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A research program has been initiated to formulate new strategies for efficient low-cost lignocellulosic

biomass processing technologies for the production of biofuels. This article reviews results from initial

research into lignocellulosic biomass structure, recalcitrance, and pretreatment. In addition to

contributing towards a comprehensive understanding of lignocellulosic biomass, this work has
contributed towards demonstrated optimizations of existing pretreatment methods, and the emergence
of new possible pretreatment strategies that remain to be fully developed.

Introduction

Petroleum currently comprises more than 40% of the world’s
energy and is continuously adding to the planet’s atmospheric
carbon dioxide burden. World energy demand is projected to
double within the next 10 years, and as petroleum and natural
gas supplies become less plentiful and more costly, it is impera-
tive to identify and develop renewable, carbon-neutral alterna-
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tives.! As the world’s top consumer of crude oil and the second
largest greenhouse gas emitter,? the USA has a large stake in this
crisis.> While stationary energy needs for power generation,
manufacturing, and other similar processes can be addressed by
renewable energy sources such as nuclear, solar, wind, and
geothermal power, sustainable and cost-effective production of
liquid transportation fuels remains a paramount and an urgent
problem. One strategy to address this problem is to produce
biofuels from biomass feed stocks. Several types of biofuels are
possible, which are renewable, sustainable, and emit less carbon
during consumption.*?®

At present, the commercial production of biofuels in the USA
is largely based on the use of starch in grains such as maize (95%
of grains) to produce ethanol,’ although sugars, mostly sucrose,
in crops such as beet and cane are commonly used in place of
starch elsewhere. This is a mature commercial technology with
well understood economics and the USA is now the world’s
largest producer of starch-based ethanol, used mainly (99% of
the US supply) as a 10% additive to gasoline (known as E-10 or
gasohol).’ However, starched-based ethanol production on its
own and under current conditions has the potential to displace

Broader context

It is imperative for our future energy and environmental needs to identify and develop renewable, carbon-neutral alternatives to
petroleum for the sustainable and cost-effective production of liquid transportation fuels. One strategy is to produce biofuels from
biomass. Lignocellulosic biomass is a particularly attractive because it is the cheapest, most abundant, and fastest growing form of
biomass, it can be grown on marginal or non-arable lands without displacing food crops, and it can be found in the residues and
wastes from agricultural crops. A research program has been initiated to formulate new strategies for lignocellulosic biomass
processing to biofuels. In addition to contributing towards a comprehensive understanding of lignocellulosic biomass, early results
have contributed towards demonstrated optimizations of existing biomass pretreatment methods, and the emergence of new possible
pretreatment strategies that remain to be fully developed. A feature of this work is the use of combinations of several complementary
experimental and theoretical methods in order to obtain a more complete understanding of each problem. These multi-technique
approaches have the potential to be applied to other research areas of importance to energy and environmental science that require
the characterization and understanding complex material systems.
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only a relatively small proportion (10%) of gasoline. This is due
to several issues. Converting more cropland to maize, and
shifting maize utilization to biofuels and away from other uses,
would have severe consequences for other agricultural markets
and food prices. Furthermore, although ethanol can adequately
serve as a land transportation fuel for the public sector, it simply
does not have the energy density required for aviation fuels.*
Consequently, there is considerable support from the US
government through legislation and through funding for
industry and National Laboratories to lead the development of
alternative or additional biomass feed stocks and more advanced
high energy density biofuels.'**?

Lignocellulosic biomass, the woody fibrous material derived
from plant cell walls, is a particularly attractive feed stock
because it is the cheapest, most abundant, and fastest growing
form of terrestrial biomass, it can be grown on marginal or non-
arable lands without displacing food crops, and it can be found in
the residues and wastes from agricultural crops.!®'*!* It can serve
as a source of carbon based feedstock for fuel and chemical
production in much the same way as crude oil serves as the
carbon feedstock in petrochemical refineries.'> However, clear
strategies for feedstock supply, handling, and processing, and the
technologies required for large-scale and economic conversion of
lignocellulosic biomass into biofuels and its distribution have not
yet been fully developed.'®*®

A number of different approaches are being explored at
present for converting lignocellulosic biomass into biofuels.” The
technologies required for thermochemical pathways, in partic-
ular gasification, are relatively mature.!* Several alternative
approaches to thermochemical pretreatment are based around
three distinct stages; 1) pretreatment to disrupt the plant cell wall
architecture and expose or separate the sugar containing cellu-
lose and hemicellulose material 2) hydrolysis of those compo-
nents to simple sugars 3) conversion of sugars to fuel products.
Approaches exist for carrying out each of these three stages,
mainly derived from the pulp, paper, and ethanol fermentation
industries, but the economics of the complete life-cycle for
lignocellulosic derived biofuels production remains unclear.
Several reviews have been published that describe the techno-
logical barriers that limit cost-competitiveness and the advances
that are being made to overcome these barriers.''7-2%2!
Numerous demonstrations and commercialization efforts are
ongoing.

This article describes preliminary results from a research
program whose primary aim is to formulate new strategies for
efficient low-cost lignocellulosic biomass processing technolo-
gies. The program builds on major advances already made by
other researchers and is designed to be complementary to other
ongoing research programs.'' The initial focus has been on
relatively low temperature (compared to thermochemical) bio-
logical and chemical technologies. Research began with institu-
tional investment and support from Los Alamos National
Laboratory to explore lignocellulosic biomass structure, recal-
citrance, and pretreatment and the scope of this article is limited
to reviewing results from this early effort. However, research in
this program has now broadened to also explore hydrolysis into
simple sugars, the conversion of these sugars to ethanol, ther-
mochemical approaches, and the production of more advanced
biofuels. These broader activities and also future directions are

briefly discussed in the concluding section. It is beyond the scope
of this article to review the tremendous progress being made by
other research programs in this field.

The work described in this article has been driven by collab-
orations with the United States Department of Agriculture
Forest Products Laboratory and Agricultural Research Service;
the Universities of New Mexico, Michigan, Tokyo, and Toledo;
the Centre de Recherches sur les Marcomolécules Végétales;
and the Great Lakes Bioenergy Research Center. Furthermore,
extensive use of central user research facilities throughout the
world has been important to this research, in particular the
Advanced Photon Source at Argonne National Laboratory, Los
Alamos Neutron Science Center at Los Alamos National
Laboratory, and the reactor neutron source at the Institute Laue
Langevin.

