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Abstract

Second-generation biofuels made from lignocellulosic biomass hold immense potential in serving
as an alternative source of energy. Due to the rigid cell wall structure, the biomass has to be
pretreated with chemicals, often at high temperature and pressure, to breakdown the cell wall
structure and increase cellulose accessibility to hydrolytic enzymes. Through years of research, a
great amount has been learned about the structural rearrangements that occur after pretreatment
and have resulted in proposed reasons for recalcitrance to enzyme hydrolysis that occurs even after
pretreatment. But why the structural re-arrangement took place the way it did during pretreatment
is largely unknown. This is because our current understanding of how polymers are interacting and
influencing each other’s structures during pretreatment is lacking. The overall aim of the work is
to understand how plant cell wall polymers interact in lignocellulose and the changes that occur in
these interactions during hot water or dilute acid pretreatment. Our approach involves studying
polymer-polymer interactions using model systems and conducting comparative studies in natural
variants of poplar and switchgrass. Using x-rays and neutrons based scattering techniques, we
studied the impact different kinds of hemicelluloses have on the hierarchical structure of cellulose
before and after pretreatment. We also studied intact biomass and used a comparative approach to
study the sugar release differences before and after pretreatment for two poplar woods with
different lignin content. Lastly, we also explored the interactions of pectin with lignin to determine
if pectin can influence the lignin aggregate formation. Overall, information on this fundamental
knowledge of polymer interactions can help design milder pretreatments or plants that are more

susceptible to deconstruction, which would decrease the cost of thermochemical pretreatment.
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Chapter 1). Introduction

1.1). Need for biofuel

1.1.1). Consumption of petroleum

Energy from sources such as petroleum, natural gas, coal, nuclear and renewables are consumed
by the transportation sectors in the form of fuel and the industrial, commercial and residential
sector in the form of electricity.! In 2018, 36% of the total energy consumed in the United States
was from petroleum making it the largest primary energy source of the U.S.? Petroleum comprises
of crude oil, a naturally occurring liquid that is found in geological formations beneath the earth
surface.® Crude oil consists of hydrocarbons, organic compounds and small amount of metals and
it is refined to form many petroleum products such as gasoline, distilled fuel oil such as diesel and
heating oil, jet fuel, coke, lubricants, kerosene.* Petroleum products are used for deriving other
value-added products such as plastics, adhesives, synthetic rubbers, polyurethane, solvents, etc.’
In 2018, 20.50 million barrels per day (average) petroleum was consumed in the U.S., of which
two-thirds of finished petroleum products were used for transportation purposes.* Figure 1.1 shows

a further breakdown of the most used petroleum product.

1.1.2). Greenhouse gases and effect on the environment

Due to burning of the fossil fuels like coal and petroleum, there is a rapid increase and a buildup
in the content of the greenhouse gases in the earth’s atmosphere.” The greenhouse gases (GHG)
such as water vapor, ozone, carbon dioxide (CO) and other greenhouse gases like methane (CHa),
nitrous oxide (N20) are naturally present in the earth’s atmosphere and they entrap the sun’s heat

causing the greenhouse effect.®
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Figure 1.1: A breakdown of the total energy consumed (unit of energy in British Thermal Units)to
show the usage in the transportation sector and a further breakdown to show gasoline as the leading
product consumed in the transportation sector. (Values obtained from Monthly Energy Review,
Energy Information Administration)® 4



Due to this naturally occurring greenhouse effect suitable temperature for life on earth is
maintained. However, the content of these gases in earth’s atmosphere has increased by 37% from
1990 to 2015 which has led to an increase in temperature by almost 0.5°C.%° Burning of
transportation fuel accounts for 29% of total U.S. greenhouse gas emissions.'? It is important to
note that the common mode of transportation is roadway in the U.S due to which the GHGs
emissions from burning petroleum account for most of U.S. GHG emissions. In fact, 60% of the
total emissions are from light-duty vehicles.*? Additionally, the recent trend in the consumption of
coal, the other leading source of primary energy in the U.S has seen a downward fall but
consumption of petroleum is seeing an increase. This indicates that the amount of CO, from

burning petroleum is also increasing in the earth’s atmosphere (Figure 1.2).

Today the atmospheric content of carbon dioxide is higher than it has ever been in the past 400,000
years accounting for a total of 400 parts per million (ppm). This is projected to lead to a drastic
increase of 4°C in earth’s temperature by 2100.* The effects of this increase in temperature would
result into increasing aridity and drought in some area, major floods in other areas and a sea-level
increase of 0.5 to 1 meter along with increase in the acidic levels of ocean water. All these
situations will negatively impact agricultural production, result in loss of habitat for all land-living

species and death of sea-creature due to increased acidity of water.® 4

As the consequences of climate change become well-known, the Environmental Protective Agency
(EPA) has introduced policies and programs to curb its consequences. To name a few these include
setting GHGs emissions standard for cars and trucks, working with freight transportation sector to
improve supply chain efficiencies, buying government-owned low emission vehicles at federal
agencies and taking steps to set emission standards for aircraft.X® The most significant policy has

been the Renewable Fuel Standard (RFS) program due to which the nation’s renewable fuels sector
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Figure 1.2: Graph showing a downfall in consumption of coal (red dots) and while increase in the
consumption of petroleum (blue dots) as a primary energy source®®



has expanded. According to this program the fuel for vehicles must include ethanol-based fuels
made from plants also called biofuels.'® Biofuels offer several benefits over fuel made from
petroleum.t’ Plants can be grown, harvested and converted to fuel over and over which makes
biofuels a renewable source of energy. The production of the fuel from wide variety of plant
materials and waste will be domestic which would result in decrease of the energy dependence of
the nation on other countries. Plants utilize CO2 during growth and may increase stores of soil
organic carbon resulting in decrease of GHG emissions relative to petroleum-derived fuels.
Additionally, vehicle tailpipe emissions of many air pollutants harmful to human health may be
lower with biofuels. Lastly, biofuels production and use have provided more jobs in sectors
ranging from agriculture, transportation and in a whole new industrial sector for converting and

refining plant-based fuel.'’

1.2). Biofuels

1.2.1). First generation biofuel

Any plant rich in the starting material for ethanol production namely, fermentable sugars, would
serve as an excellent feedstock.'® The 1% generation biofuel in US are mainly derived from corn
which is rich in starch, a polymer made of o (1->4) linked glucose. Historically, ethanol from corn
was proposed to be used as a transportation fuel but due to lower cost and higher energy output
gasoline was used instead.*® The use of corn for making ethanol gained traction in the US during
late 1990s when methyl tertiary butyl ether, an oxygenate additive to gasoline was responsible for
contaminating ground water.?® Around this time a blend of fuel containing 10% of ethanol to
gasoline (E10) was replacing 100% gasoline commercially. Since ethanol has a higher-octane

number (106-110) than gasoline (91-96), the blend was able to withstand higher compression and



the fuel would ignite near the ignition spark in the compression chamber.?* Additionally, in 2002
flex-fuel vehicles that would run with up to 85% ethanol were commercially being made by Ford
which further increased ethanol production from corn. In 2005 as an amendment to the Clean Air
Act, the renewable fuel standards were established and a limit was set to include a minimum
volume of renewable fuel such as ethanol to gasoline.?? In the same year, the US became the
world's largest producer of ethanol fuel surpassing Brazil, the only other country which was
significantly invested in the production of ethanol albeit from sugar-cane.?® However, as corn is
used as fodder for animals and for cooking purposes by humans it was soon realized that corn-
based biofuel might negatively impact the food chain, lead to over consumption of water and a
loss of agricultural land. Other sugar-based feedstocks had same problems as corn for deriving 1%
generation biofuels and these included sugarcane (usually grown in tropical climate), sugar beet,
molasses obtained from sugar cane and sugar beet, or unconsumed fruits.*® Around 2006 the prices
for gasoline had skyrocketed and under the Energy Independence and Security Act of 2007 a
further increase in the production of biofuel was mandated. This policy delineated the quantities
of biofuels that would be derived from corn and those that would be derived from lignocellulosic
biomass that is not traditionally consumed by humans.'® As per the EISA act of 2007, a target of
producing 36 billion gallons of biofuel by 2022 was set. As shown in Figure 1.3, the amount of
ethanol from corn was capped at about 16 billion gallons and by 2022, around 20 billion gallons

of ethanol were supposed to be made from cellulosic sources.

In 2018, about 14.4 billion gallons of fuel ethanol were consumed in the United States and 95% of

the ethanol was derived from corn.?*
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While the production of cellulosic ethanol did not meet its target for 2017 and would possibly not
meet its target for 2022, it is worth noting that because of the production of corn-based fuel and
its addition to the E10 blend, gasoline consumption decreased. Corn-based ethanol does reduce
GHGs emissions by 20% as compared to petroleum.'* However, in addition to being a crop for
food consumption, they are also not as cost-effective as gasoline. Additionally, the bio-refineries
that make this biofuel are run with coal. There is a need to replace corn-based ethanol by other
advanced biofuel sources such as cellulosic ethanol or from ethanol from algal sources. Both these

advanced biofuels would reduce GHGs by 60% and 50% as compared to petroleum.

1.2.2). Advanced biofuel

While initially there was research conducted to turn corn to ethanol since the early 2000s research
is mainly focused on conversion of lignocellulosic biomass to biofuel. Pilot-scale plants and

biorefineries for cellulosic ethanol are growing.

They use lignin instead of coal to provide energy to run the biofuel plant.!® However, a huge gap
in translating the research to commercial market exists. One of the prime reasons is that 2"
generation biofuels (feedstock was sorghum) are still more expensive than gasoline (cost ranges
from >50% to almost comparable under the most optimistic scenario).?® It is important to note that
the advantages and cost of biofuels over fossil fuels are largely dependent on the process by which
the biofuel is produced. Several factors such as energy inputs to operate a bio-refinery, rate at
which plant biomass is grown, amount of biomass made, conversion to biofuel efficiency,
simultaneous development pollution control technologies like carbon sequestration, and direct and
indirect land-use have implications on the cost and the advantage biofuels bring to a sustainable
environment.” 228 |n order to understand these bottlenecks that drive up the costs, we need to

understand the process of conversion of lignocellulosic biomass to biofuel
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The conversion of plant biomass to 2" generation cellulose-based biofuel at a bio-refinery®

(Figure 1.4) can be broken down into following steps:

1). Selection growth, harvest, storage and transportation of feedstock

For making 2" generation cellulose-based biofuel, feedstocks comprise of lignocellulosic
materials derived from agricultural residues (few examples include corn stover, sugarcane bagasse,
rice, and wheat straw)® and energy crops (few examples include switchgrass, poplar, miscanthus,
willow).3132 The common and preferable characteristics for any feedstock to be considered for
biofuel production are they should be non-food crops, easy to grow with less energy input, give
high yield in less amount of time, and can withstand unfavorable conditions such as drought, salt
stress, high temperatures, and flooding. Also, the selection of the bioenergy crop is largely based
on the type of geographical location and environmental conditions.

2). Pretreatment of the plant biomass:

Due to the rigid cell wall structure of plant biomass, it has to be pretreated either by physical,
chemical or biologically methods. More often than not the feedstocks are cut to a certain size by
milling and then treated with solvents. The function of the pretreatment process is to open the
lignin-hemicellulose matrix and disrupt the cellulose ultrastructure making the lignocellulosic
biomass more accessible for the hydrolytic enzymes Pretreating biomass with solvents at high
temperature conditions results in separating the polymer cellulose and rest of the biomass

components.3+3°
3). Enzymatic hydrolysis of cellulose to cellobiose and glucose

The extracted cellulose is treated with hydrolytic enzymes to break cellulose down to glucose.

Enzymatic hydrolysis is a heterogeneous reaction that involves multiple steps.
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Figure 1.4: The schematic shows the four steps -1). Selection of feedstock 2). Pretreatment of
feedstock or lignocellulosic biomass 3). Enzymatic hydrolysis of cellulose 4). Fermentation of
glucose for conversion to ethanol
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Glycosidic hydrolases (GHs) are a class of hydrolytic enzymes that responsible for cleaving
the glycosidic bond found in polysaccharides such as cellulose. They contain the
endoglucanase and exoglucanase that work together on the insoluble cellulose at the solid-
liquid interface. Due to their action cellobiose or other short oligosaccharides are formed
which enter the liquid medium. In the next step, these soluble sugars are further catalytically

acted upon by B- glucosidase and cleaved to glucose.®®
4). Fermentation of glucose to alcohols such as ethanol

The last step for conversion includes fermenting glucose to ethanol. The solution rich in sugars
formed from the previous step is recovered and acted upon by micro-organisms (to name a few —
Saccharomyces, E. coli, and Zymomonas). These microbes utilize the sugar and release ethanol.

The ethanol is then separated and purified by distillation.®’

While each step of the process to produce biofuel have problems that need to be addressed, the
step 2 contribute to about 30% of the total cost of production.®® Commonly used industrial
thermochemical pretreatment approaches use hot water or dilute acid for the breakdown of the cell
wall structure. These solvents also hydrolyze the matrix polysaccharides to oligomeric or
monomeric sugars by acting on the glycosidic linkage. In these pretreatment approaches, water or
dilute acid (0.2 to 2.5% w/w) is added to the lignocellulosic biomass which is then heated to 120
- 200 °C with constant mixing in a closed reactor.>® However, the need for high pressure and
temperature increase the cost of the process and is seen as a major disadvantage for the production

of second-generation biofuels using this pretreatment approach.3®

For optimizing the water or dilute acid pretreatment, it is critical to determine the structure of the

cell wall and type of changes that occur to the cell wall as a result of pretreatment. In Chapter 2,
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a detailed description of the structure of individual cell wall polymers that make the plant cell wall,
the proposed structural models of the primary and secondary cell wall, reasons for biomass
recalcitrance to enzymatic hydrolysis, and pretreatments methods have been mentioned. In very
simple terms, the cellulose is embedded in a matrix of polymers such as lignin and hemicellulose
and post hot water or dilute acid pretreatment the cellulose structure collapses while lignin forms
aggregates and hemicellulose partially get solubilized during pretreatment.%-4” Although structural
changes that occur in the plant cell wall due to pretreatment has been studied,*> 8 less is known
about the polymer interactions that lead to the assembly of the plant cell wall and those that drive

these changes during pretreatment.

1.3). Objective

Hence, the focus of this work was to understand how plant cell wall polymers interact and
assemble to make the complex plant cell wall structure and the changes that occur in these
interactions during hot water or dilute acid pretreatment, eventually resulting in the

decrease in recalcitrance.

We studied polymer-polymer interactions and the changes that result in them and during
pretreatment using A). model systems and B). by conduct comparative studies in natural variants
of poplar. These approaches were chosen due to the inherent complexity of the cell wall. The plant
cell wall composition is highly variable not only from one plant to another but between different
tissues of the same plant. The presence of the many different polymers with the associated presence
of several functional groups makes the plant cell wall complex and heterogeneous. Chapter 2
surveys plant cell wall structure and pretreatment. As a result of the heterogeneity it has been
difficult to study polymer-polymer interaction, yet the development of the different analytical

methods and techniques have enabled characterization of the molecular level interactions and
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chemical features both of individual cell wall polymers and in the cell wall. In this thesis, the
lignocellulosic biomass was studied with scattering techniques such as small-angle neutron
scattering (SANS), small and wide-angle X-ray scattering. Chapter 3 describes the fundamentals
of scattering for studying and analyzing the structure of lignocellulosic biomass and its
components. The use of certain fitting approaches that were used for the scattering data is also
mentioned. Specifically, coupling scattering with other chemical or physical characterization
methods such as quantitative saccharification, infrared spectroscopy, cellulose accessibility
measurements we studied hemicellulose-cellulose interactions (Chapter 4), lignin-cellulose

interactions (Chapter 5) and lignin-pectin interactions (Chapter 6).

In Chapter 4, we report the results of our study in which we designed a controlled model system
and investigated the influence a particular polymer has on the structure of the other polymer.
Especially, changes in cellulose structure in the presence of different kinds of hemicellulose were
important to study to make better biofuels as cellulose is secreted into a matrix containing
hemicellulose and also cellulose is the polymer that is eventually converted to biofuel. Hence, cell
wall mimicking hemicellulose-cellulose composites were made and subjected to dilute acid
pretreatment to study the influence of different hemicelluloses on the structure of cellulose both
before and after pretreatment. The composites were prepared by synthesizing bacterial cellulose
from Acetobacter xylinus in the presence of glucomannan or xyloglucan dissolved in the growth
media. SANS was used to study changes in cellulose macrofibril size, surface, and internal
morphology of macrofibril and arrangement of macrofibrils within the network like structure in
untreated and dilute acid pretreated (DAP) cellulose and composites. The SANS results are

complemented by the changes in crystallinity, crystallite size and peak position as detected by X-
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ray diffraction and sugar compositional analysis. Our published results point to a tight interaction

of xyloglucan with microfibrils while glucomannan only interacts at the macrofibril surfaces.*

To understand cellulose and lignin interaction (Chapter 5), we looked at the plant cell wall as a
whole. We wanted to gain insights into how the decrease of one polymer component influences
changes in the other components eventually leading to changes in sugar yield upon pretreatment
followed by enzymatic hydrolysis. As previously mentioned, the plant cell wall is complex and
studying polymer interactions in the plant cell wall, and concluding can be a difficult task. But
interdependency among the polymers suggests that changes in one polymer can lead to changes in
the amount, structure, or other properties of other polymers in the cell wall. A comparative
approach was taken to study structural differences in the cellulose due to lignin content of two
naturally occurring poplar, which were grown under the same conditions, harvested at the same
time, but showed differences in sugar release in the native and hot water pretreated state. These
two kinds of poplar (kind of hardwood) were a part of the genome-wide association study
(GWAS)* and we found that the poplar with a lower content of lignin had a different distribution
of lignin and arrangement of cellulose microfibrils than high lignin contenting poplar. Hot water
pretreatments at three different time and temperature conditions were conducted, and
simultaneously the changes occurring in the poplar were studied with SANS. Post pretreatment,
no differences were found in the way lignin re-distributed, and the coalesced cellulose
microfibrillar cross-section size between the two poplar samples for the same condition of
pretreatment. Additionally, no difference in cellulose accessibility, the formation of inhibitors, or
acetic acid after hot water pretreatment were observed. However, with X-ray diffraction (XRD)

changes in the cellulose ultrastructure such as crystallite size, crystallinity and crystallinity
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between the two poplars were observed for the most severe pretreatment which could be the reason

for the previously reported observed difference in glucan release.

In Chapter 6, we investigated pectic polysaccharide interaction with lignin. We conducted hot
water pretreatment on wildtype and galacturonosyltransferase 4 (GAUT4) knockdown switchgrass
to study differences in lignin aggregate size and used model systems to check for the possible
formation of lignin-carbohydrate complexes. A recent study used monoclonal antibodies to track
the location of galacturonic acid-containing homogalacturonan pectin.®® Interestingly,
homogalacturonan was found to be in the middle lamella and cell wall corner region as lignin.
Sugar release from switchgrass mutant (GAUT4-knockdown) in which the gene responsible for
making the galacturonic acid was suppressed resulted in an increase after hot water pretreatment
compared to the wildtype switchgrass.®® These results encouraged us to look for the lignin-
carbohydrate complex formation between lignin and pectin and study its influence on the lignin
aggregate formation using SANS. Further, to investigate the nature of interaction (physical or
chemical), we made synthetic lignin from monolignols in the presence of homogalacturonan. We
investigated the lignin-homogalacturonan composite with small-angle X-ray scattering (SAXS)

and infra-red (IR) spectroscopy.

In summary (Chapter 7), by using plant cell wall polymers for making model materials and
combining results with plant studies this work will provide valuable insights into the interactions
between the plant cell wall polymers, which can be useful for future development of biofuels and

bioproducts.
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Chapter 2). Plant cell wall structure and pretreatment

The cellulose, hemicellulose, pectin, and lignin assemble to make the plant cell wall, which
serves several critical functions through the life span of the plant.! The plant kingdom
comprises of unicellular organisms like algae to multicellular flowering plants. Algal
biomass is used for advanced 3" generation biofuel production? but the cellulosic 2"
generation ethanol-based biofuel is derived mainly from multicellular plants.®* The
multicellular plants grow from seed, and depending upon the number of cotyledons present
in the seed, the plants are classified as monocots or dicots.®> As mentioned in Chapter 2,
plants that grow in arid conditions and are not consumed by humans or animals should be
selected for 2" generation biofuel production. There are significant differences in the
compositions in the cell wall polymers of monocots which include softwood species like
spruce, fir, birch, and dicots which include grasses like switchgrass, sorghum and hardwood
species such as poplar.! Typical composition of cellulose, hemicellulose, and lignin in
softwoods, hardwoods, and grasses are shown in Table 2.1.

These multicellular plants variable from each other in composition and they also have
specialized cells with heterogenous composition to carry out unique functions. For instance,
the parenchyma cells present in the leaf are responsible for metabolism and food production
and have a thin and flexible cell wall. Whereas the sclerenchyma cells are present in the
root and have a hard cell wall as they give plant support. Similarly, the xylem vessels also
have a rigid cell wall with high amount of hydrophobic lignin as they transport water from

roots to leaves.®
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Table 2.1: Cell wall polymer composition of softwood, hardwood, and grasses

Lignocellulosic Cellulose (%) Hemicellulose (%) Lignin (%)
material

Softwoods 45-50 25-35 25-35
Hardwoods 40-55 24-40 18-25
Grasses 25-40 35-50 10-30
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One of the reasons for variations in the compositions of the cell wall polymers is for
controlling the rigidity of the cell wall and helping the cell perform various other functions
like turgor pressure,’ giving shape and strength to the plant cell, building interactions with
the microbes, and protection against potential pathogens.®® The typical chemical and

molecular characteristics of cell wall polymers are described below.

2.1). Individual polymers of the plant cell wall

2.1.1). Cellulose

Cellulose is a linear polymer that consists of D-glucopyranosyl residues connected by B (1—4)
glycosidic linkages.**** This homopolysaccharide has cellobiose as the repeating unit, and the

structure of one glucan chain is shown in Figure 2.1.%2

2.1.1.1). Cellulose fiber formation and general aspects of cellulose structure

Plants, some bacteria such as Acetobacter xylinus and algae, synthesize and secrete
cellulose.* These organisms have an enzyme complex, cellulose synthase embedded in the
plasma membrane, that synthesizes and extrudes glucan chain.'®>® Both inter and intra-
chain hydrogen(H) bonding occurs due to the glucan chain being linear and the hydroxides
being evenly distributed on both sides of the glucopyranosy! residues.*® While mentioning
H-bonding, it is important to discuss the configuration of C6 hydroxymethyl group.? Early
modeling studies show that the hydroxylmethyl group on the C6 of glucopyranosyl residue
in cellulose | is in the trans-gauche (tg) configuration. This is based on the comparison of
models of cellulose | with the three configurations (gg = gauche-gauche, tg = trans-guache, gt

= gauche-trans) to x-ray diffraction data.®
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Figure 2.1: Single-chain of glucan of cellulose in which the glucopyranose unit is in
thermodynamically stable chair form and connected by  (1—4) linkage. The three most probable
positions of hydroxymethylgroup (gg = gauche-gauche, tg = trans-guache, gt = gauche-trans)

around the C(6) are also shown!?13
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The neutron diffraction data and x-ray synchrotron fiber diffraction data show that cellulose
I (from plant or algal source) does have all hydroxymethyl groups adopting the tg
configuration.!’*® However, a recent study shows that the surface glucan have gg
configuration, the inner core chains have gt configuration, while the chains in between
contributing to the crystalline cellulose | are in tg configuration.'® The C6 hydroxylmethyl
group participates in forming hydrogen bonds both within the glucan due to which individual
chains have linear structure and between chains that introduce order or disorder in the cellulose
fiber. The order or disorder is dependent on the regularity of occurrence of the intrachain H-bond.
Eventually both the inter and intra-chain H-bonds and the VVander Waal forces are responsible for
the structure of cellulose | (Figure 2.2).

