamella, and proposed 

a mechanism for lignin removal during thermochemical pretreatments.  When 

thermochemical pretreatments reach a certain temperature above the range for lignin 

phase transition, it can cause lignins to coalesce into larger molten bodies that migrate 

within and out of the cell wall, and can redeposit on the surface of plant cell walls.  

Sannigrahi et al. also reported that pseudo-lignin can be generated from carbohydrates 

without significant contribution from lignin during dilute acid pretreatment, especially 

under high severity pretreatment conditions.
116

  The pseudo-lignin also observed on the 

surface after pretreatment.   

 

To delineate the spatial distribution of lignin on the surface, a series of water-only 

pretreatments were performed on poplar sample.  Cross section of juvenile poplar stem 

was pretreated under mild temperature in order to avoid losing original structure of plant 

cell wall.  Instead of temperature controls, a series of pretreatments were performed 

under longer reaction time (10 min ~ 150 min) than typical conditions (~ few min).  

Different lignin contents of pretreated sample were acquired and analyzed by time of 

flight secondary ion mass spectrometry (TOF-SIMS).  TOF-SIMS is an emerging 

technique providing chemical information directly from the surface of biomass without 
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sample treatment such as matrix application or radioactive labeling.
164

  Mass spectra 

obtained over the sample surface as a result of secondary ion emission can be mapped 

into a 2D molecular image representing the lateral distribution of characteristic species at 

a sub-micron scale.  The spatial distribution of lignin on the surface of pretreated poplar 

stem was visulaized and compared to each other.   

 

6.2 Experimental Section 

6.2.1 Materials 

Samples were prepared as described in Chapter 4 (4.1.2 Biomass substrate).  Populus. 

deltoides x nigra (DN34) clone was grown at NREL and six-month-old juvenile poplar 

stem was collected for this study.  Poplar stem was sectioned as described in Chapter 4 

(4.1.2.2 Cryotome section of poplar stem).   

 

6.2.2 Extractive-free poplar preparation 

Samples were prepared as described in Chapter 4 (4.2.1-4.1.3).  A sample was Soxhlet 

extracted before and after flowthrough pretreatment.  All the results from the analyses 

were calculated based on the oven dry weight of biomass that was determined by 

measuring the moisture content using a moisture analyzer. The analyses that include 

standard deviations were done in three replicates. 
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6.2.3 Water-only flowthrough through pretreatment  

Water-only flowthrough pretreated samples were prepared by Dr. Heather McKenzie 

(University of California Riverside).   In brief, a sample was subjected to flowthrough 

pretreatment at 160 °C with water solvent using Custom-built reactors.  The reactors 

were constructed from stainless steel tubing with an outer diameter of 12.7 mm and a 

length of 150 mm.  The reactors were sealed using threaded caps (SS-810-C, Swagelok, 

San Diego, CA).  One reactor was prepared with a thermocouple (.062-K-U-4"-T3-10 ft 

TF/TF-MP, Wilcon Industries, Lake Elsinore, CA) inserted along the centerline to record 

the reactor temperature as a function of time using a Digi-Sense DualLogR 

Thermocouple Meter (15-176-96, Fisher Scientific, Pittsburgh, PA).  Data was 

transferred from the meter to a computer using an infrared adapter (EW-91100-85, Cole 

Parmer, Vernon Hills, IL).  The reactor was loaded with 1 g moisture free biomass and 

then installed in the piping system.  The pump was set to a flow rate of 25 mL/min and 

started.  The back pressure valve was adjusted to 1.1 MPa.  Once the system was verified 

to be leak free, the reactor and heating coil were lowered into the sand bath and heated.  

The hydrolysate produced as the reactor was heated to 160 °C was collected.  Once this 

temperature was attained the reaction was said to have started.  Hydrolysate was collected 

in three minute intervals until the desired reaction time was reached.  Reactions lasted 10 

to 150 minutes.  The reactor and heating coil were then transferred to a water bath in 

order to stop the reactions.  A run was also performed in which the reactor was cooled 

immediately after reaching 160 °C; this was taken as "zero minutes".  The residual solids 

were collected from the reactor by filtration, washed, and retained for analysis. 
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6.2.4 TOF-SIMS analysis 