Lignocellulosic biomass structure and recalcitrance

Lignocellulosic biomass is the fibrous material derived from
plant cell walls. It is comprised mostly of lignin, hemicelluloses,
and cellulose in a highly complex architecture with structure sizes
ranging from /D%ngstréms to micrometres. This architecture has
evolved for strength, vascular function, and resistance to bio-
logical, physical and chemical attack and is a barrier to effective
hydrolysis to monosaccharides. Understanding the architecture
of biomass is a key to addressing its recalcitrance.'® In the work
described here an array of complementary experimental tech-
niques is being applied to characterize biomass at different length
scales. At the same time, different theoretical approaches are
being developed and applied to interpret the experimental data at
each length scale and to allow transition between them. The long-
term goal in combining experiment and theory in this way is to
develop what can be called a virtual microscope that can be
refocused to build a multi-level understanding of lignocellulosic
biomass (Fig. 1).

The initial focus has been on poplar trees as a source of
biomass because they have potential to be a highly abundant, low
cost, feed stock,? although there are other promising feed stocks
such as switch grass and corn stover.?® Furthermore it is rela-
tively easy to handle poplar as a microtomed thin wafer that can
be analyzed using a variety of different noninvasive experimental
techniques. Poplar species have cellulose, hemicelluloses, and
lignin content ranging 42-49%, 16-23%, and 21-29%, respec-
tively.?> The exact composition can depend on several factors
including species, strain, location and physiological function in
the tree, harvest time and storage. Despite the variation, the
cellulose content of poplar is usually higher than that of other
potential feedstock such as switch grass and corn stover.

At the Angstrém scale

The major component of poplar biomass, cellulose, is generated
at the plasma membrane as a crystalline fibrous material con-
sisting of polymers of glucose sugar monomers (1-4 linked-D
glucose) (Fig. 2). These high tensile strength fibers add
mechanical strength to the cell wall. In higher plants two
different crystal forms of cellulose can occur, I, and Ig, collec-
tively referred to as cellulose 1.** The proportions of I, and I,
and the size and crystallinity of fibers, vary greatly depending on

This journal is © The Royal Society of Chemistry 2011
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Fig. 1 An array of complementary experimental techniques is being
used to characterize biomass at different length scales, including crys-
tallography, small angle scattering, spectroscopy, synthetic chemistry,
enzyme and chemical activity assays. At the same time, different theo-
retical approaches are being developed and applied to interpret the
experimental data at each length scale, including atomistic and coarse-
grained molecular dynamics, statistical mechanics, quantum chemistry,
and kinetic Monte Carlo models. Coarse graining methodologies are
being used to integrate individual theoretical models that traverse length
scales from the Angstrém to the micron. The multi-scale tool that will
result can be thought of as a “virtual microscope” that can be refocused
to build a multi-level understanding of lignocellulosic biomass and its
pretreatment.
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Fig. 2 Cellulose, is generated as a crystalline fibrous material consisting
of polymers of hexose glucose sugar monomers (1-4 linked B-D glucose)
(A). The polymer chains are arranged in sheets that are held together by
strong hydrogen bonds (blue dashed lines) between the hydroxyl groups
of neighboring chains (B). These sheets stack on top of each other
through more frequent but weaker stacking interactions, such as van der
Waals forces. The thick highly crystalline cellulose fibers (cross section
shown in C) that can be extracted from seaweeds and marine creatures
can be clearly characterized as corresponding to individual nanocrystals.
Fibers have crystalline interiors, but less ordered and more dynamic
chains at their surfaces. The presence of surface disorder has profound
implications for the smaller fibers found in poplar (cross section shown in
D) because approximately half of their cellulose chains are located at the
surface.

the origin of the cellulose and its location within the plant cell
wall. In poplar the cellulose fibers are predominantly in the Iy
form,* with a diameter of ~5 nm and up to several micrometres
in length.??” Within these fibers about 63% of the cellulose is
crystalline with the remaining cellulose being less well ordered.*

The crystal structures of cellulose fibers in the I, and I forms
were determined by using high resolution fiber diffraction
studies.?®3! In these studies large (~20nm in diameter) cellulose
fibers (sometimes referred to as whiskers or nanocrystals) were
used. These can be found in seaweeds and marine creatures and
serve as good model systems because they are highly crystalline
and therefore provide very accurate atomic resolution structures,
and also because they can be found in purely the I,, or I forms.
X-Rays were used to visualize the arrangement of carbon and
oxygen atoms that make up the molecular skeleton of the
cellulose chains, but neutrons had to be used to visualize the
smaller and more mobile hydrogen atoms involved in hydrogen
bonding.*® In the Iz form the parallel chains are arranged in
sheets that are held together by strong hydrogen bonds between
the hydroxyl groups of neighboring chains. These sheets stack on
top of each other through more frequent but weaker stacking
interactions, such as van der Waals forces. Quantum mechanics
calculations revealed that these stacking interactions are highly
cooperative and contribute just as much to the stability of
cellulose I as hydrogen bonding.** The flexible hydroxymethyl
group is oriented so that it can make hydrogen bonds with atoms
within the same chain (intra-chain and intra-sheet) and also
neighboring chains (inter-chain and intra-sheet).?® These funda-
mental insights provide a foundation for experimental and
theoretical studies of the smaller cellulose fibers found in situ in
poplar plant cell walls.

An unexpected result from these studies is that the hydrogen
bonding arrangement in naturally occurring cellulose is disor-
dered. This was an important discovery because the exact nature
of hydrogen bonding in cellulose has long been thought to play
a key role in determining the properties of cellulose fibers, in
particular their recalcitrance to hydrolysis.>* A novel statistical
mechanical approach was developed to investigate this disorder
further, and it was found that its presence can allow for the
hydrogen bonding to rearrange and adapt to different environ-
mental conditions, particularly temperature. The adaptive nature
of the hydrogen bonding arrangement, thus, serves to stabilize
the fibers and make them more resistant to degradation.’*
Furthermore, a combination of low temperature neutron crys-
tallography, quantum mechanics calculations, and molecular
dynamics simulations was applied to discover that most chains
(70-80%) in model seaweed fibers have the same hydrogen
bonding arrangement, but that disorder exists at defects in the
fibers and also at their surfaces.®

The presence of surface disorder has profound implications for
the smaller fibers found in poplar because approximately half of
their cellulose chains are located at the surface. Further molec-
ular dynamics simulations were carried out on cellulose fibers of
the size found in poplar, and also in the presence of water. In
those simulations, the central core of the fiber maintained an
average structure that was essentially the same as the crystallo-
graphic structure, but chains at the surfaces had significantly
different structures and hydrogen bonding arrangements and
were more disordered.*® Support for differences between interior
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and surface chains has also come from *C NMR studies carried
out by other researchers.?” The surface chains interact strongly
with water, forming a dense layer of water near the surfaces, in
agreement with previous molecular dynamics studies by others.*®
This hydration layer will affect the way hydrolyzing enzymes
interact with cellulose fibers.