The glucan chain coalesces to form cellulose microfibrils.**'® However the number of
glucan chains present in a single microfibril in plant cellulose is debated, but through
several different studies it is proposed to be either 182324, 2425 or 36.21?2 Microfibrils are
of long in length as compared to its cross-sectional size (approximately 3-5nm); however,
the exact area of the microfibrillar cross-section and its shape are not yet determined.
Several models of the cross-sectional shape exist as shown in Figure 2.3. The shape is
important to know because that would determine the hydrophobic and hydrophilic surfaces
of the cellulose microfibril.25-26

The microfibrils coalesce together to form the macrofibril or the cellulose fiber .146 The
glucan chain that are extruded from bacteria and algae usually have around 50 to 160 chains
being secreted from one cellulose synthase complex which coalesce to form highly

crystalline cellulose.'*
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Figure 2.2: Cross-section of cellulose microfibril with 36 glucan chain in which the core
(green) chains are not as flexible as the surface glucan chains (blue). While this is the most
common depiction found in literature,?® there is growing evidence that the microfibril has
fewer chains than 362122, Along the length of the microfibrils, the glucan chains are present
in planar arrangement and have intra and inter hydrogen bonds.

Figure 2.3: The probable shape of the microfibril cross-section based on the number of
glucan chains. Model A has a hexagonal shape with 36 glucan chains, Model B and C both
have 24 chains, but the hydrophobic surface in model B is much shorter than that in model
C. Model D, and E consist of 18 glucan chains each.?!

24



Besides differences in the number of glucan chains, the atomic-scale structure details
showed differences in the arrangement of the glucan chain with respect to one another
between bacterial and algal and plant cellulose. NMR studies show that the packing of the
glucose molecule in the microfibril occurred in two forms: Io and IB.2’?8 In both these
forms the glucan chains are parallel and the reducing ends were aligned in the same
direction.'’-'8 The difference between them was not known until the X-ray crystal structure
was solved.!” For cellulose Io the unit cell is triclinic while containing one glucose
monomer per unit cell, while for cellulose If it is a monoclinic unit cell containing two
glucose monomer per unit cell. Due to this for cellulose If, the glucose molecules in chains
parallel to each other stack on one another while for Ia, the adjacent glucan chains were at
an offset of 5 ¢ axis. Cellulose la is meta-stable, and it can be converted to the
thermodynamically more stable cellulose Ip by annealing.?® The differences between their

glucan chain arrangement are highlighted in Figure 2.4.17-18

2.1.1.2). Cellulose crystallinity

Cellulose is semi-crystalline as it has both crystalline and the non-crystalline or amorphous
region.*%-3! Depending on the organism from which the cellulose is extracted, the amount
of crystalline to amorphous region varies. The term crystallinity index was coined, and it is
the measure of the relative amount of crystalline material in cellulose.®* Different
techniques such as infrared spectroscopy,3 x-ray diffraction,®®3* nuclear magnetic
resonance (NMR)*3¢ are used to measure the crystallinity index. Crystallinity
determination from X-ray diffraction depends on the way the amorphous phase is

determined (detailed description for calculation shown in Chapter 4).
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i 1

Cellulose la Cellulose IB

Figure 2.4: The glucan chains are at %2 axis offset between glucan chain and has a monoclinic
unit cell in cellulose Ia whereas the cellulose If has glucan chain parallel have a triclinic
unit cell* 1718
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Each technique gives variable results and comparisons of crystallinity index between
different cellulose samples if made, must have the crystallinity index measured by that
particular technique.®! Table 2.2 shows a comparison of crystallinity index estimated using

different techniques for commercially available cellulose.

2.1.1.3). Degree of polymerization of the cellulose

The glucan chain from different cellulose sources show a variation in their length.® The
length of the cellulose fiber is quantified by degree of polymerization (DP). It can be
measured as number-average DP (DPn), weight-average DP (DPw), or viscosity-average
DP (DPv).*° Gel permeation chromatography (GPC) is the most commonly used technique
of measuring cellulose DP. Both DPn, DPw can be determined with GPC, and also the
polydispersity index (PDI=Mw/Mn) can be calculated. This value can be used to determine
the distribution of the polymer molecular weight.*! In a typical procedure,cellulose is first
derivatized using tricarbanilation reaction in which reaction of cellulose with phenyl
isocyanate in pyridine takes place. After this, the reaction is quenched with methanol, and
cellulose tricarbalinate is precipitated.*? This can then be dissolved in tetrahydrofuron and
the DP measurements be made with GPC column. The column is calibrated with standards
with known and varying molecular weights such as polystyrene.*!

The cellulose viscosity-average DP (DPv) can be determined by viscometry, and the values
are relatively quickly and conveniently obtained as compared to GPC. But they are not
reliable as no clear information concerning the molar mass distribution can be determined.
Additionally, metal solutions are used in viscometry which can degrade cellulose.*® 42
Despite all the drawbacks, viscometry techniques are more commonly used for DP

determination of cellulose from lignocellulosic biomass due its complex nature. 2
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Table 2.2: Percent crystallinity calculated with different techniques and method of hardwood,
softwood, and grasses

Feedstock XRD*’ Feedstock NMR3®
Peak | Amorphous Peak C4 peak
height | Subtraction | deconvolution separation
Corn Stover | 47 39 37 Switchgrass 44
Norway 47 56 33 Pine 63
Spruce
Hemp fiber 77 49 60 Poplar 63
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The DP of cellulose (measured using viscometric method) from various hardwoods (such
as poplar) are found in range of around 1,500 - 4,500, 3,500 - 4,500 for softwood, and 1,800

to 4,000 for agricultural residues.*°

2.1.1.4). Treatment with chemicals and change in cellulose crystalline allomorph

The atomic structural location of the glucose in the cellulose fiber can be changed by
treatment with chemicals such as sodium hydroxide, ammonia or ethylene diamine and
glycerol.*? The treatment done to cellulose Ia *8and IB *'results into cellulose II, 111, or 1V.12
27,30, 43 Eyrther details of the treatment are shown in schematic Figure 2.5.

Cellulose 11 is made by dissolving cellulose | into concentrated alkali (>10% sodium
hydroxide) and regenerating by precipitating the dissolved mixture with water.** In
cellulose 11 the hydroxymethyl carbon is in the gt position unlike cellulose | where it is in
the tg position.*? This form of cellulose 11 is the most thermodynamically stable state of
cellulose. The chains are arranged in antiparallel manner. A bifurcated hydrogen bond is
formed at O3-H---O5 as the major component and O3-H---06 as the minor component.2”
45-46 Cellulose 111 has a confirmation similar to cellulose 11 however, the chains are parallel.
Cellulose 111 is made by soaking cellulose I with liquid ammonia or with organic amine
such as ethylenediamine. It also has the hydroxymethyl group in the gt position and
bifurcated hydrogen bond at O3-H---05 and O3-H---06 forms.*” The existence of cellulose
IV is debated in literature however some studies show it has the highest number of H-
bonding indicating a very stable structural form of cellulose.*8>0

Single crystals of cellulose 1V grow at higher temp than cellulose Il which is the most
stable form of cellulose.*® The crystallite length is shorter than cellulose I. However,

through moisture regain experiment it was found that it is more accessible than cellulose 1.
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Figure 2.5: Conversion of cellulose | to Cellulose 11, 111, and IV by treating cellulose | with

different chemicals. The red triangle is to denote heat needed for the conversion. The single
arrow indicates irreversible reaction while the double arrow indicates a reversible reaction'?
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The tensile property and strength is comparable to cellulose | even though DP is shorter

than cellulose 1.0

2.1.2). Lignin

Lignin is a rigid three-dimensional network mostly made of phenyl propane structures
(C3C9) and is found in cell walls of higher plants and grasses.>* The hydrophobic lignin
present in the vascular tissue of plants helps carry water from roots to different parts of the
plant. Lignin biosynthesis starts by the conversion of the amino acid, L-phenylalanine or
L-tyrosine to coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol by series of
enzymatically driven steps. Figure 2.6 shows the main intermediates and pathways
involved in this conversion.>13

These monolignols become part of the lignin as phenylpropanoids groups and are denoted
as courmaryl (H), gauicyl (G), and sinapyl (S).%? Figure 2.7 depicts the structure of the
phenylpropanoids groups. Complete elucidation of lignin structure is challenging because
lignin cannot be extracted by solvents which do not change the lignin structure.>* Moreover,
the cell wall native lignin is associated with polysaccharide like hemicellulose, pectin and
small molecules like tannin, which contribute to structure determination complexity in
situ.5-%6 Various chemical degradation reactions of lignin such as nitrobenzene oxidation,
ozonolysis, thioacidolysis have been used to determine monolignol composition/content
and linkages. These methods are laborious so they are replaced by structural
characterization techniques.’’*® Nonetheless, combination of chemical isolation®®
techniques and structural characterization using spectroscopy, Nuclear Magnetic
Resonance (NMR),%%-¢3 UV-microscopy,®* Coherent Anti-stroke Raman Scattering
(CARS),® Infrared (IR) and Raman Spectroscopy,®® Electron Paramagnetic Resonance

(EPR) offer information about isolated lignin structure.®’
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Based on structural studies and mutant plant studies,®® % predictions about the native lignin
structure can be made. Milling of wood imparts changes in the native lignin structure
however changes are less than any other technique used to isolate lignin.%* It has been
assumed that 30-50% lignin obtained from milled wood lignin represents a structural
average of the total lignin.%°® Due to variable interlinkage formation, lignin is highly
branched polymer with weight average of molecular weight (Mw) ~20,000 in softwood and
polydispersity of 2.5 while the molecular weight is slightly in hardwood, along with a
polydispersity of 3.5.7°

The ratios of monolignol in plant species are variable (Table 2.3), and this leads to the
formation of a heterogeneous and rigid lignin structure.>"? Lignin is very important for the
plant as it imparts strength and protects against pests.>>2 The coupling of monolignols is
via the formation of free radicals. On a single monolignol there are multiple sites for a
radical form and be available for bond formation, as shown in Figure 2.8. Due to this, many
interunit linkages such as resinol (B-P), phenylcoumaran (-5), biphenyl (5-5), and 1,2-
diaryl propane (B-1) are possible.>2% % Due to differences in the monolignol composition,

the occurrence of the linkage type also differs based on the type of wood (Table 2.4).

2.1.3). Hemicellulose

Hemicellulose comprises of a board class of polysaccharides which are non-cellulosic and
extracted from the cell wall. The backbone of the hemicelluloses contains monomeric
sugars such as glucose, mannose or xylose joined B (1-4) linkages. Most hemicellulose
comprises of side chains that vary in length, type of sugar monomers, sometimes have
uronic acid residue and degree of acetylation. Based upon the sugar backbone the

hemicelluloses are divided into four categories namely xyloglucan, xylans, mixed linked
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Table 2.3: Composition of lignin and the G/S/H lignin ratio that make the lignin

52-53, 71-73
Feedstock Lignin Guaicyl (H) | Sinapyl (S) | p-coumaryl
Content (%) (%) (%) alcohol (H)
(%)
Grasses 12-18 40 50 10
Softwood 27-30 90 10 -
Hardwood 18-26 50 50 -
| OH
. po4 o s 3
“ N HO 4 /O
0 HO
(o]
! = OH
OH 6“ Intra OH
‘ Poroxidases/ | C':)aud;:;:L OH "::;;:‘(::r
H,0, | o Phenyl
) - — 0 yA o coumaran
1 |! Laccases/ [ \ HO © ({55)
. 0 0, i 0 0 o
OH 0- 5—B
!
OH 0 Intra
[ ' “OH 0 "ﬂ;ﬁ%‘:' 0 OH
. I 5 g WY HO— 0 Resinol
o ° o (BB)
' Yy—«a

Figure 2.8: Enzymes such as peroxidase or laccases in the presence of hydrogen peroxide

convert the monolignol to a free-radical which then couples with another monolignol
forming various interunit linkages to for dignols®
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Table 2.4: Type of linkages between monolignol in softwood and hardwood ((number of
linkages per 100 C9 units)>2 6% 71. 74

Type of wood | B-O-4 | B-5 B-B |55 B-1 Dibenzodioxocin
Softwood 45-50 [ 9-12 | 2-4 |19-22 |7-9 5-7
hardwood 60-62 |3-11 |3-12 | 3-9 1-7 0-2
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glucans and mannans.’>’® The typical amounts found in primary and secondary cell wall

are shown in Table 2.5

2.1.3.1). Xyloglucans

Xyloglucans are found in the primary cell wall of all higher plants but in variable amounts,
as shown in Table 2.4.”> They are often directly released from primary cell wall by
endoglucanase treatment. However, extraction with alkali followed by endoglucanase
treatment to form xyloglucan oligosaccharides have also been reported.®* The molecular
weight of xyloglucans can be as high as 200 kDa.?” Determination of structural features
such as repeating backbone monomer patterns, linkages, and side-chain monomers of
xyloglucan polysaccharide is done by studying xyloglucan oligosaccharides.®283 The
xyloglucan from hardwood and softwood have a (1-4) linked glucan backbone with many
side chains. Xylose containing side chains are connected to the glucose in the backbone by
a(1-6) linkages.®2-83 The known and commonly occurring fragments are shown in Figure

2.9.

2.1.3.2). Xylans

Xylans, in general, are a type of hemicellulose that contains a B-1,4-xylosyl backbone.
Xylans are grouped into four major types: O-acetylglucuronoxylan (AcGX),
arabinoglucuronoxylan (AGX), O-acetylglucuronoarabinoxylan (AcGAX), and O-
acetylarabinoxylan (AcAX).”® However, it should be noted that the structural
characteristics like the molecular weight, the type of side chains, degree of acetylation is
different between plant species and cell types, and dependent on the growth of the plant.”®
8 The presence of commonly observed groups, linkages and other structural features in

bioenergy related feedstock are shown in Figure 2.10.%7
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Table 2.5: Composition of the different hemicellulose in the primary and secondary cell wall
of hardwood, softwood, and grasses’>"®

Polysaccharide Hardwood Softwood Grasses’’
Primary | Secondary | Primary | Secondary | Primary | Secondary
Xyloglucan 20-25 Minor 2-5 Minor 10 -
Glucoronoxylan’ - 20-30
Glucoronoarabino- 5 20-40 40-50 2 5-15
xylan’®
(Gluco)mannan’® 3-5 2-5 2 0-5 - -
Galactogluco- - 0-3 10-30
mannan®®
Mixed link glucan - - 2-15 Minor - -

6 6 6 ©

A A

A

XXXG

XXFG

Al

Glucose .
Xylose A

Galactose .
Fucose ‘

Figure 2.9: Common xyloglucan oligosaccharide fragments found mostly in dicots are
nonasaccharide (XXFG), heptasaccharide (XXXG)8 and pentasaccharides (XXG)®8! 838
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Figure 2.10: Salient structural features of the different xylans present in

(switchgrass, miscanthus, and corn), hardwood (poplar) and softwood (pine)®’
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The AcGX are mostly detected in the secondary walls of the conducting vessels like xylem
and phloem. They are monodisperse in length, and every tenth xylosyl residue is substituted
at O-2 position with (4-O-methyl)-a-d-glucuronic acid((Me)GlcpA).28 Additionally, these
polysaccharides are heavily O-acetylated at either O-2 or O-3 positions of the xylosyl
residue making about 34-49% of xylosyl residues acetylated.8®

Arabinoglucoronoxylan (AGX) are present in softwoods although in minor amounts. They
are substituted, on average, with two 4-O-methyla-d-glucuronic acid groups at O-2 and one
a-l-arabinofuranose residue at O-3 per every ten xylose units. They are highly decorated
with side-chain substitutions but are not O-acetylated except for the AGXs from some
species of softwoods.*

Arabinoxylan is present in the primary cell wall of grasses. About 30% of the primary cell
wall of grasses have arabinoxylan whereas the primary cell wall of dicots and monocots
have less than 5%.°! Both AcGAXs and AcAX are acetylated like the AcGX, but the extent
of acetylation is low.8’

The acetyl groups are attached to the backbone xylosyl residues. There are also the
arabinofuranose substituents, which could also be acetylated at O-2 position. Most
importantly the O-5 position of the arabinofuranose residues is involved in forming ester
bonds with the ferulic or p-coumaric acids. Through such bonds it is shown that lignin could

bond to xylans in grasses.>® 7’

2.1.3.3). Mannans

Mannans appear to have been very abundant in early land plants and are still abundant in
mosses and lycophytes.”®% Besides the presence of xylans, the secondary cell wall of

softwoods also contains mannans in the form of galactoglucomannans or glucomannan.
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These mains have a B-(1—4)-linked glycosyl residues backbone containing both glucose
and mannose. The ratio of glucose to mannose can vary between 1:3 or 1:4. Mannans and
galactomannans have a complete mannose backbone.®% °2 The mannans and glucomannans
are often acetylated. Mannans have been studied for their role as seed storage compounds.

They play essential roles, as mannan synthase knockdown arabidopsis mutant did not grow.

79,93

2.1.4). Pectin

2.1.4.1). Homogalacturonans

Homogalactuonans (HG) are formed from galacturonan connected through o (1-4)
linkage.®* It is methyl esterified, however the degree that it can vary based on the plant
species, cell type, and age of the plant. Nonetheless, the methylesterification of
homogalacturonan is shown to be as high as 80%.% The non-esterified part of HG is
involved in gel formation within the cell wall. The gels are formed when calcium ions
crosslink adjacent non-esterified HG regions of two chains (Figure 2.11). The non-
esterified HGs are mostly found in the cell corner and middle lamella region. Highly methyl
esterified HGs also take part in the gel formation.®® The gels, in this case, are shown to form
in a water-deficient environment, and the chains are held together by hydrogen bonds and
hydrophobic interactions. The esterified pectins are present throughout the primary cell

wall but mostly surround the cellulose hemicellulose networks.?!: 95 97

2.1.4.2). Rhamnogalacturonan |

RG-1 has a backbone made of altering repeat units of rhamnosyl and galactosyluronic acid

residues.
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Figure 2.11: Calcium bridges are proposed to cross-link adjacent homogalacturonan

chains-%°
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The backbone repeating unit is connected as (=24-a-D-GalpA-(1->2)-a-L-Rhap-(1->) It
has side chains that differ from each other and are connected to the backbone through the
C-4 of rhamnosyl residue.'®The side chains contain arabinosyl, galactosyl, and minor
amounts of fucosyl and glucosyluronic acid residues.'®! A single side chain can have about
30 sugar residues.'®> RG-1 content results in about 5-10% total cell wall content in
hardwood, 4-7% in softwood and about 1% in grasses. While RG-I is easily extracted after
treating the cell wall with hydrolytic enzyme-like endo-polygalacturonase, sodium
carbonate solubilization prior to enzyme hydrolysis is also at times done to extract RG-I.
103 The molecular weight of Rg-I ranges between 10° to 108 Daltons, and as it elutes as a
broad peak after size exclusion chromatography, it can be concluded that RG-I is
polydisperse.®” 190

2.1.4.3). Rhamnogalacturonan 11

Out of all known plant polysaccharides, the structure of RG-I1 is the most complicated.!%
The backbone contains the D- galactosyluronic acid residues connected by a(1-> 4)
linkages. Some of the residues are esterified with methyl groups. The backbone found to
be only 30 residues long; however, the polymer is highly branched. While most
polysaccharides are singly branched, RG-II has at least 6% of the total backbone residues
doubly branched.1®® Additionally, RG-11 forms dimers by co-ordination with boron. Other
heavy metals like lead and strontium have also been detected with RG-11.1%-1°7 Unusual
glycosyl residues such as 3-deoxy-D-manno-2-octulosonic acid and 3-deoxy-D-lyxo-2-
heptulosaic acid have also been detected in RG-Il. Apiosyl, 2-O-methyl fucosyl, 2-O-
methyl xylosyl, arabinosyl are few the other key monomers found in RG-II. Apiosyl is

shown to participate in formation of borate bridges.?-1%” RG-11 is complex and plant has
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to spend high amount of energy to make this polysaccharide. Due to this, it is usually found
in low amount. The complexity of the structure makes it difficult to be broken down by

microbial enzymes and hence provides the plant protection against microbes.%

2.2). Structure of plant cell wall

While the compositional heterogeneity imparts plant cell walls with many diverse
functions, studying the structure of the cell wall becomes very challenging. There are many
unanswered questions about the structure of the cell wall.?! These include conformation of
the cell wall polymers in the plant, interaction between them, their biosynthesis and
assembly into the cell wall.1%811 These are very important to study as a better
understanding would help reduce the recalcitrance to enzymatic hydrolysis. Besides
producing biofuels efficiently, the structure of cell wall is also of interest for separating cell
wall polymers for conversion to bio-products,®” extraction of biologically active small
molecules and enzymes and extraction of polysaccharides like pectin, hemicellulose’"®
that are used in food industries as stabilizers, gum, and gels.®* The deposition of the cell
wall polymers occurs layer by layer during the growth and development of the cell wall.1%
This makes the cell wall polymer composition to be dynamically changing as the plant cell
matures.!'2 The deposition of polysaccharides and lignin in the cell wall from cell formation
until cell death is shown in Figure 2.12. Initially, during the growth phase of the cell, the
wall is a part of apoplast. Apoplast is the space between the plasma membrane and the
neighboring plant cell. The wall that surrounds the growing cell and is capable of growth
and expansion is called the primary cell.” Later, as the plant cell continues to develop,

different hemicelluloses start filling the space in the cell wall.
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Figure 2.12: The schematic depicts the formation of different cell wall layers as the new cell
forms and matures. During the formation of each layer, different polymers get synthesized
and deposited into the cell wall. 112114
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There about two thousand genes that get transcribed into glycosyl transferase and
glycosides to make the different hemicelluloses.'* Due to this, there is a huge diversity and
complexity in the structure of the hemicelluloses and pectins of the cell wall. The region
between two adjacent cells, where the primary cell wall of each cell meet is called the
middle lamella. The secondary cell wall is found in specialized cells like xylem vessels and
fiber cells. The secondary cell wall usually forms after the cell ceases to grow.” ¢ Figure
2.13 shows the primary, secondary and middle lamella region of the cell wall. All
differentiated plant cells contain the primary and secondary cell wall, but the volume

occupied by each of these cell wall layers is variable.

2.2.1). Primary cell wall

The major component present in primary cell walls isolated from higher plant tissues and
cells have cellulose (14-50%) and other polysaccharides like pectin (30-50%) and
xyloglucan (20-30%). Structural glycoproteins (hydroxyproline-rich extensins), phenolic
esters (ferulic and coumaric acids), ionically and covalently bound minerals (e.g. calcium
and boron), and proteins are an integral part that binds the polymers together but are found
in lesser amounts.*'8 The cell wall is formed during the growth phase of the cell, and a class
of proteins called expansins are responsible for regulating the expansion of the cell wall.*!’
The texture of fruits and vegetables is modulated by primary cell wall. 7

The organization of the primary cell wall polymers and other components that make the
three-dimensional cell wall architecture is a current major area of research. Different
models such as the tether model,” ° the diffuse layer model*?® and the stratified layer
model*?! have been proposed that explain the cellulose, pectin, and xyloglucan arrangement

in the primary cell wall with respect to each other (Figure 2.14).