TOF-SIMS spectra of cross-sectioned samples were collected with a ION-TOF 

TOF·SIMS V spectrometer as described in Chapter 4 (4.3.2. TOF-SIMS analysis).  The 

instrument was operated in positive mode (25kV) with 0.18 pA of primary ion (Bi3
+
) 

current under high mass and imaging resolution mode.  For a high-mass resolution mode, 

the sample (500 × 500 µm
2
) was rastered under bunched mode for 3 min and the spectra 

was collected.  Three data points per each sample were acquired from the three replicates, 

at least, to reduce site specificity and error analysis was conducted.  For a high spatial 

resolution imaging mode, 2D SIMS image was generated by using a software 

(SurfaceLab6, ION·TOF, Münster, Germany) after scanning the Bi3
+
 primary ion beam 

over the sample (50 × 50 µm
2
, 256 × 256 pixels) for 600 time. 

 

6.2.5 Carbohydrate and acid-insoluble lignin (Klason lignin) analysis 

Carbohydrate profiles and acid-insoluble lignin content in cross-sectioned and milled 

samples were determined as described in Chapter 4 (4.3.1 Carbohydrates and acid-

insoluble lignin analysis).  
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6.3 Result and discussion 

6.3.1 Carbohydrates and Klason lignin analysis 

Cross-section of poplar stem was water-only flowthrough pretreated under four 

conditions as mentioned in the Experimental Section.  These conditions from mild to 

severe were chosen because they exhibited different cellulose/hemicelluloses recovery 

and delignification efficiencies.  Bulk compositional changes of the structural 

carbohydrates and lignin on cross sectioned samples were quantitatively analyzed (Figure 

37).  Extractive-free poplar (i.e., control) has an initial glucose content of ~58% which is 

mostly originated from cellulose, and a Klason lignin content of ~27% with rest portion 

of xylose and minor sugars originated from hemicelluloses.  After 10 min pretreatment, 

the relative glucose content increased by ~5% compared to that in control, while 

hemicelluloses and Klason lignin contents were a trade-off.  For the minor sugars, only 

small variations were noted.  Thereafter, the glucose content was proportionally increased 

with longer retention time in reactor.  After 120 min pretreatment, the proportion of 

glucose significantly increased by ~50% compared to that in control, Klason lignin and 

xylose contents relative decreased by ~45% and 75% compared to control, respectively.  

However, this trend was changed after 150 min pretreatment.  It was observed that, after 

most severe pretreatment (150 min), the glucose content decreased and the Klason lignin 

and xylose contents increased compared to 120 min pretreated sample.   

 

This result should indicate that there is a turning point of cellulose degradation under 

severe pretreatment condition.  Notably, a part of Klason lignin increment after 150 min 

pretreatment should be contributed by pseudo-lignin formation.  Recently, Sannigrahi et 
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at. proposed that the formation of pseudo-lignin by the combination of carbohydrate and 

lignin degradation products is responsible for the increased Klason lignin content in 

pretreated biomass under severe conditions.
116

  This pseudo-lignin negatively influences 

enzymatic cellulose hydrolysis.
115

   

 

 

Figure 37  Carbohydrate and Klason lignin contents of cross sectioned poplar after 

water-only flowthrough treatments; Y scale is enlarged on inner graph to show the low 

contents of hemicelluloses. 
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6.3.2 Surface analysis of dilute acid pretreated poplar 

The positive spectra of the pretreated samples were obtained from the surface of each 

sample.  Then, the characteristic monomeric ions of lignin were assigned at m/z 137 and 

151 for guaiacyl (G) and at m/z 167 and 181 for syringyl (S) lignin unit.  Cellulose ions 

were at m/z 127 and 145 as assigned in the literature.
182,229-230

  For semi-quantitative 

approach, the changes in the relative intensities of characteristic ions were compared after 

normalization.  Normalized ion intensity of lignin or cellulose was obtained from the 

summation the characteristic ions and compared in Figure 38.  Cellulose ions showed an 

increasing trend with increasing pretreatment duration till 120 min pretreatment as well 

as bulk carbohydrate data.  Notably, after 10 min pretreatment cellulose ions were almost 

doubled as compared with that of control, while bulk cellulose composition represented 

only 5% differences in Figure 37.  More cellulose observation on the surface was due to 

the disruption of cell wall structure such as hemicellulose hydrolysis, resulting in more 

cellulose exposure to surface.   