What happens when a cellulose chain is pulled from the surface
of a fiber and becomes free in solution was also investigated.* In
order to accomplish this, the first application of replica exchange
molecular dynamics (REMD) to polysaccharides was developed.
It was found that cellulose chains in solution have different
properties compared to those within fibers. In particular, they
have greater dynamic freedom, although the conformational
flexibility about each glycosidic linkage becomes more restricted
as the chain length is increased. The main reason for this increase
in stiffness with chain length is a tendency to form intrachain
hydrogen bonds, like those found within crystalline fibers. In
solution the hydroxymethyl groups have a preference to adopt
a different conformation compared to those within crystalline
fibers of cellulose I. The hydroxymethyl groups of the chains at the
surfaces of crystalline fibers can also have different conformations
from those within. Although the cellulose chains in the more
disordered regions of fibers may be bent and twisted in a way that
also demonstrates conformational flexibility, in solution flexi-
bility is associated with greater dynamic freedom and is influenced
by solvent, which competes for hydrogen bonding and causes the
disruption of intra-chain hydrogen bonds.

The second most abundant component of poplar biomass,
lignin, is a complex, branched polymer biosynthesized by radical
polymerization of three monolignol phenolpropanoid precursors
which differ in the degree of methoxylation on their aromatic
rings (Fig. 3). Monomeric units are added non-stereoselectively
to the growing lignin polymer through free radical coupling
reactions, which give rise to three types of racemic, predomi-
nantly non-phenolic, structural units commonly referred to as H
(p-hydroxyphenyl), G (guaiacyl), and S (syringyl). These struc-
tural units can be linked by diverse carbon-oxygen and carbon-
carbon (condensed) bonds, including arylglycerol-B-aryl ether
(B-0-4), phenylcoumaran (B-5), resinol (B-B), and spirodienone
(B-1) linkages.*® TheB-0-4 non-condensed linkages predominate
(~40-80%) in most lignins.

Whereas the linkages between monomer units in cellulose and
hemicelluloses can be hydrolyzed under relatively mild physio-
logical conditions, the linkages between lignin monomers cannot,
but rather require oxidative cleavage. Under non-physiological

conditions, such as very acidic pH or high temperature, the ether
linkages in lignin, and between lignin and hemicellulose, can be
cleaved.** Lignin also has a glass transition temperature in
biomass which varies between 100 to 160 °C, depending on
monolignol chemical composition and biomass source.**
Above the glass transition temperature it is possible for lignin to
melt, resulting in its redistribution in biomass.

Both the quantity and structural nature of lignins vary among
plant species, but in poplar mostly the G and S moieties are
present. Methoxylation prevents the formation of some types of
linkages and therefore monomer composition affects the total
number, and the relative proportion, of linkages that are present.
This will have a direct effect on the glass transition temperature
of lignin. The proportion of non-condensed B-O-4 linkages will
also increase with the ratio of S/G. In order to study the structure
and properties of lignin the approach used in this project has
been to synthesize small dimeric and tetrameric lignin model
compounds that are representative of the linkages found in
poplar and then to investigate these compounds with a combi-
nation of chemical, enzymatic and quantum chemistry
approaches.*® No X-ray diffraction features from lignin in
poplar have been identified in this work, indicating that it is
relatively disordered at a molecular level. However, it has been
reported by other researchers that linkage patterns affect the
structure of lignin, as B-O-4-linked structures tend to form
elongated chains in which the aromatic rings lie in the same plane
with each other and the cellulose fibers.*

The third most abundant component in poplar biomass, the
hemicelluloses, consists of complex, branched polysaccharides.
They are mostly xylans with a main chain formed by pentose
sugar monomers (B-1,4 linked p-xylopyranose) and a-1,2 linked
4-O-methylglucuronic acid monomers. In poplar there are about
6-7 acetyl groups per 10 xylose units. These acetyl groups can be
easily degraded to liberate acetic acid. The pentose sugar arabi-
nose, and the hexose sugars mannose, glucose and galactose, are
also present to a lesser degree.’® Hemicellulose forms covalent
bonds with lignin, the most common being an ether linkage of the
hydroxyl group at the a-position of lignin with the alcoholic
hydroxyl of a hemicellulose sugar monomer.** There is also
extensive hydrogen bonding between hemicelluloses and other
polysaccharide components such as cellulose. Hemicelluloses are
therefore tightly associated with both lignin and cellulose in the
cell wall and act effectively as a binder with non-branched xylans
preferentially associated with cellulose fibers and branched
xylans interacting with lignin.*?

1 (OR), (OR)n
Ro Rz

OH or OR
1(Ry=Rz=H) coumaryl
2 (Ry =0CHg, Ry =H) guaiacyl
3 (Ry = Ry = OCHjg) syringyl

OH or OR OH or OR

B-1 B-0-4

Fig.3 Structural unit found in lignin. The approached used in this project has been to synthesize small dimeric and tetrameric lignin model compounds
that are representative of the linkages found in poplar and then to investigate these compounds with a combination of chemical, enzymatic and quantum

chemistry approaches (adapted from Cho et al.*’).
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As with lignin, no diffraction features from hemicelluloses in
poplar were identified in this work. However, isolated xylan is
known to form crystalline assemblies of three-fold or two-fold
helices when pure or acetylated, respectively.>® Furthermore,
composites of cellulose and xylan have been shown to give X-ray
diffraction patterns that are identical to those from pure cellu-
lose, with the xylan polymers incorporated within the cellulose
fibers without disrupting their crystal structure.* Although no
evidence was observed for the crystalline structures seen with
isolated xylans, it is possible that some hemicellulose chains are
adsorbing on to the surface of poplar cellulose fibers in the same
manner as cellulose chains and therefore contributing to
diffraction features that are identified with cellulose. Hemi-
celluloses are thought to be more thermally unstable
than cellulose and lignin and are more easily hydrolyzed than
cellulose.*