45



—» Primary cell wall

_____

—» S3 Layer

Cell corner

Cell 2
» cell wall of cell 2

Middle lamella

Figure 2.13: Schematic showing the cell wall adjacent to two cells. The cell wall of each
cell is made of primary and secondary cell walls. The secondary cell wall has S1,S2,S3
layers.’
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Figure 2.14: Proposed primary cell wall models A). Tethered model where xyloglucan (red)
cross-links the cellulose microfibrils (yellow), and pectin (green) form a network, B).
Diffuse model wherein the xyloglucan coat the cellulose surface, and they are present in
pectin network. C). Stratified layer model in which xyloglucan crosslinks the cellulose

microfibrils, but the pectin is present as strata separating the cellulose-xyloglucan layers*®-
122
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According to the tethered model, two networks form a mesh-like structure. One of the
networks is formed from pectin while the other comprises of xyloglucan and cellulose that
are bonded together by non-covalent interactions such as hydrogen bonds and cross-link
the cellulose microfibrils.'?> The other model is the stratified layer model in which the
xyloglucan is also hydrogen-bonded and cross-links cellulose microfibrils. However, the
arrangement of xyloglucan and cellulose differs from the tethered model.'?* The
xyloglucan-cellulose are depicted to exist as lamella, and the lamella are shown to be
separated by the pectin network. Finally, in the diffuse model, there is no crosslink between
xyloglucan and cellulose, but the cellulose and xyloglucan are connected only through
hydrogen bonds.'*® The xyloglucan and cellulose are embedded in a network formed from
pectin. The evidence to support xyloglucan-cellulose bonding comes from extractability
studies of xyloglucan from plants tissue®® 2% and in vitro binding studies.*?* Additionally,
several microscopy studies show xyloglucan to be present in the spaces between
microfibrils.!*® The role of the tethered xyloglucan has been proposed to limit cell
enlargement by holding the cellulose microfibrils together in the lateral direction.'??
However, the tethering of cellulose by xyloglucan in the model does not explain some of
the experimentally observed results. For instance, no difference in deformation of the plant
tissue in which xyloglucan was broken down by xyloglucan specific endoglucanase was
observed when creep force was applied.?® Additionally, no evidence supporting cellulose
xyloglucan interactions leading to network formation was found with solid-state NMR.1?6
Rather pectin and cellulose interacting to form a network-like structure have been reported
with solid-state NMR.!?” Based on these finding, cross-links between xyloglucan and

cellulose may not exist. While the role of xyloglucan for expansion of cell wall has been
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negated, xyloglucan is thought to provide mechanical strength by acting as junctions that
connect the cellulose fibers. Such connecting points are termed as bio-mechanical hot spots
of the primary cell wall.?! Cell walls have cellulose microfibrils that deposit to form a
lamella. The primary cell wall has lesser number of lamellae as compared to the secondary

cell wall.**® The pectin network is shown to limit cellulose accessibility.*?®

2.2.1.1). Polymer interactions

Cellulose pectin interactions

In vitro studies have reported pectin binding to cellulose by hydrogen bonding.*?* This
binding is much weaker than that observed for xyloglucan and cellulose. Bacterial cellulose
synthesized in the presence of pectin shows that pectin does bind to cellulose.'?® Extracts
from various plants showed the pectic polysaccharide remains attached to the cellulose in
unextracted residue.®® Most models of the primary cell wall show separate cellulose-
xyloglucan network and pectin network and interactions between these networks due to
entanglement. However, with progress in NMR instrument development, cross-peaks
indicative of pectin side chains interacting with cellulose has been observed. The cross-
peaks remain in a partially homogalacturonan cell wall suggestive of pectin being present
between cellulose microfibrils.t?’

Different pectic interactions in the pectin network:

The pectic polysaccharides identified in the primary cell wall include homogalacturonan
(with different degrees of methyl esterification), rhamnogalacturonan 1 and
rhamnogalacturonan 11.1%4 Pectin polymers are extracted from a variety of plants by using
mild chemicals, hot water, chelators, and even cold water.13® However, isolating them with

different chromatographic separation methods has not been possible unless the extracted
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pectin containing sample has been treated with glycosidase. This shows that the different
pectins are connected to each other covalently by glycosidic bonds. Additionally, different
degree of methyl esterification of pectins and chelation of pectin with boron and calcium
resulting in network formation is also known.%-107 Homogalacturonan is linear but they
align and cross-link to form network. The mechanism by which they form networks is not
completely known, but methyl esterified homogalacturonan can interact with other methyl
esterified pectins by forming hydrogen bonds or hydrophobic interactions.®® A divalent
cation such as calcium is shown to participate in pectin network formation by forming ionic
interactions with the carboxylic group of the uronic acid present in galacturonic or
glucuronic acid of the pectin polysaccharide.®* Borate bridges formed by interaction
between boron and ester linkage with RG-II are also shown to form. Further, it is shown

that boron couples with two rhamnogalacturonan Il forming dimers.%’

2.2.2). Secondary cell wall

Eighty percent of the cell wall of grasses, hardwood and softwood feedstock considered for
biofuel production is the secondary cell wall.*® These types of cell walls have been a
critical step in the evolution of land plants. The secondary cell wall is present in conducting
tissue cells that are responsible for transportation of water and nutrients from ground to
different parts of the plant. Conduction of water and nutrients is made possible due to the
presence of lignin in the secondary cell wall of these tissues. The lignified cell wall provides
mechanical strength to plant due to which the plant stands upright and also provides the
cell wall rigidity.*'® The secondary cell wall is further divided into S1, S2 and S3 layers
(Figure2.13), which have different extent of lignification in them. The secondary cell wall

has different hemicelluloses type than found in the primary cell wall. Depending on the
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type of woody materials, hemicelluloses such as arabinoxylan, xylans, glucuronoxylan, and
glucomannans are present in the secondary cell wall.”® The orientation of the lamella that
contains the cellulose microfibrils in S2 layer is known traverse to S1 and S3 layer. This
type of orientation of the lamella gives additional strength to the cell wall.** While Table
2.1 at the start of this chapter shows overall cell wall polymers composition, Table 2.6
shows a comparison of polymer composition between primary and secondary cell walls of
softwood and hardwood. Cellulose, hemicellulose and lignin organization is shown in

Figure 2.15.

2.2.2.3). Polymer interactions

Cellulose hemicellulose interactions

Both hemicellulose and cellulose have a linear backbone in which adjacent sugar monomers
are connected by equatorial glycosidic linkage at C1 and C4 positions. Due to this, non-
covalent interactions such as hydrogen bonds are possible between hemicellulose, and
cellulose.” Evidence in support of such interactions came when cell walls were treated with
mild to harsh chemicals sequentially. After treatment with harsh chemicals such as 4 M
potassium hydroxide, the residual wall showed the presence of sugars from cellulose and
hemicellulose.r® Additionally, treatment of the plant cell wall with strong chaotrope such
as 4-methyl-morpoline-N-oxide hydrate can solubilize both hemicellulose and cellulose.*33
The binding affinities of different hemicellulose on cellulose surface have been measured
in vitro, and it has been shown that xyloglucan strongly binds to cellulose.'?* Further,
changes in the cellulose structural organization has been observed when bacterial cellulose

was synthesized in presence of various kind of hemicellulose.*3*
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Table 2.6: Distribution of polymers in the primary and secondary cell wall of hardwood and
softwood!®

Polymer Cell wall (wt%)
Primary Secondary
Hardwood Softwood
Cellulose 20-30 37-57 38-52
Lignin 0 17-30 26-36
Pectin 30-35 <10 <10
Hemicellulose | 25-30 20-57 16-27

- , Lignin
Lignin carbohydrate
bond
, Diferulate
bridges
» Hydrogen
bonds
Hemicellulose
| I
Cellulose
microfibril

Figure 2.15: Schematic showing the polymer interactions in the secondary cell wall® 116131
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Interesting, an early study showed changes in orientation of preferential localization of
AcGX between the S layers of woody plants using in-situ labeling experiments.

The S1 and S3 layers have different cellulose orientation than in S2 layer. Hence, the
presence of AcGX at the transition zone of S layer is suggestive that they play a role in
cellulose organization.® All these results show strong bonding interaction between

cellulose and hemicellulose.

Xylans have side chains which are all present on one side of the polymer with sometimes
varying degree of acetylation of sugar monomers.**%138 Due to the huge variations of side
chains it can be very challenging to determine the binding of such xylans.®’ Initial modeling
studies using molecular dynamics simulations showed that xylan with no side chains
interacts with the hydrophilic phase of the cellulose and with 2-fold screw configuration.3°
This was validated experimentally by performing solid-state NMR of the plant cell wall.
Modeling studies of xylan were conducted in which xylan had O-acetylation substituents.
It was found that these groups stabilize the binding of the xylan to the cellulose.'*® This
was contrary to previous results because it was believed that xylan molecules have to be
linear and without substitution to have maximum H-bonds with the cellulose. The results
were rationalized by proposing that xylan with no or low substitutions bind to the cellulose,
and the less side chain containing xylan interact with other xylan polymers. This causes
xylan molecules to aggregate with xylan molecules that are directly bound to cellulose.#!-
142 Modeling studies of xylan, which had side chains of arabinose and galacturonic acid,
were also conducted. It was found that xylan with such substituents interacts with (110)
hydrophilic face of cellulose. a-1,2- substitutions could stabilize the adsorbed xylan by

restricting its mobility on cellulose surface.'*! Strong stabilization was also observed when
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multiple xylan chains with galacturonic acid were present due to calcium forming cross-

links between the galacturonic acid of adjacent xylan chains.'#

Lignin polysaccharide interactions

Lignin and hemicelluloses such as xylan and glucomannans are simultaneously formed and
deposited in the secondary cell wall. Lignin is found in two fractions when extracted from
the cell wall by using mixture of dioxane: water.>® One of the fractions contains pure lignin
in low yield while the other fraction has hemicellulose and pectin sugar monomers linked
to lignin. Additionally, the lignin stream obtained during kraft pulping process also contains
covalently linked polysaccharides. Our knowledge of lignin biosynthesis and
characterization of extracted lignin give indirect evidence of covalent bond to exist between
polysaccharides such as hemicellulose, pectins, and lignin. However, there is no clear
evidence to know if such bonds are naturally occurring in the wood or are formed during
extractions processes. There are a few mild extraction processes that have been used but
the challenge to conclusive tease out the covalent bond by the currently available analytical
tools remains challenging.®®

Nonetheless, based on the functional groups of hemicellulose and lignin, and free radical
formation during lignin polymerization, possibility of ester or ether linkages between
hemicellulose and lignin cannot be discounted. Figure 2.16 shows the different ways in

which these bonds could be formed between these two cell wall polymers.
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Figure 2.16: Possible ester and ether linkages between cell wall lignin and polysaccharides.

PG = phenyl glycosides, BE = benzyl ethers; GE = y-esters; FE = ferulate esters; CE =
coumarate esters.>®
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Ester linkages between terminal nonreducing glycosyl residue and less common
monolignols such as p-coumaric acid, ferulic acid, and hydrocinnamic acid have been
reported in several different plant species.®’ For instance, ester linkage between ferulic acid
and the arabinofuranosyl residue of arabinoxylan and terminal Xxylosyl residue of
xyloglucan in grasses have been identified. Other examples include ester linked p-coumaric
acid and arabinoxylan in bamboo, ester linked ferulic acid and terminal arabinosyl and
galactopyranosyl residue of pectin present in sugar beet and spinach. Occurrence of
biphenyl linkage has also been proposed to form by oxidative reaction between two ferulic
acid residues (Figure 2.17). Each of the ferulate, in turn, may be connected to arabinoxylan
by ester linkage leading to formation of cross-linked cell wall polymer.®

There is no in vivo evidence that shows ester and ether linkages between lignin and
softwood and hardwood hemicelluloses such as mannan and xylan.>® Although these
hemicelluloses have nucleophilic group and a mechanism for covalent linkages to exist has
been proposed. Nucleophilic groups such as hydroxyl or carboxylic acid may re-aromatize
the quinone methide intermediate to form ether or ester linkages respectively at the
position of the monolignol.>* Indirect evidence suggestive of cross-links between
carboxylic acid and lignin was found when engineered mutant plant cell wall deficient in
galacturonic acid or glucuronic acid were easier to digest by hydrolytic enzymes than wild-
type. Similarly, plants in which caffeic acid O-methyl transferase (COMT) gene was
downregulated were less recalcitrance to enzyme hydrolysis than wild-type. For COMT
plant, an unconventional monolignol, 5-hydroxyl coniferyl alcohol was made that

participated in formation of benzodioxane units.®®

55



arabinoxylan
0'\-\.\_,_;,9’ o
5.5 biphenyl bond

linking ferulate
4 residus

O o
CH, O e OCH;
oM

&}\\HO Ester bind between

| * ferulate and wylan
arabinoedan

Figure 2.17: Ferulate bridge connecting two ferulic acid molecules at C5 position. The
ferulic acid may be connected to arabinoxylan by ester linkage®

56



It was proposed that polysaccharide were not able to couple with lignin having such
linkages due to the reduced recalcitrance was observed. Besides covalent linkages
electrostatic interaction between xylan and lignin has also been observed. Lignin is
hydrophobic and tends to self-aggregates to form particles of nanosize that were found to
have extensive surface contact with xylan. Further, using solid-state NMR spectroscopy,
electrostatic interactions between lignin and the polar motifs of xylan were reported in

intact maize stems.43

2.3). Biomass recalcitrance

Due to the intricate arrangement of the cell wall polymers the structure of the cell wall is rigid.
This is not favorable as it limits the access of enzymes that degrade cellulose to glucose. Several
physical and chemical features of the cell wall that restrict hydrolytic enzyme access are discussed

below.

2.3.1). Cellulose accessible surface

Factors such as the particle size of the biomass after milling!#+1% and the porosity4¢-1*® of the
biomass were found to determine the cellulose accessible. Hydrolytic enzymes get absorbed onto
the cellulose surface and hydrolyze the cellulose at a solid-liquid interface.}* It is probable to
expect that that greater surface area would result in more absorption or contact of the enzyme with
cellulose surface due to which the glucan release would be positively influenced. While this result
has been reported by several studies,}** 146148 there are some studies that have reported
otherwise. 115! Specifically, hydrolytic enzyme binds poorly to the surface of cellulose Il as
compared to cellulose I, yet the glucan release is several folds higher from cellulose Il than

cellulose 1.2°° This result shows that the inherent crystalline structure of cellulose with which the
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enzyme interacts is important in determining the glucan release. Further, for the same crystalline
structure, it was reported that the cellulase enzymes with the carbohydrate binding domain bind
specifically to the exposed hydrophobic surface, and it also would influence the mode of action
for the enzyme.™! Nonetheless, while crystal structure of cellulose is important in determining
glucan release due to enzymatic hydrolysis, if there is no difference in crystal structure or type of
exposed cellulose surface, the cellulose accessible surface would become a determining factor in

governing enzymatic hydrolysis of cellulose.

2.3.3). Hemicellulose

Removal of hemicellulose is reported to increase glucan release from cellulose post enzyme
hydrolysis. This result suggests that the presence of hemicellulose in lignocellulosic
biomass contributes to recalcitrance.*? Further, hemicellulose is believed to form covalent
linkages with lignin. 23154 |t has also been proposed that branched residues of the
hemicellulose face away from cellulose and interact with lignin.*® This type of lignin and
hemicellulose arrangement on the cellulose surface restricts the access of hydrolytic
enzymes towards cellulose.®The sugar residues in hemicellulose have a certain degree of
acetylation. The role of acetyl groups on hemicellulose is not completely known, but it has
been proposed that acetate groups face towards the lignified region of the cell wall.2*° This
is thought to increase the stiffness of the lignin hemicellulose network and make the cell
wall rigid.>® Acetyl groups are also known to affect enzymatic hydrolysis of cellulose. The
acetyl groups are converted to acetic acid during dilute acid (commonly sulphuric acid) or
hot water pretreatments and the so formed acetic acid is reported to positively®’ and
negatively affect glucan yield. As it can reduce pH of the pretreatment liquor, the acetic

acid acts as a catalyst and increases the rate of biomass breakdown. Further, pretreatment
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with acetic acid is known to remove lignin to some extend from biomass and improve
enzyme accessibility. However, several studies show that deacetylated biomass is more

digestible than biomass containing acetylated hemicellulose.!38: 149, 158

2.3.4) Lignin

Similar to hemicellulose, removal of lignin is also known to improve cellulose accessibility.*>
Lignin is shown to bind cellulolytic enzymes irreversible, making the enzymes ineffective.!®
Various physical and chemical properties of the lignin structure are reported to influence biomass
recalcitrance.’® 161162 physical properties such as lignin content and molecular weight are shown
to influence biomass recalcitrance.’® 13 Chemical properties include the ratio of syringyl (S) to
guaciyl (G) monomer composition of lignin.1®2 It is shown that S rich lignin has a lower glass
transition temperature than G-rich lignin, and it is prone to get re-distributed into lignin aggregates
post dilute acid pretreatment faster than G-rich lignin.'®* The higher content of beta aryl ether
linkage is found in S-rich lignin, which is linear polymer as compared branched G-rich lignin.®
The branched lignin is proposed to increase the rigidity of the cell wall and reduce enzymes from
accessing cellulose. Unconventional lignin monomer such as caffeyl alchol containing lignin in
biomass is also reported to be easier to digest.’%® Lignin residues or derivatives in the pretreated
biomass such as presence of vanillin, synringaldehyde, trans-cinnamic acid, hydroxybenzoic acid
are shown to inhibit certain cellulase and hemicellulases of the cocktail mix used for hydrolyzing

cellulose post-pretreatment.t®’

2.4). Thermochemical pretreatments

Due to the reasons mentioned above, the hydrolytic enzyme access to the cellulose surface is

limited. The lignocellulosic biomass is treated with either a particular or a combination of different
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processes before enzymatic hydrolysis. The primary objective of the pretreatment process is to
breakdown the rigid cell wall structure to allow access to hydrolytic enzymes (Figure 2.18).
Depending on the type of process applied to disrupt the cell wall, the pretreatment of biomass can
be divided into three categories. These include A). Physical disruption with milling B). Use of
chemicals- acidic, alkaline, organosolv, or ionic liquids C). Use of enzymes or microbes such as
white-rot fungus. The changes to the cell wall structure are dependent upon the type of
pretreatment, but changes to the cellulose crystalline structure, reduction of the cellulose DP,
(partial) removal of hemicellulose and/or removal of lignin have been reported. One outcome
common to all pretreatment processes is increase in cellulose accessibility for hydrolytic enzymes.
Due to this at least 5-10-fold increase in glucose yield are obtained post enzymatic hydrolysis of

pretreated biomass as compared to native biomass.

2.4.1). Physical pretreatment

Plant biomass is fibrous and one way of increasing cellulose accessibility is by reducing the length
of fiber. Some typical methods include vibratory and compression-based ball milling of either dry
or wet biomass, chipping, and grinding.'®® The particle size of the biomass is decided based on the
next pretreatment step.%® Generally, the biomass is cut into sizes ranging from meter to centimeter,
and depending on the milling process applied sizes of 50 to 500 um can be obtained. Ultra-fine
milling can also be done to obtain particles of size less than 20 um, but current limitation is of
lum. The composition of cell wall polymers is variable in plants due to which a wide distribution
in mechanical properties such as Young's modulus and tensile strength are observed. The stiffness
of the material can be known by Young’s modulus while the amount of stress needed to break the

material is known by the tensile strength.
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cell wall which is disrupted due to thermochemical pretreatment
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The cost of size reduction depends on the mechanical properties.®® While ultra-fine milling
significantly improves cellulose accessibility, it also increases the overall cost of making
biofuel.1’® However, for the purpose storage and handing logistics, physical pretreatment for

biomass comminution to few centimeter or millimeter size is necessary.!’*

2.4.2). Chemical pretreatment

The use of chemicals is most effective at making the biomass more conducive for enzymatic
hydrolysis. Although before chemical pretreatment, the biomass is often milled using the above-
mentioned physical pretreatment.’? The mode of action of the chemicals usually leads to chemical

modification of the cell wall components. 74

Acid pretreatment

The use of different acids ranging from mineral acids (such as sulfuric acid, nitric acid) and organic
acids (carbonic, acetic, succinic, fumaric, maleic, citric acid) at variable concentrations (dilute or
concentrated) have been for pretreatment of biomass.'”® Water at high temperatures also acts as a

weak acid and has been used for pretreating biomass.
Concentrated/Strong Acid

Concentrated sulfuric acid (30-40%) is the most commonly used acid, but use of concentrated
hydrochloric, nitric, and trifluoroacetic acid has also been reported.t’* Nikolaus A. Otto and Henry
Ford were among the first interested in using sulfuric acid for producing fuels from
lignocellulose.”® The optimal temperature for conducting pretreatment with concentrated sulfuric
acid ranges from ambient to 100°C. As concentrated acid hydrolyzes the polysaccharides like
cellulose and hemicellulose to monomeric form, the step of enzymatic hydrolysis is not needed.