 

This result reasonably accounts for why the pretreatment process is a demand for higher 

yield of sugar release for enzymatic cellulose hydrolysis.  Interestingly, the level of lignin 

ions on the surface did not change after 10 min pretreatment, which was very similar to 

bulk Klason lignin data in Figure 37.  These results should indicate there is a chemical 

difference between surface and bulk before and after pretreatment.  This is consistent 

with the finding in Chapter 4 that xylan content was different between surface and bulk 

after dilute acid pretreatment.  After 120 min pretreatment, cellulose ions were relatively 

increasing by three times while the lowest lignin ions were observed.  This significant 
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increase of relative cellulose ion intensity could most likely be interpreted as the result of 

a degradation and loss of lignin and hemicelluloses, respectively, from the cell wall 

structure.  Further pretreatment for 150 min resulted in decreasing cellulose ions and 

increasing lignin ions on the surface as well as bulk composition data.  These results 

indicate the point of maximum cellulose and minimum lignin presence on the surface of 

pretreated sample.   

 

 

Figure 38  Relative intensities of each component in cross-sections of different pretreated 

poplar by TOF-SIMS. 
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Molecular ion images of pretreated samples represent the chemical characteristic features 

of lignin (Figure 39).  Firstly, a total ion image was generated from each spectrum, 

representing the population of all released ions up to m/z 800 mass range.  Thereafter, 

lignin ions pooled signal for m/z 137, 151, 167, 181 was overlaid on the total ion image 

using green dots.  The spatial distribution of lignin on the cross-sectioned surface can be 

readily observed in Figure 39.  Extractive-free poplar image clearly showed that lignin 

ions (green dots) were evenly distributed across cell walls on the surface (Figure 39a).  

After 10 min pretreatment, more lignin ions were observed at cell corners (arrows) in 

Figure 39b.  Higher intense of lignin at cell corners can be explained that lignin migration 

occurs during pretreatment process.  Donohoe et al. observed lignin extrusion through 

pits, cell corners, delamination zones, and the middle lamella after a thermochemical 

pretreatment and suggested thermochemical pretreatment leads to lignin coalescence and 

migration inside cell wall matrix.
248

  In addition, there is a striking pattern of lignin re-

localization within the pretreated cell wall.  As one evidence, lignin ion intensity after 15 

min pretreatment (Figure 39c) decreased at cell corners (arrow) compared to Figure 39b, 

but there are still abundance of lignin ions compared to control (Figure 39a).  It seems 

that some lignin migrated from inside cell wall matrix start to extrusion.  At this point 

bulk lignin composition was little dropped from ~27% (extractive-free) to 25% (10 min 

pretreatment) to 23% (15 min pretreatment).  After long time pretreatment for 120 min, 

most lignin ions eventually disappeared from the surface in Figure 39d.  Interestingly, 

little lignin ions reappeared after further pretreatment (150 min) mostly at cell corners 

(arrow) in Figure 39e.  Lignin reappearance should result from the formation of pseudo-

lignin as explained early.   
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Figure 39  TOF-SIMS images of the cross sectioned poplar before and after flowthrough 

pretreatment.  Lignin ions (green dots, pooled signal for m/z 137, 151, 167, 181) were 

overlaid on total ion image. (a) Extractive-free poplar, (b) 10 min, (c) 15 min, (d) 120 

min, and (e) 150 min pretreated poplars.  Scale bar is 10 µm.  
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6.4 Conclusion 

In this chapter, TOF-SIMS was successfully applied for tracking lignin variation 

depending on pretreatment conditions.  To avoid re-precipitation component during low 

temperature quenching process, a continuous flow reactor was employed for a 

pretreatment process instead of batch reactor used in Chapter 5.  Therefore, cross section 

of flowthrough pretreated poplar stem can provide more precise surface information 

without external effect like re-precipitation.  The spatial distribution of lignin subject to 

different severities of water-only flowthrough pretreatment were investigated in order to 

gain further insights to explain different chemical features between surface and bulk.  