At the nanometre scale

The thick highly crystalline cellulose fibers extracted from
seaweeds and marine creatures can be clearly characterized as
individual nanocrystals using electron microscopy and diffrac-
tion techniques, with rectangular, square, or parallelogram cross
sections depending on their source.>® However, in the cell walls of
higher plants the nature of the supramolecular structure of
cellulose is less clear. Higher plant cellulose is known to be
synthesized by membrane bound hexagonal arrays of synthase
complexes called rosettes or terminal complexes.>” Each synthase
complex is thought to synthesize an elemental fibril consisting of
about 36 chains. Depending on the exact cross sectional shape,
this would result in a fibril width of ~4 nm which is only slightly
smaller than that determined in this work from diffraction
studies of poplar (~5 nm). The difference may be due to
a diffraction contribution from hemicellulose on the surface of
the fibrils, or incorrect assumptions made about fiber shape in the
diffraction analysis.2” From molecular (A) level studies it can be
concluded that these elemental fibrils have crystalline interiors,
but less ordered and more dynamic chains at their surfaces.
Molecular dynamics simulations of solvated elemental fibrils by
other researchers typically show the development of a persistent
right-handed twist.*® Although it has been suggested that twist
may be an artifact of the force-field used in these simulations, it is
not inconsistent with the diffraction data collected in this work®
and there is some experimental evidence for its presence in vivo.*
The degree of twisting that can appear in molecular dynamics
simulations is found to decrease with increasing fiber thickness
and this may explain its complete absence in molecular images of
large cellulose nanocrystals from seaweeds and marine
creatures.*

In addition to the possibility of twisting, there is evidence for
periodic disorder along the length of cellulose fibrils from studies
using a combination of small angle neutron scattering, acid
hydrolysis, gel permeation chromatography, and viscosity
studies.®! Every 300 or so glucose units along the crystalline fibril
there appears to be a disordered region of about 4 or 5 glucose
units. Periodic disorder is not observed in seaweed or marine
creature nanocrystals, suggesting that it is restricted to higher
plant cellulose biosynthesis. Interestingly, whereas cellulose
produced at the cell wall of rubusfruticosus (common name:

blackberry) does show periodic disorder, cellulose produced
in vitro without the constraints of the cell wall does not.®* This
suggests that periodic disorder is associated with the cell wall
environment, within which disordered regions may act as
anchoring points for hemicelluloses and may also relieve any
twist induced strain.

Elemental fibrils are thought to be coated with hemicelluloses,
and then assembled into larger bundles that are referred to as
macrofibrils, although there is often confusion with use of the
terms fibril, fiber, microfibril and macrofibril.’>%” In order to
understand the assembly and properties of these macrofibrils
they are currently being studied using coarse-grained molecular
dynamics approaches. In this work, which is still at an early
stage, new coarse-grained, off-lattice models are being based on
the relevant degrees of freedom that have been identified from
the analysis of the fully-atomistic molecular dynamics simula-
tions. Off-lattice models have been previously applied to
proteins®® and there have been several applications of other
coarse-grain modeling approaches to cellulose.3* ¢4 ¢7

At the micron scale

The cell wall of poplar is organized in several layers that have
different structures and compositions; the middle lamella, the
primary cell wall, the three sub-layers of the secondary cell wall
S1-S3, and the empty lumen.®®* The thick secondary cell wall is
deposited after the cells have reached their final size, followed by
lignification. In situ X-ray micro-diffraction (with a beam size of
a few um) recorded from wafers of poplar with the thickness
of about a single cell gives patterns that are characteristic of
partially crystalline fibers of cellulose I5.*” In fact two super-
imposed patterns are observed with a relative orientation of
approximately 25° due to diffraction from both the front and
back walls of a cell. Most of the material in poplar biomass is
associated with the thick S2 sub-layer. Within S2 the elemental
fibrils and macrofibrils are known to have a winding angle,
referred to as the microfibril angle (MFA), which is related to
wood strength. This winding angle has been previously shown by
other researchers to correspond to the cellulose fibers in S2 of
wood being in a helical arrangement as they spiral around the
central lumen.” The observed relative orientations of the two
superimposed diffraction patterns correspond to a value for the
MFA of 12.5°, which is in about the middle of the wide range
observed for different clones and ring positions in poplar trees.”
Periodic disorder and any twist in the elemental fibrils and
macrofibrils may be intimately associated with this winding.
During cell wall deposition, lignification is known to start
from the cell corners and middle lamella and to proceed towards
the lumen, filling the spaces between the packed cells, but not
penetrating the lumen.” Auto-fluorescence images can be used to
reveal the distribution of lignin in poplar cell walls,” and it is
found that although most lignin is located in the thick S2 sub-
layer, its concentration is greatest in the middle lamella.?” This
agrees with previous studies that have shown that lignin can
represent 85% of the total material in the middle lamella.* Lignin
adds structural rigidity and hydrophobicity to plant cell walls,
but it also protects the cellulosic component from hydrolyzing
enzymes. Raman microspectra from poplar cell walls show clear
bands that can be assigned to not only lignin and cellulose but
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also hemicellulose.?” These microspectra offer a non-invasive
approach to monitoring the overall composition of poplar cell
walls.

Towards a multi-scale understanding of the complete
cell wall

By developing the application of an array of complementary
experimental and theoretical techniques, models of the complex
architecture of the cell wall at different length scales have been
built. The expectation is that the structure and properties of
lignocellulosic biomass and its pretreatment at these different
length scales will be highly correlated. Only by integrating results
from these different scales can a comprehensive and predictive
understanding of the cell wall be achieved. In the multi-scale
approach being developed in this work, a key initial requirement
is the quantitative integration of the experimental results with the
associated simulations and theory at the same length scale.

Upon establishing this correspondence, and after validation,
coarse graining methodologies are being used to integrate indi-
vidual theoretical models that traverse length scales from the
Angstrém to the micron. Hopefully the resulting multi-scale tool
will allow the prediction of various changes in the cell wall
structure during pretreatment such as the development of pores
and the diffusion of oxidative and hydrolyzing enzymes at the
micron scale, the interaction and binding of enzymes to lignin,
hemicellulose, and cellulose fibers at the nanometre scale, and the
decrystallization and chemical hydrolysis of cellulose or hemi-
cellulose at the molecular and atomic scale.

Lignocellulosic biomass pretreatment

Pretreatment is one of the main economic costs of producing
lignocellulosic biofuels. Several approaches are being developed
to pretreat lignocellulosic biomass so that it can be more effi-
ciently converted to fermentable sugars, including dilute acid,
steam explosion, hydrothermal processes, ionic liquids, organic
solvents in aqueous media, biological and enzymatic processes,
ammonia fiber explosion (AFEX), strong alkali processes, and
highly-concentrated acid treatment.*’*’®> Major advances
continue to be made by researchers across the world to improve
and optimize these different pretreatment technologies. Some
pretreatments, in particular those using ionic liquids and
concentrated acids, are effective because, in addition to
increasing accessibility to cellulose, they decrease its crystallinity
making it more easily digested by cellulases.””” Other pretreat-
ments, such as dilute acid pretreatment, increase accessibility at
the expense of increasing cellulose crystallinity.”® These different
approaches all have their advantages and disadvantages and it is
likely that no one approach will be best for all potential feed
stocks. Effective optimization of pretreatment will likely require
a fundamental understanding of the basic interactions that occur
with biomass during its pretreatment.