Additionally, monomeric sugar like glucose and xylose do not degrade into 5-hydroxymethyl
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furfural and furfural do as the temperature is relatively low during the pretreatment.'’” While there
are advantages of using concentrated acid, corrosion of reactor, which in which the pretreatment
is conducted occurs over time. This increases the cost along with this, using acid in its concentrated
form is also expensive. Since the pH of the pretreatment liquor is low, it has to be neutralized, and
an additional step of ion-exchange chromatography is at times done to separate the sugars and the
acid. Recovery of acid after the pretreatment process is critical to make the process commercially
viable. Methods such as distillation and vacuum evaporation are used for recovering spent acid for
reuse. At industrial scale, concentrated acid has been used for pretreating biomass by Arkenol Inc.,

Masada Resource Group, BlueFire Renewables, Virdia, and Biosulfurol Energy.1’
Dilute/Weak Acid

Of all the pretreatments, the combination of milling followed by the use of hot water or dilute acid
is being used at a commercial scale in biorefineries. The effect of hot water and dilute acid on
different lignocellulosic biomass and each of the cell wall components have been widely
studied.!”® Dilute acid is most commonly used solvent for pretreatment of lignocellulosic
biomass.1”® Acids such as sulfuric acid, hydrochloric acid, nitric acid, peracetic acid or phosphoric
acid have been reported to be used at 0.05-5% (w/v) concentrations for pretreatment of various
feedstocks. Dilute acid pretreatments are performed at temperatures ranging from 140-220 °C with
the pressure generally being less than 10 atmospheres. The type of reactor in which the dilute acid
pretreatment is conducted is dependent on the temperature. For temperatures less than 160 °C a
flow-through reactor is used and the biomass loading is 5-10% (w/v) while for temperatures greater
than 160 °C a stationary batch mode reactor with loading as high as 10-40% is used.'®® The
temperature of the biomass filled reactor is increased to the pretreatment temperature and is

maintained for a period of time (retention period) at the pretreatment temperature. The period of

63



time and pretreatment temperature defines the pretreatment severity. Usually, for dilute acid
pretreatment, if retention period is few minutes then the temperature is above 180 °C and if the
retention period is few hours then the temperature is below 180 °C. The balance between time and
temperature is important to maintain for reducing the sugar degradation to inhibitor products such
as HMF and furfural.}’"1’® The severity of the pretreatment can be described by using the
following equations. These equations combine time, temperature and pH of the media to give the

severity factor. 18

log(S) = log(R) — pH

(T-100)
R=t X e 1375

Mode of Action

Protons released from the acid catalyze the cleavage of the glycosidic linkage of the
polysaccharides such as cellulose and hemicellulose. Xylose and glucose monomers are released
to the pretreatment liquor which at high severity of pretreatment is shown to degrade to 5-HMF
and furfural. Further conversion of furfural to formic acid and acetic acid has also been reported.
Furfural and/or HMF can undergo further rearrangements and produce aromatics. These aromatics
are reported to undergo polymerization and/or polycondensation reactions can form pseudo-
lignin.t”® The effect of dilute acid leads to structural changes on the cell wall polymers cellulose
and lignin. Some studies have also shown that lignin becomes fluid and then coalesce to form
droplets within the cell wall matrix.?>® 8 Other studies have proposed lignin to undergo
condensation reactions to form lignin aggregates. *%These lignin aggregates or droplets are clearly
visible in scanning electron microscopy images.*>® Changes in the cellulose ultrastructure cellulose

have also been reported due to dilute acid pretreatment. These changes include cellulose
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crystallinity, cellulose form and degree of polymerization. The crystallinity was found to increase
and a closer examination by NMR revealed rapid hydrolysis of the more solvent accessible
amorphous region followed by much slower hydrolysis of the crystalline cellulose. The loss of
amorphous region is reported to the reason for increase in crystallinity.'8 However, at higher
temperatures the glucose released from the amorphous part of cellulose is susceptible to further
degradation.'’” 18 Dilute acid pretreatment is also known to cause changes in the cellulose
ultrastructure. These include due to the presence of water during dilute acid pretreatment change
in the relatively low Io content to IB.2° The crystallite size is also reported to increase due to
coalescing of microfibrils.*® Despite certain drawbacks such as corrosion of pretreatment vessel
over time due to acidic conditions, loss of fermentable sugars at high severity conditions and
formation of enzyme inhibitory compounds like furfural or 5-hydroxy methyl furfural, dilute acid

is still a preferred method for pretreating lignocellulosic biomass.*8®

Alkali pretreatment

Calcium hydroxide and sodium hydroxide

Common chemicals used in this pretreatment include calcium hydroxide (also called lime),
potassium hydroxide or sodium hydroxide.*®”-18 Pretreatment of lignocellulosic biomass with
calcium hydroxide offers certain advantages like low cost due to easy availability, nontoxicity,
easy recovery and can be recycled. The mode of action involves the removal of lignin but is slow
and that makes the pretreatment commercially expensive.'® An example of alkali pretreatment of
biomass is seen in the paper and pulp industry.r’® 1% Bjomass is cooked with a combination of
sodium hydroxide and sodium disulfide and sulfur derivates are formed that react with lignin

eventually removing it from biomass. Additionally, alkali such as sodium hydroxide is also

65



reported to removes acetyl and uronic acid groups of hemicellulose and pectins.®® 1 It also swells
the lignocellulosic biomass, reduced cellulose crystallinity and hence increases the internal surface
area for enzymatic hydrolysis.'®” This pretreatment is performed at lower temperatures (50 to 120
°C) but takes a longer period (3 to 4 days) to complete its action. It is usually preferred for biomass
that has low lignin content such as herbaceous grasses or softwoods. As the temperature conditions
are mild, formation of inhibitory products like HMF and furfural are limited. 1**Addition of oxygen
or air is reported to enhance the rate of removal of lignin. As compared to sodium hydroxide,

calcium hydroxide is cheaper and has been also proven to show higher cellulose yield.'®
Ammonia Pretreatment

Ammonia based pretreatments include the ammonia fiber explosion-method (AFEX), ammonia
recycle percolation (ARP)% and soaking in aqueous ammonia (SAA).* Liquid ammonia is added
to pre-wet biomass and pretreatment is done 60 to 140 °C for 5 to 45 minutes before releasing the
ammonia. Ammonia is volatile due to which it can be easily recovered and recycled. Similar to

other alkalis, AFEX results in de-acetylation and lignin removal.'%

A flow-through reactor consisting of a column reactor packed with biomass under pressure ranging
from 2-3 MPa with recycling ammonia through percolation is used for ARP pretreatment. The
temperature is higher than AFEX and is about 160-180 "C with 5-15% ammonia containing
aqueous solution. After reaction there are two fractions 1). solid fraction which is rich in cellulose
and hemicellulose and 2). a liquid fraction that has ammonia along with lignin and some sugars

that mostly coming from hemicellulose.t%

For soaking in agueous ammonia (SAA) pretreatment, as the name suggests, the biomass is soaked

in aqueous temperature at mild temperatures of 30-75 °C but for long periods sometimes ranging
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for days. Just AFEX and ARP, SAA removes lignin from the biomass, and a solid fraction reach
in hemicellulose and cellulose is obtained. For all ammonia-based pretreatments, cost of ammonia
is a limiting factor for using it at a commercial and large scale. However, ammonia can be

recovered and recycled which makes it an attractive pretreatment option.%

Organosolv

In this pretreatment, the lignocellulosic biomass is treated with an organic solvent or mixtures of
organic solvents with water. Reported organic solvents include tetrahydrofuran, acetone, glycerol,
alcohols such as methanol and ethanol, glycols such as ethylene glycol and triethylene glycol.®
73,19 Spometimes acids such as HCI, H2SO4, oxalic acid, acetylsalicylic acid, and salicylic acid are
added and these act as catalysts. The pretreatment is done in temperature ranging from 100 to 250
°C. The organic solvents act on the lignin and remove it. The efficiency of the pretreatment is
dependent on several parameters such as ratio of solvent to water, temperature and solvent to solid
loading.!®® The disadvantage of Organosolv based pretreatment is that it could act as an inhibitor
during the enzyme hydrolysis and fermentation steps. Due to this partial to complete removal of
solvent is necessary and some of the organic solvents should be properly discarded as they are can
be harmful to the environment. This pretreatment is preferred when high quality lignin which can
be valorized to bioproducts is to be extracted for lignocellulosic biomass. If the solvents are
removed from the pretreated material then it has been reported that absorption of cellulase enzymes

is high and there is increased cellulose accessible surface due to removal of lignin.*%

lonic liquids (IL)-based pretreatment

lonic liquids are salts made of inorganic anions and organic cations. At room temperature, they

are in the liquid phase due to the weak interactions of the ions. The ILs work in a different way
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than the rest of the pretreatments. The lignocellulosic biomass is added to ILs and components
such lignin, cellulose and hemicellulose get solubilized in the ILs.*®” The insoluble residue is
removed and the filtrate is precipitated with antisolvents such as water, methanol or ethanol to
recover the cellulose. Due to the difference in polarity ILs, can be selective solvents of lignin or
cellulose separation and extraction. Solvent that contains anions of chloride, phosphonate, formate,
acetate or alkyl could form hydrogen bonds with cellulose and could dissolve cellulose. While ILs
are very effective in separating cell wall components and can be reused, still the ILs are very

expensive and not much is known about its combability with enzymes.7 186 198

2.4.3). Biological pretreatment

Microorganisms such as white, brown and soft rot-fungi could degrade hemicellulose and lignin.
The C-C lignin backbone is cleaved by white-rot microbes secreted enzymes such as lignin
peroxidases. These enzymes work in the presence of hydrogen peroxide. The hemicelluloses are
hydrolyzed by different types of glycosyl hydrolases.® Laccases and superoxide dismutase have
also been added to biomass as they aerobically catalyzed lignin degradation.?® Biological
pretreatments as compared to chemical and physical pretreatments need low energy and have
milder conditions. However, the rate of degradation is usually very slow due to which longer

residence times are needed, and turnaround is slow.!®
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Chapter 3). Characterization of lignocellulosic biomass:

In Chapter 3, the chemical (composition, linkage molecular weight) and physical (a form of
cellulose) structure of individual cell wall polymers such as cellulose, hemicellulose, pectin, and
lignin were discussed. Additionally, conceptual models of plant cell wall based on the type of
polymer interactions and distribution of these polymers in the cell wall were shown. As
lignocellulosic biomass is a multicomponent, heterogeneous and complex system, the information
to build the model has been obtained by using various techniques and probes. Over the past four
decades, tremendous research effort has been made to develop different techniques that cover

length scales spanning from several hundred nanometers to as small as angstroms* (Figure 3.1).

Scattering techniques, using X-rays or neutrons, are often used as complementary tools to chemical
characterization and microscopy to gain insights into the structural features of lignocellulosic
biomass. Information such as the overall cell wall morphology, distribution of lignin, conformation
of individual cell wall polymers in solution or dried state, and the size of cellulose microfibrillar
cross-section, its hierarchical structure and structure of the crystallites within the cellulose can be
obtained with scattering. Minimum sample manipulation needs to be done to the biomass sample
which makes scattering one of the few techniques through which biomass can be studied without
any modifications.! Additionally, variety of sample environments are available due to which the
biomass structure can be studied at different temperature, pressure, humidity conditions in real-
time.2 We combined small-angle scattering (SAS) and wide-angle scattering (WAS) data of the

plant cell wall to gain information in size ranges of several hundred nanometers to a few angstroms.
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- Confocal microscopy
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-Solid state NMR
(Polymer interaction)
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Figure 3.1: Compilation of the few of the techniques and probes that have been used to gain deeper
insights into the arrangement and interaction of the polymers in the plant cell wall
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3.1). Fundamental of scattering®+

When an incident beam interacts with matter, most of them are transmitted through the matter.
However, there is a fraction of the incident beam that is absorbed and transformed into other forms
of energy and a small fraction that gets scattered in directions of propagation other than the incident
beam. The scattering event in which the energy of incident radiation is conserved, and there is a
change in the direction of propagation of the scattered radiation is called Thompson scattering or
elastic scattering. The change is momentum is described by a momentum transfer vector, also

called scattering vector Q (also referred in the literature as vector g or vector s) (Figure 3.2).

The scattering vector, Q can be calculated by knowing the angle between the transmitted beam

and scattered beam (scattering angle, ®) and the wavelength of the applied radiation (Eq.3.1).

_4m Xxsin (0) Eq. 3-1
=

The unit of Q is inverse length and due to this, the scattering image shows “form of the object” in
reciprocal space. The Q-range defines the span of length covered in a typical scattering experiment.
For instance, small-angle scattering (typically used for lignocellulosic biomass) covers length scale
0.001 Al < Q < 0.6 A"t which correspond to a real space dimension of approximately 600 nm

down to 1 nm while wide-angle scattering (for cellulose) 0.5 A< Q<3 A™.

The scattering events in which energy loss occurs due to which the scattered beam has less energy
than the incident beam is called inelastic scattering or Compton scattering. Here, the scattered
radiation has a different wavelength as compared to the incident radiation. It cannot produce an
interference pattern and carries no information about the structure of the matter. In the case of

small and wide-angle scattering, it contributes to increasing the background noise.
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X-ray/ Neutrons - *

Figure 3.2: Incident radiation (X-ray or neutron) hitting a wood chip in transmission mode. The
intensity of the scattered radiation is detected on an area detector. The difference in momentum of
the incident radiation (ki) and scattered radiation (ks) is measured by vector, Q
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In matter, many particles interact with the incoming radiation and act as centers for scattering the
radiation. For instance, if the incoming radiation is X-rays then atoms in the matter would act as
centers, and if neutrons are the source of radiation then nuclei of the atom in the matter will scatter
incoming neutrons. The scattered X-ray or neutrons from each scattering center travel as spherical
waves. In case of elastic scattering, the waves from neighboring scattering center would cause an

interference pattern as shown in Figure 3.3.

The waves reach the detector and depending on how constructive the interference was, a spot with
varying degrees of intensity can be seen on the detector. Each matter has a particular arrangement
of the scattering center due to which the interference pattern gives characteristic information about
the structure of the objects in that matter. These scattering centers can be densely packed like
cellulose microfibrils in the plant cell wall or glucan chain in the crystallites of cellulose
microfibrils or they can be present in dilute solution like extracted hemicellulose or lignin
dissolved in solvent. If the centers are densely packed, then they give rise to structure factors in
the scattering pattern, while from most dilute solutions the shape and size of the particles can be

determined.

The interference of the waves can be constructive if the phase of the waves is synchronous,
destructive if the difference between the phase of waves is exactly 90° and somewhere in between
depending on the difference in the phase of each wave. Each scattered wave also has an amplitude
and a wave propagating in a given direction at a certain time t can mathematically be described as

follows (Eq. 3.2):

E = Asin(2ndt — @) Eq. 3-2
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Figure 3.3: Incident beam gets scattered due to interaction with particles in the matter (scattering
centers) and if the scattered waves from neighboring particles are in phase, they will produce a
bright spot on the detector. If the waves are completely out of phase, they will form dark spot on
the detector. Note if the in-phase waves are produced from close neighbors the intensity on the
detector will be brighter then when they are from distant particles®
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where, E for the incoming electromagnetic radiation is the electric field intensity, 9 is the

frequency of the wave and @ is the phase of the wave

It is possible to have scattering centers/particles of different kinds in which case the amplitude and
phase of each wave will be different. In such a case, complex number (a+ib) are used to represent
the wave in a complex plane and the analytical expression of a particular wave is now a complex

number (A cos® +i A sin @) and this is equal to €™ using the power-series expansion.
Since the scattered wave is spherical, the wave function (\ys) can be represented by the Eq. 3.3:

b . Eq. 3-3
L|Js — _ ;e ikr
Where, b is the scattering length of the scattering center and is the measure of the scattering ability

of the scattering center after interaction with the incident, k is the momentum transfer vector and

r is the distance between the scattering center and detector.

The interference pattern from a macroscopic sample are formed from all the scattering center in
the macroscopic sample. It is important to note that the fundamental quantity determined in any
scattering experiment is the differential scattering cross-section (dos/dQ), which is defined as the

probability of scattering event that will occur in the elemental solid angle dQ

Considering the scattering from N number of scattering centers having scattering length b within
the sample, the differential scattering cross-section, do/dQ can be expressed in terms of

scattering vector Q as shown in Eq. 3.4 below, which provides the structural information

do 1 Nb 16?2 Eq. 3-4
d_Q(Q)_N|Zi ie
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The distribution of particles in a given volume is inhomogeneous and that is accounted for by the
Eq. 3.5 where p(r) parameter is the summation of all the scattering length (bi) in a given volume
(V) in the distance between the scattering center in the volume to the detector (r) and is called the

scattering length density distribution

p(r) = B2 (1) =4 35

Substituting Eq. 3.5 in Eq. 3.4 and integrating over the scattering length density distribution across

the entire sample after normalizing by volume gives Eq. 3.6:

N 1 2 Eq 3-6

d )
L= f p (el dr)

dz
0 Y= v v

The intensity 1(Q) is a shorthand notation for the macroscopic scattering cross-section dZ/dQ.

Hence, the Eq. 3.7 can also be written as follows:

1 2 Eq. 3-7

dx N d ,
Q=5 @=55@=y|[ pmeeda

3.1.1). Contrast variation

The quantity p(r) is of particular interest for the multi-component system. In order to study the
multi-component system such as lignocellulosic biomass, the ability to vary the scattering length
density through contrast variation (such as the hydrogen-deuterium exchange) is a key to study the
various structural features. For instance, if we consider the cellulose microfibrils as one scattering
phase with scattering length density p1 and hemicellulose with water as other scattering phase with

density p2 then Eq. 3.8 becomes as follows:

2 Eq. 3-8

f eiQ.rdr)

\%

1
Q= (b =2 5
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The scattering length density is dependent on the scattering length b which in turn depends on the
type of atoms and the type of incident radiation. X-rays interact with the electron cloud of an atom
while the neutrons interact with nuclei due to this a difference in b. Most biopolymers are organic
in nature and majority of them have an elemental composition of carbon, hydrogen, and oxygen.
Due to this, if the scattering of a deuterated biopolymer is measured in a hydrogenated media with
neutrons a difference in scattering length density also called “contrast”. The deuterated polymer
can be put into different ratios of H:D containing solvent and the contrast between the different
phases can be varied. As seen in Figure 3.4, hydrogenated cellulose and hydrogenated
hemicellulose have very similar scattering length density due to which there is no contrast and the
measured scattering curve will have contributions from both the polymers. If both polymers are
placed in 45% D>0, the scattering curve from 45% D>O is same as that from H-cellulose and H-
hemicellulose and this is called “contrast match.” However, if D-cellulose is put in 45% D0 then
due to the difference in the scattering length density, scattering contributions from D-cellulose can

be highlighted.

3.1.1). Form factor®

This intensity measured at the detector is the square of the amplitude of the scattered wave.
Summing up all the wave amplitudes results in a SAS pattern. In the SAS pattern, the phase (®)
information needed to point out the exact location of an atom is lost. This makes small-angle
scattering different from electron microscopy where the phase information can be used and an
image of the object can be obtained. The SAS pattern does contain information about the particle
shape and size which is also called the form factor (P(Q)). A Fourier transform function is applied
to particle shape (such as sphere, cylinder, etc.) and size in real space to obtain a modeled scattering

pattern in reciprocal space.
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Figure 3.4: A). A plot showing the scattering length density (if incident beam is neutron radiation)
of different ratio of H>O and D0 (blue line), hydrogenated (H) cellulose in different ratio of H2O:
D20 solvent (orange line), H- hemicellulose in different ratio of H2O: DO solvent (redline),and
deuterated (D) cellulose in different ratio of H>O: D20 solvent (green line) . The downward arrow
indicates the scattering length density of 45% H»O containing solvent and hydrogenated cellulose
or hemicellulose is similar. B). (top) Schematic showing not much difference in contrast between
the cellulose (orange), hemicellulose (red) and 45 % H»O (yellow) while (bottom) D-cellulose in
45% D-0 has a different contrast. Note that hemicellulose is not seen as it has the same contrast
as 45% D0 due to which the scattering intensity is similar to 45% D»0O
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The modeled scattering patterns are scaled to fit the experimental data and a match is obtained. In
order to make a reasonable assumption to fit a particular model to the experimental scattering

pattern prior knowledge of the particle with other techniques such as microscopy is very helpful.

3.1.2). Structure factor’

When particles are densely packed and are arranged in a particular order, the scattering pattern
will have contributions not just from the particle but also the distance between adjacent particles.
In this case, besides the form factor there is additional interference from between the particles that
contributes to the observed intensity. This additional interference is called the structure factor
which is multiplied to the form factor and together they form the SAS pattern. When the particles
are highly ordered and have a periodic arrangement (for instance in the crystalline region of
cellulose) a peak is seen in the scattering pattern. This peak represents the distance between the
particles or the distance between the plane that have the periodically arranged particle (d-spacing)

which can be calculated using Bragg’s Law (Eq. 3.9).

nA = 2dsin® Eg. 3-9
Where, A is the wavelength of the incident radiation, d is the distance between the planes and © is

the scattering angle.

The same equation can be expressed in terms of Q by substituting Eq. 3.10 into the above-
mentioned equation

Eq. 3-10
21
dBragg B Qpeak

In summary, the scattering intensity 1(Q) represents the interference of scattered photons/neutrons

either from different positions of the same object (form factor P(Q)) and/or the interference of
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photons/neutrons scattered from different objects which are periodically arranged (structure factor,
S(Q)). So, the measured intensity in Eq. 3.11 (corrected for background and put on an absolute

scale, refer section 4.2) can also be expressed as

N -
Q) = 502V, PQS(Q) b

Where, N is the number density of the particles, V is the sample irradiation volume, Vp is the

volume of the scattering particle, p is the scattering length density, P(Q) is the form factor and

S(Q) is the structure factor

3.2). Scattering data collection and processing

3.2.1). Scattering instrument®

Figure 3.5 shows the schematic showing the basic components of a small angle scattering
instrument. The source produces beam (X-ray or neutrons) with various wavelengths which pass
through a monochromator. The monochromator only allows a particular wavelength of beam to
pass through. The beam with a certain wavelength then passes through a collimation system. The
pinhole or slit geometry of the collimators makes the beam narrow and define the beam shape. The
collimated beam then irradiates the sample which is placed in the sample holder. The scattered
beam then gets collected at the detector. The transmitted beam that goes through the sample is
intense and can damage the detector. To avoid damage to the detector a beam stop is positioned to
stop the transmitted beam. At times the beam stop is semi-transparent and this allows the collection
of transmitted and scattered data in one shot. The position of the detector with respect to the sample

determines the measured Q-range.
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Figure 3.5: Assembly of the different components of a scattering instrument. The source of
radiations can be x-rays or cold neutron. Desired wavelength is selected with a monochromator or
a velocity selector
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3.2.2). Sample environment

The samples for the neutron scattering experiments were packed in quartz cuvettes or enhanced

angle pressure cell (Figure 3.6 panel A). The thickness of both the cells was 1mm.

A few things should be considered before measuring the samples. These include finding the
optimum Q-Range, calibrating the sample to detector distance, determining the detector efficiency

and measuring background intensity (empty cell scattering, blocked beam)

3.2.3). Data processing®

The scattered waves are recorded on a two-dimensional (2D) area detector and the resulting
intensity pattern would be 2D scattering intensity of the particle. It is represented as I1(qx, qy) where
intensity is along the x and y pixel direction. If the particles of the scattered sample have no order
or orientation it would result in an isotropic pattern. If there is a particle defined order in the sample
then it would form an anisotropic 2D intensity pattern. In case of isotropic scattering, the 2D data
is converted into 1D scattering by radially averaging in the azimuthal direction for each Q-value.
The 2D data can also be box-averaged or pie averaged. The resolution in Q is decided by binning
the number of pixels. Using the sample to detector distance and wavelength, the pixels are

converted to Q and a plot of I(Q) vs Q, also called 1D scattering profile.

Along with the scattering from the sample, the medium in which the sample is placed also
contributes to the scattering. while the empty cell scattering can be subtracted, there is at times the
media such as a solvent in which the sample is present. The sample and solvent scattering may not
be the same. If the sample absorbs more than the solvent then the resulting intensity of the sample

will be negative values rendering the experiment meaningless.
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Figure 3.6: A). The assembled enhanced angle pressure cell with its holder.? The pressure cell has
two sapphire windows and a spacer (seen next to the cell) that modulated the thickness of sample.
B). Pressure profile of water filled in the pressure cell during heating phase from 25 °C to 180 °C
and cooling phase of 180 °C to 25 °C
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So, the experimental scattering curve of both the sample and solvent must be scaled according to
their transmission and the difference of that would be intensity from the scattering particle of the
sample. Intensities are reported on an absolute scale which is achieved by measuring two extra
samples. One of them is either a standard whose scattering intensity is known such as water and
the other is the empty cell. The background corrected sample intensity is divided by the mean
intensity of the reference material. This results in the sample intensity being on absolute scale
which is suitable for molecular weight determination and comparison of scattering data from

different experiments.

3.3). Data analysis

The data analysis of the scattering curves is complex and the choice of an appropriate model is
critical to allow and accurate quantification and interpretation of the observed structural features.
Here I discuss the several common approaches | used for analyzing small and wide-angle scattering

curves.

3.3.1). Guinier analysis®

For some systems, it is not possible to know the exact shape of the particle. In these cases, the
Guinier approximation is applied in which any form factor P(Q) at small angles can be considered
to have a Gaussian curve. The Gaussian curvature is due to the overall size of the particle and so
using this the radius of gyration (Rg) of the particle can be determined. The Guinier approximation

is as follows,
Q*xRg? Eqg. 3-12
Q=T x e 3 |

This equation can also be expressed as follows,
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Rg2(Q? Eq. 3-13
3

In(Q) = In(ly) —-
The above equation is like that of a straight line and so on a plot of In (Q) vs Q? the slope would
be —RTQZ Such a plot is called the Guinier plot and is widely used to determine the radius of

gyration, Rg. The Rg can also be determined for values of Q where a condition @ X R; < 1 is
met. The Rg is especially useful for hierarchical systems like bacterial cellulose where the shape
of macrofibril is not accurately known. However, if the shape of the particle is known and the
particle is known to have a uniform density then the following equations can be applied to know

the size of the particle.