Multiple lines of evidence have been presented that cellulose and lignin contents in bulk 

composition did not always correspond with those in surface composition.  First of all, it 

was found that relative intensity of cellulose after 10 min pretreatment increased by 

double compared to untreated sample on the surface compared.  On the contrary, there 

was only 5% increment in bulk cellulose content after the same pretreatment.  This result 

can be concluded that there are chemical differences between surface and bulk 

composition after pretreatment as well as we found in Chapter 5.  In addition, a striking 

pattern of lignin migration and re-localization to cell corner was observed after 

flowthrough pretreatments.  In TOF-SIMS image, more lignin was observed at cell corner 

after 10 min pretreatment, resulting from the lignin coalescence and migration from 

inside cell wall matrix.  Lignin reappearance at cell corner was observed after long time 

(150 min) pretreatment, which could explain part of pseudo-lignin formation.  Lastly, 

maximum cellulose content with minimum lignin contents was found after 120 min 

pretreatment in both surface and bulk composition, which can be used to, at least, 
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optimize pretreatment condition.  Surface analysis by TOF-SIMS provides an insight into 

understanding the effect of pretreatment.  Further study combined with enzymatic 

cellulose hydrolysis could show the detail relationship between pretreatment and 

recalcitrance.    
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CHAPTER 7  

3D CHEMICAL  IMAGE  USING TOF-SIMS REVEALING THE 

BIOPOLYMER COMPONENT SPATIAL AND LATERAL 

DISTRIBUTION IN BIOMASS
3
  

 

7.1 Introduction  

Many researchers consider biofuels, including bioethanol and biodiesel, as a resource to 

supplement or replace large portions of future transportation fuel requirements.  This shift 

in research focus is due in part to limitations in fossil resources and recent concerns about 

the environment.
28,249

  Lignocellulosic biomass (e.g., agricultural resides, forestry wastes, 

and energy crops) has been highlighted as a potential resource for biofuel production.
1-2

  

Lignocellulosic biomass is mainly composed of polysaccharides (i.e., cellulose and 

hemicelluloses) and lignin (i.e., polyphenolic macromolecules).
250

  Cellulose, a major 

source of fermentable sugar used to produce ethanol, is known to be densely packed and 

embedded in a lignin-hemicellulose matrix.  This intricate layering of lignin, cellulose, 

and hemicelluloses comprises the microstructure of biomass, and to date not fully 

identified.  The structural complexity exhibited in lignocellulose originates from innate 

structural heterogeneity and has been suggested as a contributing factor in the its ability 

                                                 

3
 This manuscript was accepted for publication in Angewandte Chemie, 2012.  It is entitled as 3D Chemical 

Image using TOF-SIMS Revealing the Biopolymer Component Spatial and Lateral Distributions in 

Biomass.  The other authors are Marcus Foston, and Art J. Ragauskas from School of Chemistry and 

Biochemistry at Georgia Institute of Technology and Udaya Kalluri, Gerald A. Tuskan from BioEnergy 

Science Center at Oak Ridge National Lab.  
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to resist enzymatic hydrolysis, referred to as biomass recalcitrance.
3
  Biomass 

recalcitrance has been cited as the major barrier to large-scale utilization of 

lignocellulosic biomass for biofuel production.  Therefore, the major challenge facing 

future lignocellulosic biofuel research is reducing the recalcitrance of biomass through 

biological and chemical manipulation.  For example, transgenic alfalfa down-regulated in 

lignin biosynthesis was shown to release more sugar by enzymatic hydrolysis.
19

  

Thermochemical pretreatment using oxidizing, acidic, or basic condition under high 

temperature and/or pressure results in structural cell wall breakdown along with changes 

in lignin and/or hemicelluloses, ultimately correlating with higher sugar release upon 

enzymatic hydrolysis.
22,239,251

   

 

Analytical tools therefore play an important role in determining and understanding 

changes which occur in biomass during biological and chemical processes designed to 

reduce biomass recalcitrance.  Typically this is done with conventional bulk analysis such 

as high performance liquid chromatography (HPLC), gas chromatographyïmass 

spectrometry (GC-MS), nuclear magnetic resonance (NMR), and electron microscope 

(EM).  However, these techniques average over a large spatial dimension, losing critical 

information about differences in chemical heterogeneity as a function of spatial and 

lateral position in the cell wall.  Therefore, we have investigated chemical imaging 

techniques, which are well-suited to understand detailed spatial and lateral changes for 