Ammonia fiber expansion (AFEX)

Conventional AFEX involves treating biomass with ammonia at
about 130 °C in a pressure vessel for periods of up to an hour and
then releasing the pressure, causing the ammonia to expand

rapidly, thereby disrupting the biomass and enhancing cellulose
accessibility.” In addition to mechanical disruption there is
a significant redistribution of lignin and hemicelluloses in the cell
wall material, but no major decrystallization of cellulose.?%-3¢
Although some deacetylation of hemicelluloses can occur,
a major advantage of AFEX is that it does not produce large
amounts of degradation products that can inhibit downstream
processing.®! Conventional AFEX under hydrous conditions
does not change the crystal structure of cellulose. However, when
cellulose fibers are treated with anhydrous amines such as
ammonia they can be converted from the naturally occurring
cellulose I crystal form?*2° to another form called cellulose IT1;.**
Cellulose III} has been shown to have enhanced accessibility and
chemical and biological reactivity.®* Furthermore, combinations
of enzymes that are typically effective for hydrolysis of cellulose I
can be adjusted to greatly improve their effectiveness in hydro-
lyzing cellulose II1;.*¢ There are several different research groups
advancing pretreatment methods that are based on the use of
ammonia or other amines. The focus of the work in this program
has been to contribute to the efforts of research collaborators at
Great Lakes Bioenergy Research Center by investigating the
molecular aspects of the conversion of cellulose I to cellulose I11;
and how AFEX can be altered to maximize cellulose accessibility
whilst simultaneously producing a conversion to cellulose III;.
Anhydrous ammonia converts cellulose I to a transient crys-
talline complex, called ammonia-cellulose I, and then when the
ammonia is evaporated under anhydrous conditions this
complex is converted to cellulose III; (Fig. 4). However, if
a significant amount of water is present at certain stages, the
complex will revert back to cellulose I. One of the keys to
maximizing cellulose III; formation during AFEX is therefore
controlling the amount of water present at different stages of the
process. In an effort to characterize the solid-state structural
pathway involved in this conversion at a molecular level,
a combination of X-ray and neutron crystallography, atomistic
and coarse-grained molecular dynamics simulations, and
quantum mechanics calculations has been applied in this
work 28:29:32.82.8485 Tpyegtigations have been carried out on how
amines penetrate into cellulose fibers at both molecular and
fibrillar scales using time-resolved scanning microprobe X-ray
diffraction and "*C nuclear magnetic resonance. In these latter
studies ethylenediamine (EDA) was used as a substitute for
ammonia because it is easier to handle.?>#” Replica exchange

Ammonia
— :
Cellulose |; «g———— Ammonia-Cellulose |
F e .___'\.u’:"a[er
i Hydrothermal h ethanolf
: methanol
Hydrothermal
i Ammonia
Cellulose |, Cellulose I,

Fig. 4 The solid-state conversion of cellulose between various crystal
phases involving ammonia and hydrothermal treatment. A key to
maximizing cellulose III; formation during AFEX is controlling the
amount of water present at different stages of the process (adapted from
Wada et al ).
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molecular dynamics is also being used to study amine penetra-
tion and the structural conversion of macrofibrils of cellulose Iy
to cellulose III; at the coarse-grained level. The structural tran-
sition in these coarse-grained simulations is being analyzed
within the framework of the Ginzburg-Landau formalism.

Ammonia preferentially penetrates cellulose fibers from
particular crystal faces, and as it penetrates it acts as a strong
hydrogen bond acceptor and donor, pulling at the flexible
hydroxymethyl groups, causing them to rotate away from their
positions in cellulose I and breaking the intra-chain hydrogen
bonding. After penetration ammonia sits in distinct sites in the
binary complex, tethered by its hydrogen bond with the
hydroxymethyl group, but rotating so that it forms transient
hydrogen bonds with the hydroxyl groups of other chains. There
is a significant amount of entropy associated with the confined
rotating ammonia molecules and dynamical disorder associated
with the hydrogen bonding in ammonia-cellulose 1. The
ammonia molecule can be thought of as holding the hydroxy-
methyl groups in the correct configuration to form an inter-sheet
hydrogen bond that stabilizes cellulose III; during ammonia
evaporation.

The conversion decreases intra-sheet hydrogen bonding and
introduces inter-sheet hydrogen bonding. Atomistic molecular
dynamics simulations show that these rearrangements increase
the number of hydrogen bonds that surface cellulose chains can
make with water.*® The surface chains have significantly fewer
hydrogen bonds with other chains compared to those within the
crystalline core of the fiber. Further, the hydroxymethyl groups
of chains at the surface of fibers have different preferred
conformations, and are more disordered, compared to those
within the fiber core. There are also significant differences
between the properties of chains at the surfaces of fibers of
cellulose 1 and cellulose III;. The chains at the surfaces of
cellulose I11; fibers, compared to those at the surfaces of cellulose
I fibers, have preferred hydroxymethyl group conformations,
hydrogen bond interactions with solvent moelcules, and dynamic
disorder more similar to that found in solution and in amor-
phous material. This might partly explain the greater suscepti-
bility of cellulose IIIjto enzyme hydrolysis compared to cellulose
I. In addition to changing the crystal structure of cellulose to
cellulose I11;,0ptimizing the combination of enzymes applied to
different crystal forms can greatly enhance hydrolysis.*® Opti-
mizing the synergistic activity of enzymes for different crystal
forms is an example of co-optimizing catalyst and substrate and
has allowed near theoretical glucan conversion at industrially
relevant enzyme loading for cellulose III; (Fig. 5).