For sphere with radius R, R; = \ER

For cylinder with length L and cross-sectional radius R, R; = ( % + R;)

3.3.2). Porod’s law®

Besides determining the size of a particle, the surface (rough or smooth) of the particle can also be
determined from a SAS 1 D curve. Additionally, a system in which there are interacting particles
a cluster formation is observed. The particles depending on the degree of crosslinking may form
densely packed or loose clusters. The so formed network structure can be determined and is called

the mass fractal (Figure 3.7).

According to Porod’s law, the scattering profile is plotted as In 1(Q) vs Q would have a particle
size feature towards low Q followed by a linear decay towards highQ and would have the following

equation (Eq. 3.14),
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* Ribbon like
particle

Figure 3.7: Schematic shows ribbons of the bacterial cellulose. Each ribbon is a scattering particle
and they cross each other to form a network like structure. The mass fractal would represent the
degree of crosslinking or packing (loose or dense) of ribbons to form the network. The interface
the ribbon makes with the surrounding would give an indication of the degree of roughness of the
surface or surface fractal of the ribbon
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1(Q) ~ Q@ Eq. 3-14

Where, a is the power law exponent

The slope obtained by fitting the linear decay can be used to know local structural features of the
particle such as surface or mass fractal. In cases where the particles are not forming a network and
are monodisperse, the power law exponent indicates the shape of the particle. For instance, n =1

for rigid rod; n=2 for disk

3.3.3). Unified fit for hierarchical structure®

Complex systems with many components will have several structural features ranging from
micrometer to nanometer and contribute from all the features that will be present in the small-
angle scattering curve. Additionally, at times one feature may arise due to contribution of two or
more component and hence a model that would help in understanding the relationship between
related structural features and their individual contribution at different length scales needs to be
used to fit the scattering curve. The scattering curve may have more than one particle size feature
along with power law scattering. Especially in lignocellulosic biomass, it is difficult to judge the
contribution of one component in isolation, fitting parts of the curve with Guinier -Porod or form
factors may not be a correct approach. Beaucage et al. developed a fitting approach in which the
scattering curve is divided into individual levels which can be fit with Guinier and Porod law. Each
of the levels would have an effect in it's preceding or succeeding level and they are summed to

give a fit for the overall curve which is called the Unified fit.

An example of small-angle scattering curve of poplar wood chip fit with the Unified fit is

shown in Figure 3.8.
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Figure 3.8: Experimentally obtained scattering curve of poplar (green), which is fit using the
Unified fitting approach (red). The dashed vertical lines show the levels in which individual
Guinier (blue) and porod (black) where fit.
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Scattering is mainly from the cell wall of poplar and as the cell wall is a complex material
the scattering curve has structural information spanning length scale from about 1um to
10A. Scattering analysis that describes hierarchical structures: (1) Q-range 0.001A™ t0 0.01
A1 shows the overall cell wall morphology (Porod law exponent ~4); (1) Q-range- 0.01A
! to 0.08 Al is due to mass fractal scattering from the matrix cell wall polymer (Porod law
exponent ~2.1); (111) Q-range- 0.08A* to 0.2 A scattering from cross-section of cellulose
microfibrils and distance between the microfibrils; (1V) Q-range- 0.2A* to 0.5 A has
scattering from the primary nanoparticles with a sharp interface (high Q Porod slope of -4)

(V) Wide angle scattering from atomic structure (not shown).

While the Unified fit provides the flexibility to fit the entire Q-range, to come to a
conclusion that a feature is due to a certain component needs support from other techniques.
However, the unified approach often offers the only reasonable approach to understanding
small-angle scattering. It also offers the opportunity to resolve scattering features obscured

by the overlap of structural levels

3.3.4). Wide angle scattering data analysis

3.3.4.1). Cellulose crystallinity®*°

Crystallinity determination from X-ray diffraction curve of cellulose depends on the way
the amorphous phase is determined. Figure 3.9 shows the three methods for estimating the
amorphous content and determining percentage crystallinity. These include peak height
method in which the height of amorphous peak (2@ of 18.3°) and height of crystalline peak

(200) are determined and a ratio of these heights is calculated which equates to crystallinity.
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Figure 3.9: The three most common methods for determining crystallinity from X-ray diffraction
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spectra: Peak height method (A), amorphous subtraction method (B) and peak deconvolution
method (C). The diffraction spectrum was obtained by measuring poplar wood chip
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Another method for determining crystallinity is by deconvoluting the amorphous and
crystalline region done by fitting the curve with pseudoVoight, gaussian and Voight peaks.
In this method, the area under the amorphous peak is subtracted from the crystalline peak
area of the highest peak (200). The crystallinity is determined from the ratio of the area of
all crystalline peaks to the total area. The third method is the background subtraction
method in which the amorphous region is determined from the diffraction spectra of
amorphous standard. This area is subtracted from the total scattering area to give the
crystalline area. The crystallinity is the ratio of crystalline area and the total scattering area.
All these three methods can be used to get crystallinity values between a set of samples and
obtain a trend. The crystallinity values are not absolute and cannot be compared with a

different sample set.

3.3.4.2). Crystallite size’

The dimension of the crystallite size can also be determined from the 1D scattering pattern. Using
the Scherrer equation the crystallite dimension along each reflection plane can be calculated using

the following Eq.3.15
t= (0.9 x2) + (B Xxcos0H) Eqg. 3-15
where, t is the size of the crystallite, A is the wavelength of the incident X-rays, £ and 26 are the

values for FWHM and peak position, respectively, obtained as described above.

3.3.4.3). Crystallite orientation®?

Particles that are not spherical may have a fixed alignment about a certain axis which can be
measured with Herman’s orientation parameter (f). Cellulose crystallites with the cellulose

microfibrils are one such example and Figure 3.10 shows the 2D diffraction pattern of poplar in
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which the plane (200) has strong equatorial scattering. The crystallite orientation can be calculated
from the intensity profile obtained by along the circular path that goes through the equatorial
reflection and is centered at the primary beam position. The angle formed from the center to any
point on the circular path is called the azimuthal angle (®). The following equations (3.16 and

3.17) are used to calculate the Herman’s orientation parameter (f) after generating the I(®) vs ®

profile.
(cos? ) JT1(®) cos? P sin® do Eq. 3-16
CosS = T
Jy (@) sin@ do
(o 3 (cos* @) —1 Eq. 3-17

2
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Figure 3.10: A) 2D scattering pattern showing the crystallites have preferred orientation as there
are strong equatorial peaks. B). a circular path with certain radius that connects the primary center
of the beam to the equatorial peak is drawn and the intensity along the path is plotted against the
angle each point on the circular path makes with the beam center (®)
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3.4). Quantitative saccharification

The wood chips are freeze-dried to constant weight (typically 24 h) and 50 mg of each sample was
added to a 15 ml Pyrex heavy wall pressure vessel (Chemglass, CG-1880, USA). The
monosaccharide composition was determined based on a previously reported procedure 213, Each
sample was incubated in 0.5 ml of 72% (w/w) H2SO4 at 30 °C for 1 h. H.O was then added to
reach a final HoSO4 concentration of 4% (w/w), followed by heating in a commercial autoclave
(Panasonic, MLS3781-L) at 121°C and 2.32 atm for 1 h. The solution was neutralized to pH~7
using calcium carbonate and filtered before loading to AminexTMHPX-87P (Bio-Rad
Laboratories Inc., Hercules, CA) column for determination of sugar composition and quantity in
each sample by HPLC (Shimadzu Prominence-i Series LC-2030C system, Columbia, MD). The
chromatography column was previously calibrated using known concentrations of glucose,
arabinose, xylose, galactose, and mannose. Ultrapure water was used as eluent at a flow rate was
0.6 mL/min and the column temperature was maintained at 80 °C. A refractive index detector
(model RID-20A) was maintained at 35 °C for sugar identification. Furfural and 5-hydroxymethyl
furfural were determined using a UV-Vis L-2420 (system-integrated UV-Vis) detector. A

technical and biological replicate was measured for each sample.
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Chapter 4). Hemicellulose-cellulose composites reveal differences in
cellulose organization after dilute acid pretreatment
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4.1). Abstract

Model hemicellulose-cellulose composites, that mimic plant cell wall polymer interactions were
prepared by synthesizing deuterated bacterial cellulose in the presence of glucomannan or
xyloglucan. Dilute acid pretreatment (DAP) of these materials was studied using small-angle
neutron scattering, X-ray diffraction and sum frequency generation spectroscopy. The macrofibril
dimensions of the pretreated cellulose alone were smaller but with similar entanglement of
macrofibrillar network as native cellulose. In addition, the crystallite size dimension along the
(010) plane increased. Glucomannan-cellulose underwent similar changes to cellulose, except that
the macrofibrillar network was more entangled after DAP. Conversely, in xyloglucan-cellulose the
macrofibril dimensions and macrofibrillar network were relatively unchanged after pretreatment
but the cellulose Ig content was increased. Our results point to a tight interaction of xyloglucan
with microfibrils while glucomannan only interacts with macrofibril surfaces. This study provides
insight into roles of different hemicellulose-cellulose interactions and may help in improving

pretreatment processes or engineering plants with decreased recalcitrance.
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4.2). Introduction

We are highly dependent on crude oil for transportation fuel and other hydrocarbon derived
products. However, this is a non-renewable source and the reservoirs of crude oil are limited
making it critical to find an alternative source from which transportation fuels can be derived.! The
carbon rich polymers such as cellulose, hemicellulose and lignin make up approximately 80% of
wood and other plant biomass making it an excellent source of carbon-based fuels and bioproducts.
As per the 2016 Billion-Ton report, by the year 2030 the U.S. will have approximately 1 billion
dry tons per year just for energy purposes and this would be sufficient to meet over 25% of

transportation energy needs for this country.?

Physical, biological or thermochemical pretreatment approaches are commonly used as an initial
step to disrupt the complex cell wall structure.® This enables greater access to cellulose so it can
be converted to glucose using enzymatic hydrolysis and fermentation to produce ethanol that
serves as transportation fuel. Different pretreatment approaches have been developed and
optimized for particular feedstocks, to increase economic competitiveness and to improve sugar
yields.* A variety of chemicals have been used for thermochemical pretreatment that can broadly
be categorized into aqueous (e.g. dilute acid, alkali, ammonium-percolation, soda-lime) or non-
aqueous in nature (ethanol- water, acetone-water, ionic liquids).*’ Beneficial solvent interactions
with biomass components, maximize desired end-product yield and is an important factor for the
selection of the pretreatment approach. Understanding the changes that occur due to solvent-

polymer interactions can help maximize sugar and bioproduct production.

In particular, dilute acid pretreatment (DAP) is a common industrially used pretreatment for
producing biofuels such as ethanol because acid not only helps to breakdown the plant cell wall

structure but also hydrolyzes the matrix polysaccharides by acting on the glycosidic linkage.* In

111



this pretreatment approach, dilute acid (0.2 to 2.5% wi/w) is added to the feedstock which is then
heated to 120 - 200 °C with constant mixing in a closed reactor.’ It has been extensively studied
and the reactions conditions have been optimized in order to maximize sugar yield from a variety
of feedstocks. ! The structural changes that occur in the cell wall after DAP are well documented
and include coalescence of cellulose microfibrils, hemicellulose dissolution into the solvent, and
formation of lignin aggregates at the surface of the cellulose microfibrils.*>*> A major advantage
of DAP is that it drastically increases the accessibility of cellulose to enzyme attack and also
solubilizes hemicellulose to simple sugars.® However, the formation of inhibitory products from
subsequent hemicellulose degradation such as furfural and hydromethyl furfural (5-HMF), lignin
aggregation and corrosion of the reactor vessel are considered disadvantages that hinder sugar
yield and downstream fermentation.* 2 6 There has been some effort put into mitigating
disadvantages of DAP such as feedstock selection and modulating reaction conditions such as acid
concentration, temperature and pretreatment time.> > The presence of lignin aggregates formed
at the surface of cellulose microfibrils during DAP has been proposed to inhibit cell wall hydrolysis

by preventing enzyme access to cellulose and also to unproductively bind enzymes.*’-18

Our understanding of polymer-polymer interactions in the plant cell wall is limited making it
difficult to fully understand forces that impact pretreatment efficiency at the molecular-level in
natural complex multi-polymeric plant cell walls. An alternative approach to study polymer-
polymer interactions between biomass polymers is to use simplified model systems as mimics of
the plant cell wall. This can enable us to better understand how individual polymers interact with
pretreatment solvents and to study their fate during pretreatment. Plant cell wall components have
been extracted and studied individually and in combination with each other to learn about their

structures, properties and interactions. For instance, native celluloses from bacteria, algae and
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tunicates, and their crystalline allomorphs, have been studied to determine how the glucan chain
packing is altered as a consequence of different thermochemical pretreatment processes.'%2° The
interactions of hemicellulose and cellulose have also been widely studied. The binding mechanism
and binding affinity of xyloglucan and cellulose was studied by coating different concentrations
of xyloglucan on a layer of deposited cellulose and analyzed by reflectivity?! and a quartz crystal
microbalance?®? to show that there is a relation between the concentration of xyloglucan and its
conformation on cellulose surface. In addition, the conformation of xylan from birch kraft pulp or
pine sulfite was shown to transition from a threefold helical screw in bulk solution to a two-fold
helix when bound to cellulose.? The examples described above demonstrate that even though the
biomass copolymers are not in their native plant environment they retain specific characteristics

that are useful in understanding in planta processes.

One of the disadvantages of the approaches described above for studying matrix copolymer
interactions with cellulose is that it is only possible to determine how these polymers interact with
intact microfibrils and it is not possible to study how these polymers may influence interactions
with cellulose microfibrils as they are formed. Bacterial cellulose, produced by the genus
Acetobacter xylinus, has been proposed as a surrogate material to study the formation of cellulose
microfibrils and their interactions with other materials.?*?® This type of cellulose is secreted by
bacteria as they grow and forms a crystalline cellulose network at the surface of the bacterial
culture.?® The cellulose microfibrils are formed from the self-assembly of the cellulose chains
synthesized by the cellulose synthesis terminal complex ,that in turn form microfibril bundles,
termed macrofibrils.?> 33! The mechanism of assembly of the cellulose chains into microfibrils

and finally to macrofibrils, as determined using transmission electron microscopy®?-* and other
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analytical techniques,?*2 3135 is similar to what occurs in plants but there are differences in the

microfibril structure and hierarchical organization between the two materials.

Several studies have investigated the interactions of cellulose and hemicellulose by incorporating
the hemicellulose into the growing cellulose network.?42% 313537 These studies have identified
differences in the affinity of different hemicelluloses for cellulose and how they interact with the
growing cellulose network. For instance, X-ray diffraction analysis (XRD) showed that beech
xylan, spruce galactoglucomannan and xyloglucan from tamarind extract reduces the crystal size
and crystallinity of cellulose whereas wheat arabinoxylan did not.? 3% 3839 |n addition, the
presence of beech xylan, spruce galactoglucomannan or xyloglucan in growing cultures of
bacterial cellulose changes the major crystalline form of cellulose from cellulose I,, the dominant

allomorph in bacterial cellulose, partially to cellulose Ig, that is mainly found in plants.?®-4!

In this study, we studied the effect of DAP on hemicellulose-cellulose composite materials to gain
insight into the molecular-level interactions of these polymers and to understand the changes that
occur in the hierarchical structure of cellulose due to the presence of hemicelluloses. The
composites were prepared by synthesizing deuterated bacterial cellulose from Acetobacter xylinus
subsp. sucrofermentans in presence of glucomannan or xyloglucan dissolved in the growth
media.*? Contrast matching small-angle neutron scattering (SANS) was performed in 45% D-O
solvent, the contrast match point experimentally determined for protiated hemicellulose, making
it possible to obtain information about the nanoscale changes in cellulose structure. The native and
pretreated cellulose and hemicellulose-cellulose composites were also studied with XRD and sum
frequency generation spectroscopy (SFG) in order obtain atomic length scale structural
information. The native cellulose and the hemicellulose-cellulose composites show changes in the

both the arrangement of microfibrils and also the cellulose macrofibrillar network after DAP. Our
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data show that glucomannan most likely interacts at the surface of the macrofibrils because it does
not change the crystalline form of the cellulose and the macrofibrils collapse as a result of DAP,
similar to native cellulose. In contrast, xyloglucan likely interacts directly with the cellulose
microfibrils as they are formed. This is supported by increased cellulose Ig content and the size of
the microfibril remaining unchanged after DAP. This study provides insight into hemicellulose-
cellulose interactions that can be useful for developing better extraction processes for cell wall

polymers and development of cellulosic bioproducts.

4.3). Material and methods

4.3.1). Preparation of cellulose and hemicellulose-cellulose composites

The bacterial strain Acetobacter xylinus subsp. sucrofermentans (ATCC 700178) was obtained
from the American Type Culture Collection (Manassas, Virginia, USA). Deuterium oxide (D20)
was purchased from Cambridge Isotope Laboratories (Andover, Massachusetts, USA).
Xyloglucan (from tamarind extract) and glucomannan (from Konjac, high viscosity) were
purchased from Megazyme (Co. Wicklow, Ireland). The molecular weights of two hemicellulose
samples were determined using gel permeation chromatography after acetylation.*®> The
xyloglucan has high molecular weights (i.e., My = 530,350 g/mol, M, = 138,540 g/mol), while the
glucomannan has much lower molecular weights (i.e., Mw = 75,570 g/mol, M» = 41,680 g/mol).
NMR analysis showed that the xyloglucan polymer is formed with 8 (1-4)-linked glucan backbone
and is branched. Galactose, xylose and fucose subunits are the prominent sugars in the branched
regions of xyloglucan. The glucomannan is mainly composed of -(1-4) linked D-mannosy! and

D-glucosyl units in the ratio of ~1:0.9 with a minor presence of O-acetyl groups.
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The deuterated bacterial cellulose was prepared by using hydrogenated glycerol as carbon source,
as previously described.*> “In order to prepare hemicellulose-cellulose composites, 1% (w/v)
xyloglucan or 0.5% (w/v) glucomannan stock solutions were prepared in D20 and diluted to a final
concentration of 0.5% (w/v) and 0.25% (w/v), respectively, in the deuterated growth media.*? 44
As before, hydrogenated glycerol was used as the carbon source. A D.O adapted A. xylinus
sucrofermentans inoculum was added to the media (1:10 dilution) and the cultures were grown for
5 days at 26°C. The pellicle formed at the air-liquid interface was removed and washed rigorously
and repeatedly with water at 4°C to remove the growth media and bacterial debris.?® The pellicles
were then frozen at -80°C for 2 h before grinding (6 x 30 sec pulses, 10 secs between pulses) to
form a slurry using a blender (Waring Inc, Texas, USA). The mass fraction of the hemicellulose-
cellulose in the slurry, expressed as weight percent (wt %), was determined by freeze-drying a

known volume of the slurry (in triplicate).

4.3.2). Quantitative estimation of sugar in cellulose and composites

The monosaccharide composition of cellulose and the hemicellulose-cellulose composites was
determined based on a previously reported procedure.*® Samples (~50 mg each) were freeze-dried
to constant weight (typically 24 h) prior to analysis. Details of the compositional analysis by acid
hydrolysis and HPLC are presented in the Supporting Information file. Technical and biological
replicate was measured for each sample. The data presented in Figure 1 is the average of these

measurements.

4.3.3). Dilute acid pretreatment (DAP) Protocol

A known volume, typically 15 — 20 ml, of a 10 mg/ml cellulose slurry in 1% (w/v) sulfuric acid

was added to a 30 mL capacity pressure vessel of a Parr reactor system (Multi-Reactor, 5000-
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series). After sealing, the reactor was heated to 170 °C at a ramp up rate of 5°C/min and maintained
at 170 °C for 5 mins before cooling to room temperature. The pressure recorded at 170 "C was

between 9 and 11 atm for each reaction.

4.3.4). X-ray diffraction data collection and analysis

The cellulose and hemicellulose-cellulose composites, before and after pretreatment, were ground
and freeze dried before data collection. XRD data were collected in transmission mode on a R-
Axis 1V detector from a rotating anode X-ray generator, MicroMAX-007HF (Rigaku) operated at
30mA and 40kV, using CuKa radiation (1 = 1.5418 A). Exposure time for each measurement was
480 sec. The data were converted to a 1D peak profile by using Nika package*® implemented in
the Igor software package. A linear fitting was performed to remove the instrumental background.
Subsequently, background intensity was estimated using the smoothing method*’ with the
Savitzky-Golay filter in the 26 range from 5 to 60 ° for each diffraction profile. The window size
and polynomial order for the Savitzky-Golay filter was set to 35 and 1, respectively and the fitting
procedure was repeated 100 times. The crystallinity index was calculated with the peak

deconvolution approach by using the following equation:

o (total scattering area — amorphous area)
% Crystallinity = - x 100 (D
total scattering area

where ‘total scattering area’ and ‘amorphous area’ are the integrated areas under the curves in the
26 range from 5° to 60°. It was also calculated separately using the peak height method by taking

the ratio of peak height between (110) and 26 = 18°.

The 1D curve was normalized by dividing the intensity at all points of 1D diffraction pattern by

the total scattering area and the peaks were fit using four pseudo-Voigt functions using fitting
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software Fityk*® to obtain the peak position, peak height and the full width half maximum (FWHM)
for each sample (Figure S1). In the cellulose-only samples, it was assumed that the major
contributor of peak broadening was due to the crystallite size in all directions.*® The instrumental
broadening was calculated by analyzing the diffraction pattern of silicon (NIST standard:
SRM®640e) and subtracting it from the FWHM value. The crystallite size was determined based on

the Scherrer equation given as:

t=(09%x21)+ (B XcosH)
2

where, t is the size of the crystallite, 1 is the wavelength of the incident X-rays,  and 26 are the
values for FWHM and peak position, respectively, obtained as described above. FWHM for peaks
at (100), (010) and (110) were used to determine crystallite size in the particular dimension. Two

biological replicates and three technical replicates for each sample were studied.

4.3.5). Sum frequency generation (SFG) spectroscopy data collection and analysis

The native and pretreated cellulose composites were freeze-dried before the SFG analysis. The
SFG experiment was performed in the reflection mode using the broadband SFG table top
spectroscopic system. All SFG spectra were collected from 2700 cm™ to 3700 cm™ and normalized
with the power profile of the incidence infrared light. Each spectrum reported in Figure 2
represents an average of three replicates from different locations on the sample. To compare the
relative peak intensities in the OH region (3200-3700 cm™) between the native and pretreated
samples (cellulose, xyloglucan-cellulose and glucomannan-cellulose), SFG spectra are normalized
using peak intensity observed at 3320 cm™ within each pair of samples. To estimate the fraction
of cellulose I, the broad peak in the OH region was deconvoluted into a total of 6 peaks centered

at 3240, 3270, 3296, 3330, 3370, and 3450 cm*! through peak fitting with a Lorentzian peak
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shape.® During the fitting, peak positions were allowed to vary in the range of 3236—3244,
3270-3275, 32963305, 33283335, and 3369-3379 cm*; their full width at half-maximum
(FWHM) values were relatively constant at ~20 cm ™. The position and width of the broad shoulder
peak at ~3450 cm* were allowed to relax during the fitting. The fitted peak areas at ~3240 and
~3270 cm™ were used to calculate the fraction of 1, cellulose given by Aszaof (Asza0 + As270) from

each sample.