major components in biomass.   
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In this chapter, the first 3-dimensional (3D) analysis of biomass using time of flight 

secondary ion mass spectrometry (TOF-SIMS) has been introduced in the specific 

application of understanding recalcitrance.  TOF-SIMS is an emerging technique 

providing chemical information directly from the surface of biomass without sample 

treatment such as matrix application or radioactive labeling.
164

  Mass spectra obtained 

over the sample surface as a result of secondary ion emission can be mapped into a 2D 

molecular image representing the lateral distribution of characteristic species at a sub-

micron scale.  Extending the usefulness of TOF-SIMS, a 3D molecular image can be 

generated by acquiring multiple 2D images in a stack.  This is accomplished by 

reconstruction, stacking the 2D molecular images layer by layer.  Each layer is produced 

in a dual-beam mode which uses a ion beam for surface analysis and sputtering beam for 

surface layer ablation, also referred to as 3D microarea analysis.
252

  As a result, 3D 

molecular imagings allow one to semi-quantitively track and understand both vertical and 

lateral distributions of targeted or interesting species from surface to sub-surface layers.  

The ability to capture 3D data seems even more crucial to understanding bioconversion 

because the interfacial layer between the biomass and cellulolytic enzyme/microbe has 

been shown to significantly affect hydrolysis.
253

 

 

7.2 Experimental Section 

7.2.1 Materials 

Samples were prepared as described in Chapter 4 (4.1.2 Biomass substrate).  Populus 

tremula x alba (PTA) clone was grown at ORNL under tension and pooled stem 

segments collected from normal unstressed stems (NW), stems under tension on the 
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elongated side (TW) or stems under tension on the compressed side (OW).  TW 

specifically refers to the wood containing a G-layer, while the wood between TW and 

OW (pith) is excluded from ground samples in an effort not to obscure further analysis.  

Tension was applied by fixing each stem at a 45° angle for ~60 days prior to removing 

stem segments.  All stem material was debarked and elongated/compressed side 

longitudinal sections were cut manually along the entire length of the stem avoiding the 

pith.  Each stem was sectioned or milled as described in Chapter 4 (4.1.2.1-2 Milled 

poplar stem and Cryotome section of poplar stem).    

 

 

Figure 40  Greenhouse-grown Populus tremula x alba (PTA) plants under tension stress. 

Tension wood is marked as bold line yellow arrow.   

 

7.2.2 Extractive-free poplar preparation 

Samples were prepared as described in Chapter 4 (4.2.1-4.1.3).  All the results from the 

analyses were calculated based on the oven dry weight of biomass that was determined 

by measuring the moisture content using a moisture analyzer. The analyses that include 

standard deviations were done in three replicates. 
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7.2.3 TOF-SIMS analysis 

TOF-SIMS spectra of cross-sectioned samples were collected with a ION-TOF 

TOF·SIMS V spectrometer as described in Chapter 4 (4.3.2. TOF-SIMS analysis).  The 

instrument was operated in positive mode (25kV) with 0.18 pA of primary ion (Bi3
+
) 

current under high mass and imaging resolution mode.  For a high-mass resolution mode, 

the sample (500 × 500 µm
2
) was rastered under bunched mode for 3 min and the spectra 

was collected.  Three data points per each sample were acquired from the three replicates, 

at least, to reduce site specificity and error analysis was conducted.  For a high spatial 

resolution imaging mode, 2D SIMS image was generated by using a software 

(SurfaceLab6, ION·TOF, Münster, Germany) after scanning the Bi3
+
 primary ion beam 

over the sample (50 × 50 µm
2
, 256 × 256 pixels) for 100 times.  After 100 scans of 

topmost layer, surface erosion by O2
+
 sputtering source (300 × 300 µm

2
, 2 keV) at a 

current of 0.65 pA was applied for 2s at non-interlaced mode. The imaging/sputtering 

cycles were repeated for 30 times and the data set was used for 3D image reconstruction 

(Figure 41).  A 3D SIMS image was generated by stacking multiple 2D images using a 

software (ImageSurfer ver. 1.20, http://imagesurfer.cs.unc.edu/).
218

 

 

 

Figure 41  Schematic diagram of 3D microarea analysis. 
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7.2.4 Scanning Electron Microscopy 

Surface morphology of cross-sectioned poplar before and after various treatments was 

observed by using JEOL-1530 TFE-SEM as described in Chapter 4 (4.3.6 Scanning 

Electron Microscopy).  The images were taken at various resolving powers under 5 kV.  