These results with pure cellulose have been used to alter AFEX
pretreatment in preliminary studies with lignocellulosic biomass.
An 80% increase in glucan digestibility was observed within 6 h
of enzymatic hydrolysis for cellulose I1Ijrich AFEX compared to
conventional AFEXpretreated corn stover (Fig. 6). Although
there are further improvements to be made, and although this is
only a small part of a much broader effort to use ammonia for
biomass pretreatment that is being investigated by several
different researcher groups, it was demonstrated that formation
of cellulose I} within a realistic lignocellulosic biomass can
indeed improve overall hydrolysis yields. This conceptually new
approach may help to reduce the enzyme loading necessary to
achieve cost-effective conversion of lignocellulosic biomass.*®
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1 Cotton cellulose |
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0 10 20 30 40 50 60 70

% Glucan Conversion

Fig. 5 Enzymatic digestibility of cellulose I and III; (black bars)for
various combinations of Trichodermareesei basedexo- (CelTA, Cel6A)
and endo- (Cel7B, Cel5A) cellulases. Optimizing the synergistic activity of
enzymes for different crystal forms has allowed near theoretical glucan
conversion at industrially relevant enzyme loading for cellulose IIIy
(adapted from Chundawat et al.*®).

Ionic Liquids (ILs)

Tonic Liquids (ILs) are being developed by several research
groups as a promising new approach to pretreatment because
they are non-derivatizing, they do not produce fermentation
inhibitors, and they are amenable to “easy recovery”.?!
Pretreatment with ILs not only disrupts the plant cell wall and
separates cellulosic, hemicellulosic, and lignin components, but it
also disrupts the crystallinity of cellulose making it more rapidly
digestible by hydrolyzing enzymes.?**! Several ILs have been
identified by different research groups as effective in enhancing
biomass saccharification. The focus of the work in this program
has been on EMIMAC (1-n-ethyl-3-methylimidazolium acetate)
because it can be readily separated from dissolved cellulose by
the addition of an anti-solvent, such as water or ethanol, by
a solute displacement mechanism.®® Imidazolium based ILs with
short alkyl chains, such as EMIMAC, have been shown to be less
toxic than those with longer alkyl side groups.®* Furthermore the
acetate ion renders the IL less corrosive than ILs with halide
anions (e.g. Cl) that have been effective in cellulose dissolution.®
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Fig. 6 Enzymatic digestibility (15 FPU Spezyme CP cellulase/g glucan)
of untreated cornstover (CS), conventional AFEX treated CS (AFCS)
and cellulose III rich AFEX treated CS. No cellulose 111 was formed
during conventional AFEX. Cellulose III in AFEX CS was produced by
treating AFCS with anhydrous liquid ammonia at 25 C for 2 h (adapted
from Chundawat et al.*).
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Several studies by other researchers have shown that total
dissolution and separation of the cellulosic, hemicellulosic, and
lignin components of biomass can be achieved in IL pretreat-
ments at elevated temperatures.®>** However, these elevated
temperatures add significantly to the cost of lignocellulosic bio-
refining. The development of a room temperature IL pretreat-
ment process would therefore be of very high value, and is a focus
of research collaborators at the University of Toledo.

In this work towards that goal, the pretreatment of poplar
biomass at room temperature was studied using a combination of
time-resolved scanning microprobe X-ray diffraction, Raman
spectroscopy and auto-fluorescence (Fig. 7).%” It was found that
EMIMAC penetrates the cell wall from the lumen, swelling it by
about a factor of two in towards the empty lumen. However, the
middle lamella remains unchanged, preventing the cell wall from
swelling outwards. During swelling, most of the cellulose
microfibrils are solubilized but chain migration is restricted and
a small percentage of microfibrils persist. When the EMIMAC is
expelled, the cellulose recrystallizes as microfibrils of cellulose I.
There is little change in the relative chemical composition of the
cell wall and the action of EMIMAC would appear to be
a reversible swelling of the cell wall and a reversible decrystalli-
zation of cellulose 1.

Both the disruption of the cell wall and also the conversion
of cellulose T into another form called cellulose 11°*% or into
amorphous material are important factors in the effectiveness

(a) )

of high temperature IL pretreatments for improving the effi-
ciency of subsequent enzyme hydrolysis of cellulose. Room
temperature treatment with EMIMAC under ambient condi-
tions achieves neither, the main obstacle being the intransigence
of the lignin rich middle lamella. However, a room temperature
IL pretreatment may be effective following some other
pretreatment process that specifically attacks the middle
lamella. It was observed that reversible swelling by room
temperature IL pretreatment can serve as a general approach to
introducing chemicals and materials into cell wall structures
(Fig. 8).%¢ X-ray fluorescence spectroscopy was used to quantify
uptake, and confocal near infrared surface enhanced Raman
microscopy was used to verify penetration, of particles up to 4
pm in size into the poplar cell wall. The possibility of using
room temperature IL pretreatment to improve the access of
enzymes and catalyst particles to the lignocellulosic matrix is
currently being further explored. Deeper penetration into the
biomass is expected to lower the cost of reducing the biomass
to a fine size. It was shown that impregnated samples when
subjected to surface enhanced Raman microscopy display
a strong surface-enhanced effect. Room temperature IL
pretreatment can significantly increase the speed in Raman
microscopy image acquisition, as well as the ability to place
nanosensors at the cell wall to measure chemical environment
at the wall during fungal or biochemical treatments. This
technique is generally applicable to biochemical analysis.®”®

Fig.7 Time-resolved autofluorescence images (a to f) and X-ray microdiffraction images (g to p) of poplar wood cells as they are reversibly swollen by
ionic liquid. Auto-fluorescence reveals the distribution of lignin in poplar cell walls, whereas X-ray diffraction reveals the structure of cellulose fibers
(adapted from Lucas et al.*”). The ionic liquid penetrates the cell wall from the lumen, swelling the cell wall by about a factor of two. However the middle
lamella remains unchanged. During swelling most of the cellulose microfibrils are solubilized but recrystallize as cellulose I on expulsion of the ionic
liquid. The action of the ionic liquid is therefore a reversible swelling and a reversible decrystallization of the cell wall.
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Fig. 8 Poplar wood cells after impregnating with gold nanoparticles during ionic liquid reversible swelling. The bright spots are the nanoparticles. The
possibility of using this approach to improve the access of enzymes and catalyst particles to the lignocellulosic matrix is currently being explored.