4.3.6). Small-angle neutron scattering (SANS)

SANS measurements were performed using the Bio-SANS instrument located at the High Flux
Isotope Reactor facility in Oak Ridge National Laboratory.®* A large dynamic Q-range, spanning
0.003 < Q (A1) < 0.4 was accessed in a single configurational setting using 6 A neutrons and a
relative wavelength spread (AA/1) of 15%. The main and wing detector arrays were positioned at
15.5 m and 1.13 m from the sample position, and the wing detector array was positioned at an
angle of 1.4 ° with respect to the direct beam.5? The samples were initially exchanged into
45%/55% (v/v) D.O/H.0 solvent (neutral pH) over 24 h which included at least three exchanges
into fresh solvent to ensure complete D/H exchange. Prior to measurement, the samples were
further exchanged into the DAP solvent, 45%/55% (v/v) D2O/H20 containing 1% (w/v) H2SO4
and placed in 1-mm-thick quartz cells (Hellma Model# 124-QS 1.0 mm circular cell). The
scattering intensity profile, 1(Q) versus Q, for each sample was obtained by azimuthally averaging
the processed 2D images which were normalized to incident beam monitor counts, corrected for
detector dark current, pixel sensitivity and scattering from backgrounds such as solvent and quartz

cell.
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4.3.6.1). SANS data fitting and analysis

The SANS data were fit to the multi-level Unified Fit model implemented in the IRENA package
of Igor Pro software by Wavemetrics.*®- 3 The SANS intensity profile is a summation of individual

levels (i) with each level modeled as the sum of an exponential and a power law behavior-

(ors(2R)))

2p2 2 Zco- f g >
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where Ry, is the radius of gyration of the particle of the i structural level, P; is the power-law

exponent of the i structural level, Gi is the scalar for the Guinier function of the i structural level,

and Bi is the scalar for the power-law function of the i structural level. Additionally, Ryco,_, 18

the cut-off length scale of the power-law behavior of the i structural level and C is the g-

independent constant background intensity.

4.4). Results

4.4.1). Quantitative estimation of sugar in cellulose and composites

The monosaccharide composition of native and pretreated cellulose, xyloglucan-cellulose and
glucomannan-cellulose composites, shown in Figure 4.1 were determined using a published
procedure.*® Monosaccharide analysis shows that native cellulose is solely composed of glucose
and the hemicellulose-cellulose composites synthesized in presence of either xyloglucan or

glucomannan contained ~12% xylose and ~25% mannose, respectively.
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Figure 4.1: The monosaccharide composition of cellulose, xyloglucan-cellulose and glucomannan-
cellulose composites before (native) and after (pretreated) dilute acid pretreatment.
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After DAP, the monosaccharide composition of cellulose remained unchanged, while in the
xyloglucan- and glucomannan-cellulose composites ~5% xylose and <1% of mannose remained
associated with the cellulose. In summary, a significant incorporation of both xyloglucan and
glucomannan was detected in the native hemicellulose-cellulose composites and although the DAP
protocol completely removed glucomannan, a small amount of xyloglucan was found to remain

associated with the cellulose.

4.4.2). X-ray diffraction analysis

The X-ray diffraction (XRD) profiles of native and pretreated bacterial cellulose, xyloglucan-
cellulose and glucomannan-cellulose are shown in Figure 4.2. The peak positions of native
bacterial cellulose are represented by planes (100), (010) and (110), typical of cellulose with a high
cellulose I content.*'The peak intensity of the (100) peak is double the (010) peak indicating that
the crystallites in the native cellulose macrofibril are highly oriented.?® 3" *° However, after
pretreatment the (100) and (010) peaks are of equal intensity, which occurs when there is no
preferential orientation of the crystallites. In contrast, the (100) and (010) peaks of the
hemicellulose-cellulose composites are of equal intensity before and after pretreatment indicating
that there is no preferential orientation of crystallites in these materials.The diffraction peaks of
the hemicellulose-cellulose composites, especially in the (100) and (010) planes are significantly
broader than for cellulose alone (Figure 4.2) which is consistent with previous reports.?> 3" 3This
indicates an increase in the amorphous content of these materials, and is consistent with the
presence of the hemicellulose. The crystalline content of the cellulose and the hemicellulose-
cellulose composites was calculated using both the peak height method and the peak deconvolution

method.
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Figure 4.2: X-ray diffraction data of the native and pretreated samples.

Normalized Intensity (arb. units)

Cellulose (blue), xyloglucan-cellulose (dashed green) and glucomannan-cellulose (dashed
yellow). The reflections (100), (010) and (110) are indicated. All curves have been processed as
described in Materials and Methods.
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The values obtained for the samples by each method, for the native and pretreated material, showed
similar trends but the absolute values for the crystalline content cellulose and the composites were
higher using the peak height method (Table 4.1). We used the peak convolution method for further
analysis because it takes into account the peak width change.®* In the case of the hemicellulose-
cellulose composites, sugar analysis showed that the majority of the amorphous hemicellulose is
removed after DAP and this is reflected in the decrease in the amorphous part of the peak area in
the XRD profiles for these samples. However, the absolute values for the crystalline content of the
treated composites are lower than native and pretreated bacterial cellulose suggesting that there is
a lower amount crystalline cellulose in the native hemicellulose-cellulose composites compared to

cellulose alone.

Although the overall crystallinity of cellulose remained unchanged after pretreatment (Table 4.1),
the dimension in the (010) plane significantly increased. In the case of glucomannan-cellulose, the
increase in the crystallite dimensions was also observed after pretreatment and it is consistent with
the removal of glucomannan during pretreatment. Interestingly, the values are similar to pretreated
cellulose suggesting that the structural changes in the cellulose microfibril were the same for these
samples. The crystallite sizes decreased in the presence of xyloglucan along all three planes ((100),
(010) and (110)) compared to cellulose (Table 4.2). The crystallite sizes of xyloglucan-cellulose
are the same before and after pretreatment as indicated by p-value (0.31) > 0.05 and smaller than
pretreated cellulose and glucomannan-cellulose based on a p-value (0.045) < 0.05. This suggests
that there is a difference in how xyloglucan and glucomannan interact with the cellulose

microfibril.
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Table 4.1: Estimation of cellulose crystallinity native and pretreated samples.

Crystallinity™ (%)
Sample Peak deconvolution | Peak height
Native
Cellulose 69 + 4 95+5
Xyloglucan-cellulose 372 69+8
Glucomannan-Cellulose | 48 +5 71+8
Pretreated
Cellulose 71+3 95+4
Xyloglucan-cellulose 53+ 2 94 +3
Glucomannan-Cellulose | 63 + 3 95+ 3

*Errors bars were generated by averaging three biological replicates and shown as + standard deviation

Table 4.2: Determination of crystallite size of cellulose in native and pretreated samples

Sample Crystallite Size™" ¢, (A)
(110) | (010) | (100)
Native

Cellulose 46+2 | 53+3 | 5143

Xyloglucan-cellulose 35+7|37+843+1
Glucomannan-Cellulose | 49+2 |53+1 |46+ 1
Pretreated
Cellulose 51£2|64+1|48+2
Xyloglucan-cellulose 38+3|43+6|42+2
Glucomannan-Cellulose | 47+1|60+2 | 48.0+1
+Error bars were generated by averaging three biological replicates and shown as + standard deviation;
*Instrumental broadening estimated using NIST standard of silicon was subtracted from FWHM.
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The peak positions in the X-ray diffractograms for cellulose and hemicellulose-cellulose
composites gives insight into the packing of the glucan chains in the microfibril (Table 4.3). Native
bacterial cellulose has peak positions similar to those reported previously.** With the exception of
a slight shift in (010) plane from 16.86° to 16.77°, the peak positions remain unchanged after DAP.
In the case of the hemicellulose-cellulose composites, the peak positions were difficult to
determine accurately due to the large contribution of amorphous scattering from the hemicellulose
in the samples (Table 4.3). Removal of the hemicellulose component of the composites during
pretreatment enabled the peak positions to be determined with a higher degree of confidence. The
peak positions determined for glucomannan-cellulose composite were similar to native bacterial
cellulose after pretreatment indicating that glucomannan does not interfere with glucan chain
packing in the composite. Conversely, the peak positions in xyloglucan-cellulose were shifted
compared to native cellulose, suggesting that xyloglucan interferes with the glucan chain packing
in the cellulose microfibril during formation. Prior studies have reported similar results for
xyloglucan-cellulose composites?> 4% 55 that were interpreted as a change in the cellulose

allomorph from cellulose I, to Ig.

4.4.3). Sum frequency generation spectroscopy

Sum frequency generation spectroscopy (SFG) was used as a complementary technique to X-ray
diffraction to measure the crystalline content of the cellulose and hemicellulose composites. Figure
4.3 shows the averaged and normalized SFG spectra for native and pretreated cellulose and
composites. The information in the spectral regions for SFG analysis was in the alkyl stretching
(2700—3050 cm ™) and hydroxyl stretching (3150—3700 cm™) regions. The spectral features and
intensities of the native cellulose are almost identical before and after pretreatment (Figure 4.3),

suggesting that the cellulose structure is not affected by DAP.
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Table 4.3: The peak positions of the X-ray diffraction data determined by fitting the overall

scattering intensity in native and pretreated samples.

Sample Peak Position”, 26 (°)
(110) | (010) | (100)
Native
Cellulose 22.72 £0.02 | 16.86 £ 0.02 | 14.47 £0.01
Xyloglucan-cellulose 22.6+0.1 170+0.2 14.7+0.1
Glucomannan-Cellulose | 22.65 + 0.01 | 16.91 £ 0.01 | 14.66 £ 0.02
Pretreated
Cellulose 22.68 +0.02 | 16.77 +£0.01 | 14.47 £0.02
Xyloglucan-cellulose 2257 +0.01 | 16.66 + 0.03 | 14.70 £ 0.03
Glucomannan-Cellulose | 22.63 + 0.07 | 16.75 + 0.05 | 14.55 + 0.05

+Error bars were generated by averaging three biological replicates and shown as * standard deviation.
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Figure 4.3: The SFG intensity for the native cellulose (blue), xyloglucan-cellulose (green) and
glucomannan-cellulose (orange) composites and pretreated counterparts (dashed line) were
recorded versus wavenumber. Each curve is an average of three technical replicates collected from
different locations in the sample. The curves were normalized to the peak intensity observed at
3320 cm* within each pair of samples
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This is also observed for the xyloglucan-cellulose and glucomannan-cellulose composites

indicating that the crystallinity in the native and pretreated material is similar.

The peaks at 3240 and 3270 cm™ are characteristic of the presence of cellulose I, and I,
respectively. By deconvoluting these two peaks the relative amount of cellulose I, and Ig
allomorphs in cellulose and composites was estimated (Figure S2). As previously observed,®’ the
incorporation of xyloglucan increases the amount of cellulose Ig in the xyloglucan-cellulose
composites. Whereas for the glucomannan-cellulose no significant change in the ratio of the two
allomorphs were observed. After pretreatment, the I./lg ratio remains unchanged in each
hemicellulose-cellulose composite. This suggests that xyloglucan can interact with glucan chain
and changes the allomorph of the crystallite in the microfibril. On the other hand, glucomannan,
does not appear to change the crystallinity or the ratio or 1./l suggesting that it does not directly

interact with the glucan chain during formation of the cellulose microfibrils.

4.4.4) Small angle neutron scattering analysis

SANS was used to study how the nanoscale structural properties and organization of cellulose is
changed in the hemicellulose-cellulose composites during DAP. SANS is ideally suited for this
type of study because it probes a large range of length scales from 1 — 500 nm.*L. In addition, the
difference in the neutron scattering cross-section of hydrogen and deuterium can be used to
selectively highlight the structural characteristics of individual components in a complex system

by varying the H,O/D0 ratio of the solvent®:.

As described in the Materials and Methods section, the hemicellulose-cellulose composites were
prepared by adding hemicellulose to a culture of A. xylinus subsp. sucrofermentans growing in the

D20 based media. This resulted in the synthesis of partially deuterated cellulose and protiated
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hemicellulose composite. We have previously determined the level of deuterium incorporation in
cellulose under these conditions.** The neutron contrast match point for glucomannan was
obtained from scattering profiles recorded for glucomannan in H20/D,0O ratios between 0 and
100%, as described previously.*? The scattering intensity increased with decreasing Q values over
the measured Q range indicating that the glucomannan was aggregated under the conditions
measured (see Figure S3). Therefore, we determined the match point at three different Q values
(see Figure 4.4), and in all cases, the calculated contrast match point for glucomannan was
determined to be 45 + 1 % D>O indicating that there were no local density fluctuations in the
glucomannan aggregates (Figure 4.4). The SANS data presented here were recorded in 45% D,0
to selectively highlight structural changes in cellulose when the hemicellulose scattering is contrast
matched to the solvent. The SANS profiles of fully protiated hemicellulose-cellulose composites
and cellulose alone were compared to their partially deuterated counterparts. No significant
differences between the samples were observed indicating that D.O does not cause any changes to

the cellulose structure (see Figure S4).

The Unified fit approach was used to analyze the SANS data. This fitting approach was developed
for analyzing SANS data for complex hierarchical systems and has been previously applied for
studying biomass and purified biomass polymers.*? 356 For all samples, the data could be fit with
2 structural levels that covered the Q range from 0.007 A* > Q > 0.5 A"t and 0.003 > Q > 0.007
AL, respectively (Figure S5). The corresponding estimated real space distances (2n/Q) are ~15 A

- ~900 A for structural level 1 and ~900 A - ~2100 A for structural level 2.
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Figure 4.4: Neutron contrast match point determination for 0.5% (w/v) glucomannan. A plot of
square-root intensity versus H.O/D>0 solvent ratio for Q values at 0.005 (red dotted line), 0.007
(red dashed line) and 0.01 A (red line) shown here were chosen as the scattering for glucomannan
as low Q does not reach a constant value. The x-value of the intersection between the straight line
fit (red line) at which the VI = 0 is the neutron contrast match point
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Figure 4.5 shows the scattering profiles of cellulose in native and pretreated states. The structural
parameters obtained using a 2-level Unified Fit approach are presented in Table 4.4. The level-1
radius of gyration, Rg, decreased from 230 + 32 A to 130 + 19 A after pretreatment and the
corresponding power-law exponent (o) increased from 2.8 + 0.1 to 3.1 + 0.2. The level-1 Ry value

can be interpreted as the size of a cross-sectional rectangular cellulose macrofibril with a diameter

(D) of ~577 A (D = \/% x Rg).3! This value is consistent with the reported diameter 400 — 600 A,

of a bacterial cellulose macrofibril obtained using transmission electron microscopy,*** providing
confidence that this feature in the SANS curves is related to the cross-sectional diameter of a
bacterial cellulose macrofibril. The decrease in the Ry value after pretreatment indicates that the
macrofibril diameter is significantly decreased, as might occur due to water expulsion from the
macrofibril and adjacent cellulose coalescence at high temperature and pressure that occurs during
thermochemical pretreatment A similar phenomenon has been observed for the changes in
cellulose microfibril packing during steam pretreatment of poplar.*® Further, the level-1 power-
law behavior in the native and pretreated material gives insight into the arrangement of the
cellulose microfibrils in the macrofibril. Native cellulose exhibits an exponent of 2.8 + 0.1 that can
be interpreted as a highly entangled network of cellulose microfibrils in the macrofibril.>® After
pretreatment, the network arrangement of the cellulose microfibrils is now no longer visible, o has
increased to 3.1 + 0.2, and is interpreted as a surface fractal (3 < o < 4 %3) with rough interfaces
with the solvent. The change in the power-law behavior from a mass-fractal to a surface fractal is
consistent with the change in the macrofibril structure from a hydrated network of cellulose

microfibrils to a coalesced structure, as described above.
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Figure 4.5: SANS profiles of native and pretreated cellulose and hemicellulose-cellulose
composite samples. Cellulose (blue), xyloglucan-cellulose (green), and glucomannan-cellulose

(orange). Solid red lines are the Unified Fit curves. In all cases, the pretreated cellulose and
composites curves have been scaled by a factor of 5 for clarity purpose.
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Table 4.4: Unified fit parameter values obtained from fitting SANS profiles of native and

pretreated samples.

Structural Levels Level -1 Level - 2

Ry (A) a* "Ry o *

A)

Samples Native
Cellulose 230+32 | 28+0.1 | 1500 |25+0.1
Xyloglucan-Cellulose | 220+19 |25+0.1 | 1500 |2.1+0.1
Glucomannan- 250+35 [ 28+01 (1250 |24+0.2
Cellulose

Pretreated
Cellulose 130+19 [3.1+£0.2 1250 |22+0.1
Xyloglucan-Cellulose | 170+19 | 2.6 +0.1 | 1250 |2.3+0.1
Glucomannan- 90+ 29 29+03 (1250 |2.8+0.1
Cellulose

*Fixed (parameter not allowed to vary during fitting process). *a is the power law exponent
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In the level-2 structural regime, we observe macrofibril arrangement in the bacterial cellulose
network. It is not possible to accurately determine a value for level-2 Rq for both native or
pretreatment sample because its size was larger than the accessible length scales (> 1000 A).
Therefore, the Ry value was fixed to a relatively large value, Ry = 1250 A for the purpose of fitting.
The level-2 o value, obtained from fitting the low-Q region decreased from 2.5+ 0.1t02.2 £ 0.1
after DAP indicating that the network of macrofibrils in the native and pretreated cellulose are

similar in native and pretreated cellulose.

The structural parameters for glucomannan-cellulose obtained before and after pretreatment using
a 2-level Unified fit, showed similar trends to native cellulose. The level-1 Rq for native
glucomannan-cellulose was 250 + 35 A and it decreased to 90 + 29A after pretreatment. The initial
Ry value is similar to native cellulose and the decrease in the Rq can be interpreted as expulsion of
water from the highly hydrated cellulose macrofibril as observed for the native cellulose. The
level-1 o values before and after pretreatment are also similar to those observed for native cellulose
(within error) consistent with a collapse of microfibril network structure in the macrofibril as a
result of pretreatment. The level-2 structural regime was restricted to interpreting only the power-
law exponent for the native cellulose sample. The level-2 a value slightly increased from 2.4 £ 0.2
in native sample to 2.8 + 0.1 in the pretreated sample. This shows the opposite trend to that
observed for native cellulose and is somewhat unexpected because the thickness of the macrofibrils
was significantly reduced during pretreatment. Therefore, one would expect to form a sparse

cellulose network (i.e. a decrease in o) as observed in pretreated cellulose sample.

In the case of xyloglucan-cellulose, the effect of pretreatment on the composite showed a different
trend. Unlike native cellulose and glucomannan-cellulose, the level 1 Ry values remained relatively

unchanged before and after pretreatment. The Rq value in native xyloglucan-cellulose was 220 +
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19A, similar to the value obtained for the native cellulose, and decreased to 170 + 19 A in
pretreated xyloglucan-cellulose, a value significantly larger than that obtained for both pretreated
cellulose and glucomannan-cellulose composite. The level-1 o values were 2.5+ 0.1and 2.6 £ 0.1
for native and pretreated xyloglucan-cellulose composite, respectively. These values indicate that
the arrangement of the cellulose microfibrils in the macrofibril were unchanged (within error) due
to the presence of xyloglucan suggesting a different mode of interaction with the cellulose than
glucomannan. The level-2 structural parameters also showed some differences compared to the
native cellulose and glucomannan-cellulose composites. The level-2 o values were 2.1 + 0.1 and
2.3 £ 0.1 in native and pretreated xyloglucan-cellulose composite, respectively. The cellulose
macrofibrils in xyloglucan-cellulose assemble as a sparse or loosely entangled network (o =~2.1)
compared to the dense highly entangled network formed by glucomannan cellulose. This value is
only slightly changed for xyloglucan-cellulose after pretreatment indicating that xyloglucan does
not interfere with inter-macrofibril interactions and consequently, the overall structure of the

pretreated cellulose network is unchanged.

4.5). Discussion

Our overall aim was to investigate the nature of cellulose interactions with hemicellulose and to
examine in detail the structural changes individual hemicellulose types cause on cellulose structure
during pretreatment. In previous work, we (and others) have studied structural changes in whole
biomass during dilute acid pretreatment and quantified changes to the component biopolymers that
comprise the cell wall.® 1. 13-14.18,5758 AJthough it is commonly understood that the hemicellulose
is dissolved and depolymerized by the pretreatment solvent during this process, the molecular-

level changes that occur due to removal of hemicellulose are poorly understood. This is difficult
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to study with intact biomass samples due to the inherent complexity of the material and the
challenge of deconvoluting the contributions of individual components in the hierarchical laminate
formed by the plant cell wall. Bacterial cellulose has been proposed as a model cellulose that can
be used as mimic to understand the plant cell wall. In previous work, hemicelluloses have been
incorporated into bacterial cellulose and changes in the hierarchical structural assembly due to
specific hemicellulose-cellulose interactions have been reported. Martinez-Sanz et al. studied the
interaction of different kinds of hemicellulose with deuterated bacterial cellulose using SAXS,?®
SANS,?® and USANS,? and showed that arabinoxylan deposits on the cellulose macrofibril
surface while xyloglucan and mixed linked glucans interact with microfibrils present in the
cellulose macrofibril. Penttila et al. performed a similar study using secondary plant cell wall
hemicellulose like spruce xylan and galactoglucomannans and showed they both induce changes

in the microfibrillar structure of the cellulose macrofibril.3!

In our study, XRD, SFG and SANS analysis of the hemicellulose-cellulose composites,
highlighted differences in cellulose structure and morphology due to DAP. These differences were
related to glucomannan and xyloglucan interactions with the cellulose network as it is formed.
Analysis of the structural changes in native cellulose after pretreatment showed that the cross-
sectional diameter of the cellulose macrofibril and surface morphology, and the internal microfibril
structure of cellulose changes to form a tightly packed cellulose macrofibril. This can be related
to expulsion of water trapped between cellulose microfibrils®® during DAP resulting in the
microfibrils interacting with each other to form a tightly packed cellulose fiber. This is consistent
with coalescence of the cellulose microfibrils due to water expulsion previously observed during
steam explosion of poplar wood.>” Although the XRD data for glucomannan-cellulose composite

indicated a significant increase in cellulose crystallinity after pretreatment, SFG data showed that
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apparent increase in cellulose crystallinity was primarily due to the removal of amorphous
hemicellulose, rather than changes to the microfibrils themselves. This indicates that glucomannan
does not interfere with the assembly of the microfibrils by inhibiting crystallization of the cellulose
chains. The nano-scale structural changes, as determined using SANS, were similar to the native
cellulose sample. A significant decrease in the cross-sectional diameter of the cellulose microfibril
was observed after DAP, which can be related to the expulsion of water during pretreatment, as
described for cellulose above. However, the network of macrofibrils in the glucomannan-cellulose
composite become more entangled after pretreatment compared to cellulose in the native and
pretreated state. This allows us to speculate that glucomannan may accumulate between
intersecting macrofibrils in the cellulose matrix preventing interactions so that the macrofibrils can

be more easily rearranged during the pretreatment process.