Enzymatic hydrolysis 

 

7.2.5 Carbohydrate and acid-insoluble lignin (Klason lignin) analysis 

Dr. Marcus Foston determined carbohydrate profiles and acid-insoluble lignin content in 

cross-sectioned and milled samples described in Chapter 4 (4.3.1 Carbohydrates and 

acid-insoluble lignin analysis).  

 

7.2.6 Enzymatic cellulose hydrolysis 

Dr. Marcus Foston measured yields of enzymatic cellulose hydrolysis.  Cellulase (4-

glucano-hydrolase) from Trichoderma reesei ATCC 26921 and Novozyme 188 

(cellobiase) from Aspergillus niger were purchased from AldrichïSigma and used as 

received. The activities of cellulase and cellobiase were determined to be 91.03 FPU/ml 

and 387.70 CBU/ml respectively according to the literature procedures.38 The pulp 

(0.200 g) was suspended in 50.00 mM citrate buffer adjusted to pH 4.8 by sodium 

hydroxide at a consistency of 1% (w/v). These two enzymes were added into the 

suspension at enzyme loading of 20 FPU/g and 40 CBU/g respectively. The mixture was 

incubated at 50 °C under continuous agitation at 150 rpm. 0.10 mL liquid hydrolysis 

samples at time intervals of 4, 7, 9, 24 and 48 h were withdrawn and the hydrolysis was 

quenched by submersion for 5 min in a vigorously boiling water bath. The liquid samples 
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were then diluted to 1.00 mL and were stored at 20 °C until analysis on an Agilent GPC 

SECurity 1200 system equipped with an acidic ion-exchange column (Bio-Rad HPX-871) 

and Agilent refractive index (RI) detector using a 10 mM nitric acid solution as the 

mobile phase (1.0 mL/min) with injection volumes of 20 mL, performed similar to 

literature procedures.39 

 

7.3 Result and discussion 

7.3.1 Carbohydrates and Klason lignin analysis and enzymatic cellulose hydrolysis 

Stress-induced tension wood was generated on poplar stems as a model substrate to 

investigate the application of TOF-SIMS on biomass (Figure 42).  Tension wood 

generally appears on the elongated stem side as a result of mechanical bending.  Under 

such conditions, angiosperms form reaction or tension wood on the elongated stem side 

in an effort to maintain an upright growth position.
254-256

   

 

As a preliminary study for TOF-SIMS analysis, carbohydrate and Klason lignin content 

were measured in segment samples from Populus tremula x alba (PTA) grown under 

normal and tension conditions (Figure 42a).  Based on the age of the PTA cutting, 

assuming consistent longitudinal sectioning with respect to the ratio of sampled normal 

and reaction wood cells and the amount of time the stem was grown under tension, a 

rough estimate indicates that the tension wood and opposite wood samples have a 

maximum of ~33% reaction wood.  Utilizing this estimate for the percentage of reaction 

wood and the above carbohydrate distribution in the tension wood sample, one may 

expect the lignin and xylan contents within the reaction wood cell to be as low as ~7% 



 

 122 

and 5%, respectively.  The most significant finding seems to be that the ~25% increase in 

the amount of available glucose in the tension wood sample resulted in a ~300% increase 

in cellulase sugar release in comparison to the normal wood or opposite wood enzymatic 

hydrolysis experiments (Figure 42b).  This increase in sugar yield becomes even more 

impressive taking into consideration all samples contained less than 2% starch by dry 

weight of biomass determined by a published HPLC procedure utilizing an amylase 

treatment.
257

  Considering the differences in the magnitude of increase, this change in 

digestibility profile cannot be simply related to the increase of glucan content, but instead 

is more than likely attributed, in part, to some other combination of differences within the 

cell wall structure of tension wood. 

 

  

Figure 42  (a) Carbohydrate and Klason lignin content of PTA samples grown under 

bending or normal (erect) conditions, as determined by HPLC and normalized by the sum 

of all the measured components. (b) Enzymatic sugar release Populus tremula x alba 

(PTA) samples. 
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