Biological approaches

Although many fungi degrade parts of plant cell walls, white rot
fungi are unique in their ability to degrade it completely.*® In
particular, they can efficiently degrade lignin to CO,'* and this
has stimulated interest in their use as a biological pretreatment
(sometimes called “seasoning”).?’'' A big advantage of this
approach is environmental friendliness. Rather than developing
the use of these microorganisms themselves as a pretreatment, in
this work a different approach is being taken of trying to
understand their key degradation processes, so that new insights
can be obtained that might lead to new pretreatment strategies.
Although several strains of white rot fungi have been investigated
by other researchers for their potential use in biological
pretreatments, Phanerochaete chrysosporium has been a primary
focus because it has already been widely studied and its genome
sequence has been available for some time.'**> More recently the
sequences of several other lignin degrading fungi have become
available. The ability of P.chrysosporium to degrade lignin is due
to its unique extracellular oxidative ligninolytic system that
includes secreted enzymes and small molecule metabolites.'* Of
these enzymes, multiple isozymes of lignin peroxidase (LiP) and
manganese peroxidase (MnP) have been identified. LiP and MnP
are iron-heme containing enzymes which catalyze oxidation
reactions that lead to lignin bond cleavage.'**

MnPs from P.chrysosporium oxidize Mn** to Mn**, which acts
as a small diffusible mediator for the oxidation of lignin.*® There
is evidence that during diffusion, the bidentate chelator oxalate,
an extracellular metabolite of the fungus, stabilizes Mn** against
disproportionation to Mn** or the insoluble Mn**.'** However,
these Mn**/oxalate complexes are considerably weakened
oxidants compared to more weakly chelated Mn** and are not
strong enough to oxidize the predominant (90%) non-phenolic
units in lignin, attacking only the terminal phenolic units. For
that reason they are unlikely candidates for development for
biomass pretreatment and attention has been focused on other
possible Mn**/chelator complexes and on studying the stronger
oxidative mechanisms of LiPs.

Recently it was discovered that Mn** produced by MnPs
from P.chrysosporium can chelate and oxidize certain unsatu-
rated long chain fatty acids and it may be that a downstream
product of these fatty acids can act a non-phenolic lignin
oxidant.’® Preliminary evidence suggests that the proximal
oxidants in this system may be long-chain unsaturated alde-
hydes. This exciting discovery may have potential for

development towards a lignin degrading pretreatment, although
considerable further research is required to define the exact
sequence of single electron transfers. It also suggests that if
MnP does have a major role in the lignin degradation strategy
of P.chrysosporium, it may be through subsequent reactions of
Mn*" with other mediator oxidants that cleave the non-
phenolic lignin structures.

In order to search for other possible mediator oxidants small
molecules that are generated during fungal degradation of poplar
are being studied using mass spectrometry. Although this is at
a preliminary stage, several compounds have been identified,
with one fungus secreting a previously unknown metabolite. This
metabolite is aromatic, as shown by the finding that it becomes
radiolabeled when '“C-labeled phenylalanine is supplied to the
wood cultures. In associated work, a transporter protein, located
in the cell membrane of P. chrysosporium, has been observed
which is up-regulated during ligninolytic metabolism and thus
may have a role in the secretion of biodegradative metabolites.
Also identified during this study was a ligninolytically up-regu-
lated, membrane-associated alcohol oxidase which likely has
a role in production of the hydrogen peroxide needed to support
the action of lignin-degrading peroxidases during wood decon-
struction by P. chrysosporium.In addition to searching for
natural chelators and mediator oxidants of Mn**, the possibility
of directly designing Mn**/chelator complexes that incorporate
synthetic ligands that can stabilize Mn** whilst also preserving or
enhancing its oxidative power is being explored by other
researchers.

Unlike MnPs, LiPs are strong oxidants that have the ability to
interact directly with non-phenolic lignin units to cleave them.
They are oxidized by H,0, to give a two electron-oxidized
intermediate (Compound I) in which the iron is present as Fe(1v)
and a free radical resides on the tetrapyrrole ring (or on a nearby
amino acid). Compound I then oxidizes a donor lignin substrate
by single electron transfer, yielding a lignin radical cation and
Compound II, in which the iron is still present as Fe(iv)but no
radical is present on the tetrapyrrole. The lignin radical cation
then undergoes spontaneous carbon-carbon bond cleavage.
Compound II then oxidizes a second donor lignin substrate,
giving another lignin radical cation and the resting state of the
enzyme. This pathway can occur through direct interaction
(binding) of the heme group with small lignin fragments, or
longer-range electron transfer between a surface exposed tryp-
tophan residue and more bulky and enzyme-impenetrable lignin
polymers.
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An alternative route which would also allow oxidation of
bulky lignin polymers has been suggested that involves mediation
by diffusible small molecules (e.g., veratryl alcohol) whose cation
radicals formed by single electron transfer to LiP are responsible
for oxidation of lignin. In mass spectrometry studies of the
fungal degradation of poplar in this work, veratryl alcohol and
its oxidation product, veratryl aldehyde, are the most common
small molecules seen, and it is a metabolite known to be secreted
by P. chrysosporium. However, veratryl alcohol may have other
roles in the oxidative pathway of LiPs including reduction of LiP
Compound II to the resting state after lignin oxidation.'**

Although LiPs are attractive because of their unusually high
activity, an efficient expression system that would allow their
production on an industrial scale has yet to be developed in this
work. However, significant progress has been made in under-
standing the details of the single electron oxidation reactions
which LiPs promote. In initial studies, information was gained
about the efficiencies/rates of carbon-carbon bond cleavage of
linkages in lignin. For this purpose, single electron transfer,
photochemical, Ce(1v), and LiP promoted oxidation reactions
were carried out on dimeric lignin model compounds that had
been synthesized to represent the condensed B-1 and non-con-
densedf-0-4 groups that are predominant in the lignin skeleton,
and compared to quantum mechanics calculation of bond ioni-
zation energies. It was discovered that regardless of the method
used for their generation, cation radicals derived by single elec-
tron transfer oxidation of B-1 linked dimers undergo carbon-
carbon bond cleavage more rapidly than those produced from
B-O-4 linked dimers.*’

These studies were then extended to tetrameric lignin
compounds that included both the both B-1 and B-O-4 linkages.
It was found that regardless of how the charge and odd electron
in the radical cations are distributed over the two linkages, the 3-
1 linkage is preferentially cleaved.*® This is an important finding
because it suggests that the genetic design of plants that have
greater abundances of the spirodienone(f-1) linkages in lignin
may be more efficiently pretreated through oxidative pretreat-
ments. The structural and electronic features of neutral and
radical cation lignin model compounds containing -1 and B-O-4
linkages were also investigated using ab initio density functional
theory (Fig. 9). The calculated bond dissociation energies clearly
indicated the selective C,—Cg bond weakening upon electron
delocalization and charge localization upon radical formation.
These calculations addressed the reactivity of these model
compounds in terms of the possible influence of stereoselectivity
and solvent effects.