Unlike glucomannan, xyloglucan does change the structure and organization of the microfibrils.
Both XRD and SFG analyses show that the cellulose crystalline allomorph transitions from I, to
Ig and these structural changes persists after pretreatment. In addition, the crystallite sizes in all
three dimensions are smaller than cellulose and these do not change after pretreatment. The smaller
crystallite size in xyloglucan-cellulose composites have been previously reported 2> 8 and it has
been inferred that xyloglucan interacts with the bacterial cellulose microfibril during its formation.
The nanoscale changes in the xyloglucan-cellulose composite are also different to those observed
for native cellulose and glucomannan cellulose. The cross-sectional diameter of the xyloglucan-
cellulose macrofibril is relatively unchanged after pretreatment. A clue to the reason for this can
be obtained from analysis of the monosaccharide composition of the hemicellulose-cellulose
composites. In the case of glucomannan-cellulose, only a trace amount of glucomannan remained

after pretreatment as evidenced by comparing the sugar analysis of the composite before and after
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pretreatment. Whereas, approximately 5% of xylose remains associated with the cellulose in the
xyloglucan-cellulose composite after pretreatment. Based on this observation, we can suggest that
unlike glucomannan, a fraction of the xyloglucan associated with cellulose is inaccessible to acid
during the pretreatment process or there is strong interaction between xyloglucan and cellulose
that prevents its complete removal during the pretreatment process. This incomplete removal of
xyloglucan could prevent coalescence of the microfibrils at high temperature as has been
demonstrated by our SANS results. This is supported by results of several studies that have shown

that xyloglucan is present between microfibrils and not just on the surface of the macrofibrils.?®

36, 60-61

We also note that the crystallite size along (010) plane increases for cellulose and for
glucomannan-cellulose but remains unchanged in the other two planes. Conversely, the crystallite
sizes remain unchanged for xyloglucan-cellulose after DAP pretreatment. We can infer that the
cellulose microfibrils coalesce along this face of the microfibrils in cellulose and glucomannan
cellulose. A previous study investigated the adsorption of xyloglucan on cellulose surfaces showed
that xyloglucan is adsorbed on the cellulose surface by an entropy driven process in which water
is removed from the cellulose surface in order for xyloglucan to bind to it. 2> Both the (100) and
(010) crystalline planes of cellulose are hydrophilic having a propensity of -OH groups projecting
towards the solvent whereas the (110) is hydrophobic with the glucose planar structure is along
that plane. The increase in the crystallite size is observed along the (010) plane, implying that the
higher density of -OH groups in the (010) plane make it more hydrophilic and thus more favorable
for xyloglucan adsorption on to this surface. It is therefore likely that xyloglucan binds to the (010)
plane of the crystallite preventing coalescence of neighboring cellulose microfibrils after

pretreatment.
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4.6). Conclusions
The effect of DAP on the structure and morphology of the bacterial cellulose by xyloglucan, a

primary plant cell wall component and glucomannan, a secondary plant cell wall component was
studied using SANS, XRD and SFG spectroscopy. Figure 6 summarizes the main findings of this
study. We observed changes to both the packing of microfibrils in the macrofibrils and also the
macrofibrillar network itself as a consequence of DAP. Importantly, the nature of these changes
was dependent on the type and structures of hemicellulose present. We can propose that
glucomannan most likely interacts at the surface of the macrofibrils because it does not change the
crystalline form of the cellulose and the macrofibrils collapse as a result of DAP, similar to native
cellulose. On the other hand, xyloglucan interacts directly with the cellulose microfibrils as they
are formed. This is supported by increased crystalline Ig content in the cellulose microfibrils and
the size of the microfibril remaining unchanged after DAP. This study provides new insights into
the underlying mechanism that leads to changes observed in cellulose structure due to presence of
and the subsequent removal of hemicellulose during DAP. It shows that understanding how
hemicellulose interacts with and affects cellulose structure during different processing regimes is

critical for improving cellulosic products and developing new bioproducts and biomaterials.
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Figure 4.6: A schematic representation of the SANS and XRD data for the cellulose and
hemicellulose-cellulose before and after DAP. At the nanoscale, the cellulose macrofibrils collapse
after DAP and the macrofibril network that they form appears sparse. The crystallite size increases
in (010) plane. For xyloglucan-cellulose the cellulose macrofibrils do not significantly change size
and the crystallite size also does not increase. For glucomannan-cellulose a trend similar to that of
cellulose in native and pretreated state is observed except the network of macrofibril after DAP
appear more entangled
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Supporting Information File:

Supplement file 1 Wide angle x-ray scattering intensity profile for native and pretreated cellulose
and hemicellulose-cellulose composites with overall fit, Plot showing cellulose 1, values
determined by peak deconvolution of SFG spectra for native and pretreated cellulose and
composites, 1(Q) vs Q plot for glucomannan dissolved in different H.O/D>O ratios for
determination of its contrast match point, Comparison of SANS curve for hydrogenated and

deuterated cellulose, Unified fit analysis of cellulose SANS profile
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4.7). Supplementary information

4.7.1). Fits for the XRD profiles

Figure description (S4.7): The (100), (010), (110) and (012/102) peaks in the native cellulose,
pretreated cellulose and pretreated xyloglucan-cellulose were fitted using pseudo-Voight function.

For the native composites an extra Gaussian peak at 20 = 21.5 was added.

4.7.2). Peak deconvolution of SFG spectra

4.7.3). Contrast variation series

4.7.4). Comparison of differently labelled bacterial cellulose

Figure description S4.9For the purpose of determining the contrast match point for glucomannan,
three Q values were selected (-0.005, 0.007 and 0.01) along each curve which are shown by dashed
black lines. The intensity values were noted at each Q point for all the curves and these were
plotted against D20 concentration. This resulted in a 1(Q) vs D20 concentration plot for each Q
value which was fit to a parabola equation. The resulting minimum was calculated and that was
the match point. As expected, three match point values were obtained and all those three were

similar values

Figure Description S4.10: The scattering profile for hydrogenated cellulose in 100% D20 and
partially deuterated cellulose in 45% D20 was measured to make sure that incorporation of
deuterium in cellulose does not lead to a change in structure of cellulose. No significant change in

the two profiles were observed.

Figure Description S4.11: As described in the materials and method section, the unified fit was

used to fit all SANS curves. The g-range from 0.003 A-1 to 0.3 A-1 was used to fit the curve.
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Figure 4.7: Wide angle x-ray scattering intensity profile (green curve) for native and pretreated
cellulose and hemicellulose-cellulose composites with overall fit (black curve). Each profile was
fit for background and 4 lattice peak -(100), (010), (110) and (012/102)
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Figure 4.8: Plot showing la values determined by peak deconvolution of SFG spectra for native
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Figure 4.9: 1(Q) vs Q plot for 0.5% glucomannan dissolved in solvent containing varying amount
of D20 (0%, 20%, 40%, 60%, 80% and 100%).
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Figure 4.11: Overall fit (red) obtained for experimental intensity of native partially deuterated
cellulose in 45% D20 (blue circle). Two levels were used and each term (Rg= orange; Power law
= black dashed line) in eq 3 resulted in the overall fit
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In order to obtain the overall fit, two levels with a Rg cut off for level 1 were used. Each level in
turn comprised of two fitting functions: a Guinier function that gives information about particle
size (Rg) and power law that gives information about the properties of the internal and/or external
surface of the particle. The second level Rg and background were fixed to particular values during
the fitting process. The parameter thus obtained were subjected to the uncertainty test which gives

an estimate of error in parameter.
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Chapter 5). Structural insights into low and high recalcitrance natural poplar
variants using neutron and x-ray scattering
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5.1). Abstract

While a correlation between physiochemical properties of lignin and amount of sugar release is
often observed, the changes in cell wall structure due to differing lignin content and composition
have not been studied. We used small-angle neutron scattering (SANS) and wide-angle x-ray
scattering (WAXS) to investigate the structural changes in the cell wall of two naturally occurring
variants of poplar species Populus trichocarpa, BESC-316 and GW-11012 with klason lignin
content 17.8 and 23.2% respectively, both before and after hot water pretreatment. SANS results
show aggregated cellulose microfibril arrangement in GW-11012 while well-ordered cellulose
microfibrils in BESC-316. Lignin was distributed in the cell wall of BESC-316 while in GW-
11012 it was aggregated to size of 52 A. Post-pretreatment, the cellulose was coalesced and formed
similar size fibrils while lignin aggregated in both with slight difference in lignin aggregate size at
180 °C/45min. The crystallite size and orientation were both larger and better arranged in GW-
11012 than BESC-316 and this trend was maintained post pretreatment. Our study shows that
deposition of polymers in the cell wall is co-dependent, as structural changes in lignin distribution
and in cellulose crystallite size and orientation were simultaneously observed. Such changes may

contribute in cellulose surface accessible for enzymatic hydrolysis.
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Figure 5.1: Differences in cellulose microfibrils and lignin distribution between BESC-316 (red)
and GW-11012 (blue) in native (top) and after 180 *C/45min hot water pretreatment (bottom)
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5.2). Introduction

Lignocellulosic biomass is primarily composed of the carbon-rich polymers cellulose,
hemicellulose, and lignin, making it an excellent source of carbon-based fuels and bioproducts.'?
Thermochemical pretreatment approaches are commonly used as an initial step to disrupt the rigid
cell wall structure to enable greater access to the hydrolytic enzymes for conversion cellulose to
glucose that is then fermented to fuels such as ethanol or butanol. However, even after the initial
disruption of the cell wall structure by pretreatment, enzymatic digestion is not as efficient as
expected, rendering the commercialization of sustainable biofuels costlier as compared to
petroleum-based fuels.® Several factors are thought to play a role in biomass recalcitrance that
include cell wall porosity,* lignin composition and linkages,® cellulose crystallinity,® and also
hemicellulose content and structure.”® Of these factors, lignin is often cited as a major reason for
biomass recalcitrance in both native and thermochemically pretreated biomass.®*? It has been
shown to block enzyme access to the cellulose surface,'® and in pretreated solids it unproductively
bind to enzymes decreasing their effectiveness in biomass digestion .5 1 Also, transgenic species
that have been genetically modified to reduce lignin content have been reported to be more
susceptible to enzymatic hydrolysis than their naturally occurring counterparts, supporting that

lignin negatively effects sugar release.™

In addition to the amount of lignin, that can vary significantly among woody plants (10-30% ) 1°,
lignin composition is also an important determinant in biomass recalcitrance. It is typically
synthesized in secondary cell walls and is composed of varying ratios of guaiacyl (G), syringyl
(S), p-hydroxymethyl (H) hydroxycinnamyl monomers. Variability in lignin composition and
content has been examined to find a correlation between lignin content and composition and sugar

release.!” A study by Studer et al. characterized 47 Populus trichocarpa phenotypes that differed
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in lignin content and S/G ratio that were part of an undomesticated P. trichocarpa population with
1100 individual variants.'® Poplars from this subset were tested for total sugar release using
enzymatic digestion alone and using a combined liquid hot water pretreatment and enzymatic
digestion. A negative correlation for glucose release was found for pretreated samples with an S/G
ratio less than 2 whereas phenotypes with a higher S/G ratio displayed greater glucose release. In
addition, for enzymatic digestion without pretreatment, sugar release increased significantly when
lignin content was <20% irrespective of lignin S/G ratio. However, the authors also noted that
there were several outlier phenotypes with exceptional sugar release that featured average lignin
content and S/G ratio suggesting that lignin content and composition are not the only factor to
influence sugar release.*® Another study investigated poplar variants that carried a rare natural
mutation in the P. trichocarpa 5-Enolpyruvylshikimate 3-Phosphate Synthase gene that is linked
to reduced lignin biosynthesis and affected recalcitrance of the field-grown plants.*2° Sugar yields
were analyzed after different processing conditions and glucan yields were significantly higher
from the rare poplar variants compared to a high lignin comparator. However, relative glucan
yields from the individual variants did not show a clear trend with pretreatment severity suggesting
that other factors may influence sugar release, similar to the conclusions of Studer et al. as
described above.*® These studies highlight the critical need for a better understanding of the cell

wall structure in order to deconvolute the processes that occur during cell wall deconstruction.

Insights into the molecular organization and architecture of the plant cell wall have been obtained
using microscopy, spectroscopy and imaging techniques.? Combining information from
complimentary techniques is vital for a complete understanding of cell wall ultrastructure. For
instance, atomic force microscopy, a type of scanning probe microscopy, has been used for

observing nanoscale surface features of lignocellulosic biomass such as cell wall morphology and
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surface roughness.?? Coherent anti-stokes Raman scattering and electron microscopy was used to
image differences in lignin distribution for cell wall sections from wildtype alfalfa and a variant
with downregulated lignin synthesis,?® and also tension wood from poplar.?* Both the lignin-
downregulated alfalfa variant and tension wood showed the presence of lignin aggregates in
contrast to the wildtype alfalfa, in which lignin was evenly distributed in the cell wall. Solid state
nuclear magnetic resonance spectroscopy provides useful insights into cell wall polymer
interactions and showed that xylan bound to cellulose has a different conformation than in
solution?®, and lignin makes electrostatic interactions with xylan.?® X-ray and neutron scattering
techniques have been also used to study the plant cell wall.?” Small angle scattering in particular
is a powerful tool to study the intact cell walls with minimal sample preparation to obtain structural
information in the length scale spanning from one to several hundred nanometers. Structural
information such as distance between cellulose microfibrils, cross-sectional size of cellulose
microfibrils, distribution of the matrix co-polymers, and overall cell wall morphology can be

determined using these techniques.?’

Here, we report on the cell wall structure of BESC-316 and GW-11012, two natural poplar variants
from the poplar genome-wide association study.'® These two variants were chosen for analysis
because a previous study?® found that native GW-11012 released significantly more glucose per
cellulose content compared to BESC-316 after enzymatic hydrolysis. This trend continued after
liquid hot water (LHW) pretreatment of the variants at different pretreatment temperatures and
severities. After LHW pretreatments performed at a severity factor (log Ro) of 3.6 (160 °C for 68
min and 180 °C for 18min) GW-11012 released approximately 1.3 times more sugar compared to
BESC-316 (Table S1). At a higher severity factor (Ro = 4, 180 °C/ 45min) the amount of sugar

released was even greater for GW-11012, 1.6 times, compared to BESC-316 (Table S1). A major
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difference between the two variants was in their lignin content and composition. BESC-316, the
high lignin comparator had a lignin content of 23.2% and S:G ratio of 1.67. On the other hand,

GW-11012 is a low lignin poplar variant with a lignin content of 17.8% with S:G ratio of 3.0.%

It was of interest to determine if there was a structural basis for the differences in recalcitrance
between the two poplar variants. We used a combination of small-angle neutron scattering (SANS)
to characterize the nanoscale (~1 — 100 nm) properties of the wood and X-ray diffraction (XRD)
to obtain atomic level structural information about cellulose structure. The structural changes that
occurred in the biomass samples during pretreatment were recorded in real-time using a specially
designed pressure cell for time-resolved SANS pretreatment studies. Structural characterization
was complemented by Simons’ stain to determine cellulose accessibility- Significant differences
in both cellulose organization and lignin distribution were observed in native BESC-316 and GW-
11012. Although time-resolved SANS studies showed differences in the progression of lignin
aggregate formation and cellulose coalescence during pretreatment at different severities for both
poplar variants, it did not fully explain the increased digestibility of GW-11012. On the other hand,
our data support that differences observed at the atomic scale between the cellulose organization
of the two variants may be important in reducing the recalcitrance of the biomass. Our results
provide new insight into the interplay of cell wall polymer interactions in both cell wall synthesis

and deconstruction and may offer new directions for overcoming biomass recalcitrance.
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5.3). Materials and methods:

5.3.1). Sample preparation for small angle neutron scattering and X-ray diffraction

Four-year-old Populus trichocarpa BESC-316 and GW-11012 obtained from a field site in
Clatskanie, Oregon were used for this study.>® The estimated moisture content was determined by
IR moisture analyzer and was found to be 8.82% and 6.92% for BESC-316 and GW-11012,
respectively. The outermost growth ring of both wood stems were cut longitudinal to the growth
direction for X-ray diffraction and SANS studies. The cut wood pieces were 14 x 14 mm in size
with a thickness of approx. Imm. The wood pieces were incubated in DO or 35% DO solvent
for at least 24 hr which included at least three exchanges into the fresh solvent to ensure complete
D/H exchange. Delignification of native and pretreated wood samples was carried out as

previously described. ¢

5.3.2). Small-angle neutron scattering data collection and analysis

SANS measurements on native and pretreated BESC-316 and GW-11012 were performed at the
Bio-SANS instrument located at the High Flux Isotope Reactor facility in Oak Ridge National
Laboratory (ORNL).*° The main detector array was positioned at 15.5 m from the sample position,
and the wing detector array was positioned 1.13 m from the sample position at an angle of 1.4°
from the direct beam. Using this configuration, the Q range spanning 0.003 < Q (A™?) < 0.8 was

obtained using 6 A neutrons with a relative wavelength spread (AMA) of 15%.

For real-time SANS pretreatment measurements, the samples were equilibrated in D2O solvent
and placed in a pressure cell with a 1 mm path length. The pressure cell used for these
measurements is the enhanced angle pressure (EAP) cell, a modification of the McHugh Cell that

allows measurement of scattering wave-vectors up to 0.6 A™.3% Each wood chip was aligned along
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its growth direction perpendicular to the neutron beam. The scattering intensity profile, I(Q) versus
Q, for each sample was obtained by azimuthally averaging the processed 2D images which were
normalized to incident beam monitor counts, corrected for detector dark current, pixel sensitivity
and scattering from backgrounds such as solvent and sapphire windows of the pressure cell. LHW
pretreatment reactions were performed for BESC-316 and GW-11012 at pretreatment severity
factor'® log Ro = 3.6 for which the time and temperature conditions were 160 °C for 68 min
(160°C/68min) and 180 °C for 18 (180°C/18 min), and at a higher severity factor (log Ro = 4.0) at
180°C for 45min (180°C/45min) These conditions were selected based on differences in sugar
release between the two variants which were previously reported by Bhagia et al.'® After sealing
the samples that were equilibrated in 100% D20 solvent in EAP cell they were heated to the
retention temperature of 160 °C or 180 °C within 4 min or 6 mins respectively, and after the
retention time was completed they were then cooled to 25 °C within ~20 mins (see Figure 5, panels

A-C).

The SANS data of delignified native and pretreated samples were collected at the EQ-SANS
beamline®’ located at the Spallation Neutron Source (SNS) which was operating at 60 Hz. A wood
chip was packed into a 1 mm pathlength titanium cell and filled with 100% D>0. The neutron
beam was collimated using an aperture size of 10 mm and the scattering data was collected by
using sample of detector distance (SDD) of 2.5 m and 4 m. The neutron wavelength used for the

two SDDs was 2.5 and 10 A respectively. The combination of the SDD and the range of neutron
wavelengths enabled us to obtain a Q range spanning 0.005 A< Q < 0.7 A™L. The data was reduced

by using the standard procedures implemented in the Mantid software®® and an output file
containing Q, 1(Q) and error in 1(Q) and Q was obtained. The intensity 1(Q) in the output file was

calibrated to be on absolute scale using porous silica as a standard.
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The SANS data were fit to the multi-level Unified Fit model® implemented in the IRENA
package®® of Igor Pro software by Wavemetrics. As shown in Equation 1 the SANS intensity
profile is a summation of individual levels (i) with each level modeled as the sum of an exponential

and a power-law behavior

3 1
ngi
9°R§; qu?;COi—1 (<erf( NG >> 1

I(q) = Zli(q) —Ge 3 4e 3 —xB{~——Y2 L L¢
: (5.1)

where R, is the radius of gyration of the particle of the i structural level, P; is the power-law

exponent of the i structural level, Gi is the scalar for the Guinier function of the i structural level,

and Bi is the scalar for the power-law function of the i structural level. Additionally, Ryco,_, 18

the cut-off length scale of the power-law behavior of the i structural level and C is the Q-
independent constant background intensity. For BESC-316, the peak position ({) and the packing

density parameter (k) were obtained from the Unified Fit analysis, as described previously.®® °

5.3.3). X-ray diffraction data collection and analysis

XRD measurements were carried out using an Anton-Paar SAXSess mc? instrument with point
collimated monochromatic CuK, radiation (A = 1.54 A) operating at 50 kA and 40 kV. The beam
size was 0.8 mm x 0.8 mm and the sample to detector distance was 42.1 mm. The wood pieces
were aligned perpendicular to the direction of growth in the X-ray beam and the 2-dimensional
(2D) scattering intensity image was collected using a multi-sensitive phosphorous screen with a
pixel size of 0.042 mm. A cyclone plus storage phosphorous system (PerkinElmer) was used to
read the intensity of the image plate. The background scattering of each image was determined by

collecting image with no sample in the beam path and this 2D image was subtracted from the
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sample scattering image. The data collection time for each sample was 24 hr. The diffraction

pattern showed the typical anisotropic scattering of the wood.

The azimuthal intensity distribution of the reflection (200) was calculated and used in Equation 2

and 3 to obtain the Hermann’s orientation factor.**2

fo% L00(®) cos®* @sin® do (5.2)
f090 l150(@)sin@ d@

(cos? D200) =

3(cos? Byp0) — 1 (5.3)
f200 = 2

As expected, the reflection planes (1-10), (110) and (200) were observed on the equatorial axis

because the samples were aligned perpendicular to the growth direction of the samples.®® The peak
position for (200) was used to generate the intensity distribution along the azimuthal angle ()
from the background subtracted 2D pattern. The I(®) vs @ profile was used with the Hermann’s

orientation function to determine the Hermann’s orientation factor.

1D profile of I(®) vs 20 were made using the equatorial reflections. Peak fitting was performed
to determine the crystallite size and crystallinity. The crystallinity was determined using Equation

4.

o (total scattering area — amorphous area) (5.4)
% Crystallinity = - x 100
total scattering area

where ‘total scattering area’ and ‘amorphous area’ are the integrated areas under the curves in the
20 range from 10° to 60°. The crystallite size along the (200) was determined using the Scherrer

equation shown in Equation 5

t=(09%A1)+ (B Xxcosh) (5.5)
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where, t is the size of the crystallite, A is the wavelength of the incident X-rays, f and 26 are the

values for FWHM and peak position, respectively.

5.4). Results

5.4.1). Nanoscale structural changes for native and pretreated low and high lignin poplar cell
wall:

5.4.1.1). Structural variations in native BESC-316 and GW-11012

Small angle neutron scattering was used to study the morphological changes in the cell wall
structure of native and liquid hot water pretreated BESC-316 and GW-11012. The 2-dimensional
(2D) SANS detector images of the scattering profiles of intact pieces of BESC-316 and GW-11012

in 100% D-0O solvent, after corrections and background subtraction, are shown in Figure 5.2.

At this solvent condition, maximum contrast is attained between the lignocellulose matrix and the
solvent. The anisotropic scattering pattern is due to the alignment of the wood pieces perpendicular
to the direction of growth in the neutron beam. The differences in the cell wall structures of the
two variants are evident from the 2D images. BESC-316 shows a lobe-like feature that indicates
the presence of correlated scattering particles * while GW-11012 has a sharp streak-like scattering
pattern indicating well aligned scattering particles with non-uniform interparticle distance 3!
(Figure 5.2). These differences between the samples in the scattering pattern can be related to

differences in the arrangement of the cellulose microfibrils and matrix copolymers.

The 1-dimensional (1D) SANS profiles of BESC-316 and GW-11012 in 100% D-O, are shown in
Figure 5.3. The Unified Fit approach,® previously applied for studying intact biomass®*-* and

purified biomass polymers,® was used to fit the SANS data.
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Figure 5.2: Two-dimensional detector intensity images are plotted as a function of Qx vs. Qy
obtained from the dual detector configuration of the Bio-SANS instrument.?®Panels A and B are
from BESC-316 and panels C and D are from GW-11012. Panels A and C cover the Q range of
0.03 to 0.6 A"*and panels B and D cover the Q range of 0.003 to 0.03 A™. The intensity scale bar
is on a logarithmic scale. Samples were equilibrated in 100% D»O before measurement
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Figure 5.3: A). SANS scattering profile of native BESC-316 (red curve) and GW-11012 (blue
curve) in 100% D20. The black solid line is the fit to the scattering curve obtained by using the
Unified fitting model B). Q*1(Q) vs. Q representation of the data to highlight distinguishable
features in the high-Q region. The curve for BESC-316 was fit with a Gaussian fit (black)
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Three structural levels were obtained from the fitting which covered the Q range from 0.1 A1 < Q
<0.4A1001A1<Q<0.1A'and 0.003 < Q <0.01 AL.The fit values for the 1% structural level,
that is dominated by the cellulose contribution to the SANS profiles, are summarized in Table 5.1.
For BESC-316, radius of gyration (Rg) and a correlation function were used for curve fitting. The
level-1 Rq value, 11 +2 A, is interpreted as the cross-sectional dimension of a cellulose microfibril
and is similar in size to the values obtained for cellulose microfibrils in previous studies. 3 36-3
The peak position ({), 31 + 5 A, obtained from the correlation function, is the center to center

distance of two adjacent microfibrils. The cross-sectional diameter of the cellulose microfibril,
calculated to be 25 A (D= J? Ry) indicates that the adjacent microfibrils are closely packed in the

cell wall. The packing density parameter (k) quantifies the degree of packing of correlated
particles. The possible values range from zero, for randomly packed particles, to 5.92 for a
perfectly packed system such as a hexagonal or face centered cubic system.3? 3 Here, the k value
obtained was 1.3 + 0.9, which is indicative of weak packing of cellulose microfibrils with
interactions that do not extend past the next-neighbor correlations. In contrast, for the GW-11012
SANS curve, a single Ry was sufficient to get a good fit in the Level-1 structural level. The Rq
value (21 +4 A, D =48 + 9 A) is almost double the value obtained for BESC-316, indicating that
adjacent cellulose microfibrils are aggregated in GW-11012. And importantly, the absence of a
peak at 0.2 A is consistent with not including a correlation function in the fit to level-1 structural

regime of GW-11012 (Figure 5.3B).