Discussion

Initial results from a program researching lignocellulosic
biomass structure, recalcitrance, and pretreatment have been
reviewed. This program is designed to contribute in a comple-
mentary way to the many other research programs in this field,
and it builds on major advances already made by other
researchers across the world. It was described how by altering
conventional AFEX to maximize cellulose accessibility whilst
simultaneously producing a cellulose crystal conversion, cost-
efficiency can be significantly improved. In related work it was
observed that optimizing the combination of enzymes applied to

Fig. 9 The structural and electronic features of neutral and radical
cation lignin model compounds containing -1 and B-O-4 linkages were
calculated using ab initio density functional theory. The distribution of
positive electron density is shown for different structural units. The
calculated bond dissociation energies clearly indicated that oxidation of
B-1 linked dimers undergo carbon-carbon bond cleavage more rapidly
than those produced from B-O-4 linked dimmers, suggesting that the
genetic design of plants that have greater abundances of B-1 linkages in
lignin may be more efficiently pretreated through oxidative pretreatments
(adapted from Cho et al.*’).

different types of cellulose crystal forms found in pretreated
lignocellulosic biomass can improve hydrolysis by enhancing
synergistic activity. At room temperatures, and ambient condi-
tions, pretreatment with EMIMAC ionic liquid cannot break
down the middle lamella and disrupt the cell wall components of
biomass, as occurs during effective pretreatment at higher
temperatures. However, the secondary cell wall can be reversibly
swollen and this allows access to nanometre sized particles. This
insight is being exploited to allow deeper penetration of enzymes
and chemical catalysts in order to lower the cost of mechanically
reducing lignocellulosic ~ biomass. Biologically inspired
approaches to oxidizing lignin as a possible pretreatment
strategy were explored. The chelated Mn** ions that are the
immediate oxidation products of the enzyme MnP are unlikely
candidates for industrial development, but other downstream
oxidation mediators that are more promising were found.
Research into the more powerfully oxidizing enzyme LiP has
provided new insights into how bonds in lignin are preferentially
cleaved, and these results may be helpful for genetic manipula-
tions to lignin synthesis in plants to reduce the costs of their
pretreatments. In addition to contributing towards a compre-
hensive understanding of lignocellulosic biomass, this work has
also contributed towards demonstrated optimizations of existing
pretreatment methods, and the emergence of completely new
pretreatment strategies that remain to be fully developed.

The nascent research program reviewed here has more recently
grown into a broader program in lignocellulosic biofuels research
involving several collaborations between different technical
divisions at Los Alamos National Laboratory, as well as with
industry, other national laboratories, and academic institutes. In
the other areas of this growing program noteworthy progress is
being made. In particular, in addition to investigating
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biologically inspired Mn?*"/chelator complexes as catalysts for
lignin degradation, other base metal complexes, such as vana-
dium(v) dipicolinate have been developed that have the potential
to provide an earth-abundant (non-precious) metal catalyst and
air as an oxidant for lignin.'®%” It is hoped that selective
oxidative cleavage of lignin by this catalyst will result in smaller,
more utilizable components, for example, aromatic product
streams that could feed into existing industrial markets.

Enzymes represent a significant proportion of the cost of
producing lignocellulosic biofuels. Industrially relevant proper-
ties such as thermal stability, pH tolerance, activity, substrate
specificity and inhibition, of cellulose (cellulases) and hemi-
cellulose (xylanases) hydrolyzing enzymes are being improved
using several different bioengineering approaches. A novel
protein thermostabilization method has recently been devel-
oped,'®® which is being applied to cellulases from the fungus
Trichoderma longibrachiatum, so that they remain active for
longer at the elevated temperatures of some proposed industrial
conversions. A second, independent bioengineering project is
focusing on the hemicellulose degrading enzyme from the soil
bacterium Bacillus circulans. A two-pronged approach has been
implemented in order to identify the best method for rapid
evolution of cellulases from this xylanase based on enzyme
function. The first utilizes the power of Rosetta molecular
modeling software.'® The second method leverages the detailed
knowledge of the enzyme catalyzed reaction mechanism for
construction of an intricate directed evolution approach for
evolving cellulase function.'® In yet another project, the catalytic
mechanism of another xylanase from the fungus Trichoderma
longibrachiatum is being studied by neutron crystallography in
order to provide mechanistic insights that can guide rational
engineering of the enzyme for improved performance in the
alkaline conditions sometimes found in proposed industrial
conversion.!!!

The above examples of bioengineering involve enzymes that
are secreted by both fungi and soil-derived bacteria for extra-
cellular degradation of biomass. These are just a few examples of
industrially important enzymes that are being pressed to perform
new and improved functions. However, other examples involve
enzymes that are introduced into the microorganism in order to
endow their new hosts with new metabolic capabilities. In
particular, a major problem for the efficient production of
lignocellulosic biofuels is the presence of xylose in biomass
hydrolazates. Xylose is a pentose sugar which cannot be fer-
mented by the industrial yeast S. cerevisiae. Extensive efforts are
being made by several other researcher groups to engineer
S. cerevisiae with an efficient xylose metabolic pathway to
produce xylulose, the fermentable keto isomer of xylose. One
pathway is isomerization of xylose to xylulose by expression of
xylA, the gene found in some anaerobic fungi and bacteria that
encodes the enzyme D-xylose Isomeraze. In work being carried
out in collaboration with the Great Lakes Bioenergy Research
Center, neutron crystallography is being used to elucidate the
catalytic mechanism of D-xylose isomerase in detail in order to
provide insights that will allow rational design to improve cata-
lytic performance and binding specificity and which are gen-
eralizible to a broad range of enzymes with different thermal and
pH stabilities.''*'** In related work, mechanistic insights from
neutron crystallography are being used to improve the enzyme

carbonic anhydrase for increased carbon fixation during algal
biofuels production.'®!"

Conclusion

This work contributes towards a comprehensive understanding
of lignocellulosic biomass. It builds on, and is complementary to,
the major advances made by other researchers in this field.
Although several different approaches to pretreatment methods
are possible, and are being advanced and demonstrated by other
researchers, this work has contributed towards the emergence of
completely new pretreatment strategies that remain to be fully
developed. A feature of the research reviewed here is the use of
combinations of several complementary experimental and theo-
retical methods when necessary, in order to obtain a more
complete understanding of each problem. Thus insights that
contribute to a basic understanding of the structure and prop-
erties of lignocellulosic biomass and its pretreatment have been
gained by the application of crystallography, small angle scat-
tering, spectroscopy, synthetic chemistry, enzyme and chemical
activity assays, molecular dynamics, statistical mechanics,
and quantum chemistry. These new combined theoretical and
experimental platforms will continue to be developed and
applied to research in lignocellulosic biofuels, but also have
potential to be applied in other research areas requiring complex
material characterization.
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