The mid Q region (0.01 A* > Q > 0.1 A1) of the SANS curves provides information about the
arrangement of the matrix co-polymers in the cell wall®® 3 and similar to the high Q region, there

were significant differences observed between native BESC-316 and GW-11012.
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Table 5.1: Fitting parameters obtained for the SANS curves of native BESC-316 and GW-11012
using the Unified Fit approach

Sample Level 1 Level2 Level3
Re (A) | ETA (©) (A) Pack (k) 2Rq (A) 2P

BESC-316 | 11 +4/-2 31+/-5 1.3+/-0.9 - 1.8 +/-0.2 4.2+/-0.1

GW-11012 | 21 +/- 4 - - 56 +/- 10 - 3.6+/-0.1

Error bars were obtained by performing uncertainty analysis in the Unified Fit 323
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For BESC-316, this region of the SANS curve was fit with a single power-law that yielded an
exponent of 1.8 £ 0.2. This value is similar to those obtained in previous studies for analysis of
SANS data from poplar wood and is interpreted as the network of matrix copolymers in the cell
wall. 3% 3 In contrast, the scattering intensity in the mid-Q region for GW-11012 exhibits a
shoulder feature and curve fitting yielded a Rq of 56 + 10 A. The SANS profiles for GW-11012
before and after delignification are shown in Figure 5.4A. The scattering intensity is decreased in
the mid-Q region providing evidence that this feature is related to lignin and shows a significant

difference in the distribution of lignin between the two variants (Figure 5.4A).

Previous studies have also reported a similar feature in SANS profiles of pretreated biomass that
was attributed to lignin aggregates in the cell wall.3> 3 SANS analysis of BESC-316 and GW-
11012 were also performed for samples equilibrated in 35% D20, in which cellulose scattering is
suppressed.®* The BESC-316 scattering curve shows a monotonic increase in scattering intensity
over the measured Q-range and was fit to a combination of two power-laws as detailed in Table
5.2. Interestingly, a size feature is evident in GW-11012 at ~0.04 A that is not present in the
BESC-316 curve; the fit yielded a Rq of 46 + 3 A. A similar sized feature was observed in the
100% D>0O measurement of GW-11012 sample suggesting that this feature highlights the

difference in the distribution of lignin between the two variants.
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Figure 5.4: A). Comparison of SANS data of GW-11012 before (blue dots) and after
delignification (cyan curve) in 100% D-O solvent. BESC-316 (red dots) in 100% D0 solvent is
included for comparison. B). Comparison of SANS profiles of native BESC-316 (red) and GW-
11012 (blue) in 35% D20 solvent. In both panels, the solid black line is the fit obtained to the

curves with the Unified fitting model.

Table 5.2: Fitting parameters obtained for the SANS profiles of native BESC-316 and GW-11012
in 35% D>0 using the Unified Fit approach

Level 1 Level 2
Rq (A) P P
BESC-316 1120" 1.9+/-0.21 4.0+/-0.2
GW-11012 46 +/- 3 4 3.7+/-0.1

The range of fitting for level 1 was 0.015 At < Q < 0.2 At and for level 2

was 0.001 A< Q<0.015 A
*the value for the parameter was fixed during the fitting process
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The surface morphology of the cell wall is reflected by the power-law exponent (a)) of the third
structural level (Figure 5.3, Table 5.1). The value of a.= 3 is interpreted as the surface fractal with
rough interfaces with the solvent. As the value increases and reaches 4.2 + 0.1, the surface fractal
is considered smooth. Such smooth surface is seen for BESC-316. The 3" level o -value for GW-
11012 is 3.6 £ 0.1 indicating a rough surface. Surface roughness has previously been associated

with increased accessibility to enzymes.®!

5.4.1.2). Real-time structural analysis of BESC-316 and GW-11012 during pretreatment

The structural changes that occur in biomass during pretreatment reactions were monitored in-situ
by SANS using a pressure cell that mimics thermochemical pretreatment conditions typically
performed in Parr reaction vessels. 4! Liquid hot water (LHW) pretreatment reactions were
performed for BESC-316 and GW-11012 at retention temperatures of 160 °C for 68 min
(160°C/68min), and 180 °C for 18 and 45 min (180°C/18 min, 180°C/45min). These reaction
conditions differ in sugar release between the two variants, reported previously by Bhagia et al.°
Detailed description for the pretreatment conditions can be found in the Materials and Method
section. SANS profiles were recorded at intervals during heating, retention and cooling phases
(Figure 5.6 Panels A — C) to measure the structural changes in the biomass as they occurred during
pretreatment (Figure 5.5). The SANS profiles were analyzed using the Unified Fit approach®! using
three structural levels that covered the Q range from 0.1 A < Q < 0.4 A (primary structural
level), 0.01 A' < Q < 0.1 A (secondary structural level) and 0.003 < Q < 0.01 A (tertiary
structural level). The fitting parameters obtained for each SANS profile at the different stages of

the pretreatment reactions are shown in Figure 5.5 (Panels D-L) and Table S5.3.
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Figure 5.5: Time-resolved SANS data of hot water pretreatment of poplar variants BESC-316 and
GW-11012. Pretreatments were performed in a pressure cell at 160°C and 180°C for the different
retention times indicated in the panels A-F. The rainbow color sequence (violet to yellow)
indicates the time intervals for the recorded SANS profiles.
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Figure 5.6: Structural parameters obtained from the analysis of in-situ SANS studies of hot water
pretreatment reactions. Panels A-C: Temperature and time profiles for the pretreatment reactions.
Closed circles represent the time points for the SANS profiles presented in Figure 4. Panels D-L:
Plots of power-law exponents and Rq values obtained from the analysis of the SANS profiles at
different time points for BESC-316 (red dots) and GW-11012 (blue dots) during the pretreatment
reactions. Levels 1 — 3 represent the Q-ranges used in analysis of the SANS profiles, as described
in the text. Selected fits and fit values are presented in the supplementary information.
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Analysis of the structural changes in BESC-316 during the 160 C/68min pretreatment shows the
level-1 Ry, attributed to the cellulose microfibril cross-section dimension,®! increases from 11 + 2
A to 19.6 + 3.2 A indicating that the cellulose transitions from individual microfibrils to
aggregated or coalesced microfibrils. For GW-11012, the level-1 Ry values are relatively
unchanged before and after pretreatment, with values of 20.3 + 2.4 A and 24.4 + 35 A,
respectively. This shows that the hot water pretreatment reaction had no impact on the already
coalesced cellulose microfibrils of native GW-11012.

In the initial stage of the pretreatment, the 2" structural level for BESC-316, is fit with a power
law that transitions to a size feature as the pretreatment progresses. The appearance of this feature
in the scattering curve was first observed about 30 min into LHW pretreatment at 160 °C. This
feature was fit to a particle size of Rq = 44 A that eventually increased to 52 A for longer reaction
times. We attribute this feature to the formation of lignin aggregates because delignification of the
pretreated sample resulted in the disappearance of the particle size feature from this region of the
SANS profile (Figure S4). This interpretation is consistent with previously published pretreatment
studies with SANS.3%:33 39 Interestingly, as the pretreatment progressed through the retention phase
and entered the cooling phase, the size of the lignin aggregate (~ 52 A) did not increase but the
intensity of the scattering feature continued to increase. This was captured numerically by the
scalar value (G) in the Guinier part of the Unified fit equation which increased from 2.1 to 15 over
the course of the pretreatment reaction (Table S3). The increase in G is interpreted as an increase
in the number of lignin aggregates that were formed during the pretreatment reaction. The
distribution of lignin in the cell wall of native GW-11012 is different from BESC-316, as described
above. The initial size of the lignin aggregates was ~56 A and didn’t change significantly during

the course of the pretreatment reaction (Table S3). Similar to BESC- 316, the G value increased
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from 4 to 13 indicating an increase in the number of lignin aggregates formed during the
pretreatment reaction.

Time resolved changes in the structure of BESC-316 and GW-11012 were also obtained for the
LHW pretreatment conducted at 180°C/18min (Figure 5.5 panel C and D). The cellulose
microfibril cross section increased to 19 + 3 A (Level-1 Rg) after the 18 min retention time for
BESC-316 indicating coalescence of the microfibrils and remained relatively unchanged for
already aggregated GW-11012 cellulose microfibrils. Interestingly, the Ry value continued to
increase past the retention phase to a final value Rg = 35 + 4 A in BESC-316 and Rg =37 £ 9 Ain
GW-11012 at the end of the pretreatment reaction. In order to determine if this increase was related
to cellulose coalescence or another factor, we measured delignified BESC-316 after the
pretreatment reaction was completed and obtained Ry of 23.0 + 0.3 A. This suggests that the
additional intensity observed at Q ~ 0.15 A" during the pretreatment reaction was in fact due to
the formation of lignin aggregates. The secondary regime followed a similar progression of
structural changes to those observed for 160°C/68min. The increased intensity in this region was
fit with a Guinier function for both variants to yield Rq values of 77 +4 A and 70 + 10 A for BESC-
316 and GW-11012, respectively, at the end of the pretreatment reaction (Table S4). As before,
this feature was not visible in the delignified curves after pretreatment and hence was assigned to
lignin aggregates.

A similar trend in structural changes in the cell walls of the poplar variants were observed during
the 180°C/45min pretreatment reaction. The major differences were that lignin aggregate size
(level-2 Ry) was larger, 150 = 7 A and 112 + 6 A for BESC-316 and GW-11012, respectively,

compared to approximately 70 A in the 180°C/18min pretreatment reaction. In addition to the
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larger aggregate size, at 180 "°C/45 min, there are also a greater number of lignin aggregates formed
by the end of the pretreatment reaction (G~42 for BESC-316 and G~65 for GW-11012).

The 3" structural level was fit using a power-law function. Changes in this parameter are
interpreted as changes in the surface morphology of the cell wall. For instance, after pretreatment
at 160°C/68min, GW-11012 (3P ~ 3.81 + 0.08) has a smoother surface morphology than in its
native state but it remains rough compared to the pretreated BESC-316 (3P ~ 4.09 + 0.07). Surface
roughness has previously been related to greater cellulose accessibility.3! The power-law values
can be interpreted as increased cellulose accessible surface area after the 160°C/68min
pretreatment for GW-11012 compared to BESC-316. After the 180°C/18min pretreatment, the
exponent a for BESC-316 is 3.81 + 0.05 similar to that obtained for GW-11012 (3P or a. ~ 3.8 &
0.1). For the 180°C/45min, at which most difference in glucan release was observed,? the cell wall
surface morphology for BESC-316 and GW-11012 were 4.17 +0.12 and 4.13 £ 0.14, respectively,
indicating a smooth surface. It is important to note that the accuracy in the level-3 exponent (o)
was low for both the samples because of the limited Q range available for the level-3 power-law

fit.

5.4.2). Atomic structural differences between native and pretreated BESC-316 and GW-11012

X-ray diffraction (XRD) analysis was performed for the native samples and also the pretreated
samples that were recovered after the in-situ SANS study described above. The 1D profiles for the
native and pretreated samples shown in Figure 6 were derived from the equatorial scattering of the
2D pattern (Figure S5). Both BESC-316 and GW-11012 displayed the typical diffraction pattern
for plant cellulose (Ig) consisting of a convoluted peak formed from two reflections of at (1-10)

and (110) and a distinct peak at (200).%°
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Figure 5.7: X-ray diffraction profiles of native BESC-316 (panel A) and GW-11012 (panel B) and
after pretreatment at 180 °C for 45min. The curves were used to determine percent crystallinity
and crystallite size in the (200) plane.

Table 5.3: Crystallinity, crystallite size and orientation parameter estimation. The crystallite size
and orientation parameter were determined from the reflection at (200)

Condition Crystallite | Crystallinity | Orientation
size (A) | (%) parameter (f)
BESC-316 | native 26.0+£04 29 -0.1
160°C/68min | 29.3+0.3 33 -0.13
180°C/18min | 29.7 £ 0.5 32 -0.14
180°C/45min | 29.2 + 0.4 34 -0.16
GW-11012 | native 36.3+£0.6 41 -0.17
160°C/68min | 36.2 + 0.6 40.4 -0.23
180°C/18min | 38.2+0.3 45 -0.20
180°C/45min | 37.8 £ 0.2 48 -0.30
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5.3.2.1). Crystallite size and Crystallinity

The crystalline content and crystallite size (L2oo0) from native and pretreated BESC-316 and GW-
11012 were calculated as described in the Materials and Methods (Table 3). Both the crystallinity
and crystallite size are higher, ~1.4 fold, for native GW-11012 compared to BESC-316. As the
pretreatment severity is increased, these values also increase indicating that the cellulose

microfibrils become more crystalline and coalesce as a consequence of the pretreatment reaction.*

5.3.2.2). Crystallite Orientation

The 2D XRD pattern of the native GW-11012 exhibit significantly sharper reflections than native
BESC-316 indicating a higher degree of cellulose crystallite orientation (Figure S5). After
pretreatment, there is an increase in the number of visible reflections as well as a decrease in the
arc size for both variants. This indicates that the crystallite orientation with respect to the fiber axis

(c-axis) is further increased for both variants as a consequence of pretreatment.

The Hermann’s orientation function “**** was used to quantify the degree of orientation of the
cellulose crystallites with respect to the fiber axis to obtain the orientation factor (f). The (200)
reflection was chosen to calculate f, because this reflection is strongest in both GW-11012 and
BESC 316 and doesn’t overlap with other reflections. The f200 value of -0.5 indicates that the
crystallite orientation along the (200) plane is perpendicular to the fiber axis whereas a fag0 of 0
indicates a random orientation of crystallites.*>* In this study, the crystallite dimension along the
(200) plane shows very little orientation for native BESC-316 (-0.1) while the crystallites for native
GW-11012 (-0.17) are comparably better oriented with respect to the fiber axis. After the

pretreatment reactions, the proportional increase in the f values for both BESC-316 and GW-11012
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are similar, indicating an increase in alignment of the crystallites along the fiber axis in both
systems. However, after the most severe pretreatment condition, 180 °C for 45min, the cellulose

crystallite orientation in GW11012 was approximately 1.9-fold greater compared to BESC-316.

5.4). Discussion

Our overall aim was to determine a structural basis for differences in sugar release between two
naturally occurring poplars, BESC-316 and GW-11012, that were reported to have significant
differences in lignin content in their cell walls.?° Previous studies focused on characterizing the
content and composition of the cell wall polymers of the natural poplar variants and attributed the
changes observed in glucan release to lignin content and composition.*® 2% Here, we used SANS
to characterize cell wall structure at the nanoscale (1 — 100 nm) in native and pretreated
lignocellulose, complemented by XRD to study the atomic structure of the crystallites within the
cellulose microfibrils. Although the cellulose microfibrils were well-aligned with respect to the
growth direction in both variants, SANS showed distinct differences in their packing and
arrangement. In BESC-316, a defined microfibrillar distance (~28 A) between neighboring
microfibrils was evident, as is typically observed in SANS profiles of poplar secondary cell walls,
3L % indicating that the individual microfibrils are spatially separated and correlated with each
other. In contrast, the SANS profiles of GW-11012 showed that the cellulose microfibrils had
coalesced to form larger cellulose aggregates, a feature usually not associated with native poplar
but has been observed for poplar grown under tension stress.?* X-ray diffraction analysis also
showed that the crystallite size along the (200) plane is larger for GW-11012 compared to BESC-
316 supporting that neighboring GW-11012 microfibrils are aggregated. The mid-Q range SANS
data provides information about matrix copolymer distribution, and for BESC-316 the data is

similar to previously reported work. It can be interpreted as an inter-dispersed network of lignin
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and hemicellulose. 39-3% 3334 3% However, there was a clear difference in this Q-region for
GW11012 that could be assigned to the presence of lignin aggregates in the cell wall. Although,
lignin aggregates have not been not been observed previously in native poplar cell walls, uneven
lignin distribution have been observed in the tension side of tension wood using coherence anti-
stroke Raman scattering. 2 Lignin has previously been shown to coat the cellulose fibers and
differences in its distribution can affect cellulose accessibility to enzymes. 3 Interestingly,
measurement of the cellulose accessible surface area of the two variants showed that it is greater
for GW11012 compared to BESC-316 and the amount of sugar released from enzymatic digestion
of the native plants was also greater for GW11012.2° 28 Overall, SANS analysis shows that reduced
lignin content can a significant rearrangement of both cellulose microfibril organization and also
lignin distribution in secondary cell walls of poplar. Lignin aggregation in thermochemically
pretreated lignocellulose has previously shown to increase cellulose accessible surface area and its
digestibly and explains the observation that sugar release from enzymatic digestion of the native

plants was greater for GW11012. 2028

As described in the introduction, LHW pretreatment of GW11012 performed at severity factors
(log Ro) of 3.6 (160°C/68min and 180°C/18min) and Ro = 4 (180°C/45min) resulted in a
corresponding increase in the measured sugar release. In contrast, the amount of sugar released
from BESC-316 did not show the same trend as GW-11012 and was similar irrespective of the
pretreatment severity.?’ By performing time-resolved in situ SANS measurements it was possible
to observe the structural changes in the biomass as they occurred during the pretreatment reactions
rather than just the initial and final states of the pretreated biomass. Comparison of the structural
changes in GW-11012 and BESC-316 during the 160°C/68min pretreatment reaction showed that

the cellulose microfibrils in BESC-316, which are spatially separated in the native plant become
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aggregated, whereas there is little change observed in the already aggregated GW11012
microfibrils. The formation of the lignin aggregates in the two variants are similar; they start to a
appear and grow in size to 41 A + 3 within 30 min, after which their size only increases slightly to
48 A + 2 by the end of the 68 min retention phase. However, the number of aggregates continues
to increase as the pretreatment reaction progresses, to approximately 4-fold, from the start to the
finish of the retention phase. The observation that the lignin aggregates do not grow in size but
only in number during the retention phase suggests that they are spatially confined within the cell
wall and a possible mechanism for their formation is by condensation of neighboring lignin
molecules. * %6 Although the severity factor of the 180°C/18 min and 160°C/68min pretreatment
condition was the same, the rate of formation of lignin aggregates was 2-fold faster and Rq of the
aggregates were ~20% larger. This pretreatment temperature is well above the glass transition
temperature of lignin (Tq = 80 — 140°C).*" It is likely that the lignin becomes mobile in the cell
wall allowing it to redistribute and form larger aggregates and suggests that higher a pretreatment
temperature for a shorter time is more efficient. This trend in growth of lignin aggregate size and
number is continued in the most severe pretreatment condition at 180°C/45min, that produced
lignin aggregates approximately 25% larger and a greater in number in GW-11012 compared to
BESC-316. We can conclude that based on time-resolved in situ SANS analysis, the temporal
changes observed during the different pretreatment regimes in the cell walls of the two variants all
followed a similar trend. Additionally, comparison of the final pretreated cell wall structure after
the most severe pretreatment, showed no significant differences that would explain the increased
sugar release in GW-11012 that was observed. This suggests that the nanoscale organization of
the pretreated cell walls, primarily lignin aggregation, is not the main contributing factor to its

overall susceptibility to enzymatic digestibility.
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Cellulose accessibility was also analyzed using the Simon’s Stain *® to determine if there were
differences between BESC-316 and GW-11012 after the different pretreatment regimes that would
give rise to the observed differences in sugar release (Table S1). There was significant increase in
the cellulose accessibility after the 160°C/68min pretreatment reaction for both variants. However,
no clear trend was evident in the increase in these values for the pretreatments at 180°C except that
after the 180°C/45min pretreatment the cellulose accessibility values were similar for both
variants. These results are consistent with the fitting parameters obtained from the 3™ level of the
Unified Fit analysis. As described in the Results section, the exponent value for level-3 obtained
from the fit is interpreted as measure of cell wall roughness.3! The values obtained for GW-11012
and BESC-316 after the180°C/45min pretreatment were 4.13 +/- 0.14 and 4.17 +/- 0.12,
respectively. Together, these data suggest that there are reasons other than cellulose accessibility
and cell wall roughness that are responsible for greater sugar release from pretreated GW-11012.
The presence of acetic acid as an inhibitory product,’ that can be formed due to deacetylation of
hemicelluloses during LHW pretreatment, was also discounted as a reason for the differences in
sugar release. There was no difference in the amount present in the pretreatment liquors of the two
variants (Table S2). Also, the potential effects of other inhibitory products such as 5-

Hydroxymethylfurfural (5-HMF) and furfural was addressed by Bhagia et al. %

Cellulose structure is known to influence enzymatic hydrolysis.® The atomic scale differences in
the cellulose structure of BESC-316 and GW-11012 including crystallite size, crystallinity and
crystallite orientation were quantified. These values were all significantly higher in GW-11012
compared to BESC-316 indicating a higher degree of organization of cellulose crystallites in this
variant, and these differences persisted after the pretreatment. Comparison of changes that

occurred to the individual variants showed only a slight increase in cellulose crystallite size and
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crystallinity after pretreatment (regardless of severity) as compared to the native samples. Similar
changes in cellulose structure after dilute acid and LHW pretreatments have been reported
previously.*® The most notable difference in cellulose structure between the variants was the
orientation of the crystallites in the cellulose microfibrils. As described in the results section, the
crystallites in native GW-11012 cellulose were significantly better oriented compared to BESC-
316. A likely reason for this is that the difference in lignin distribution in the two variants allows
the cellulose microfibrils to coalesce in GW-11012 and this in turn increases H-bonding
interactions between adjacent microfibrils resulting in better aligned microfibrils with increased
orientation of crystallites. Pretreatment further increased the alignment of crystallites in both
BESC-316 and GW-11012 and the orientation was approximately 2-fold greater in both the
variants after pretreatment when compared to the native samples. However, the absolute
orientation of the crystallites in GW11012 was approximately twice that of BESC-316 after the

most severe pretreatment.

A consequence of having better aligned crystallites relates to the digestibility of crystalline
cellulose. Processive cellobiohydrolases are a class of cellulases that bind crystalline cellulose via
a cellulose binding module and move along the cellulose surface as they detach and hydrolyze
cellulose chains releasing cellobiose. Cellulase processivity been observed on cellulose surfaces
using fluorescently labelled cellulose and demonstrated higher cellobiose greater release from
crystalline cellulose compared to amorphous cellulose.®® A similar approach using atomic force
microcopy was able to track the rate that cellulases moved along cellulose surfaces and how long
they remained attached to the microfibrils.>5? This study also showed increased attachment to
crystalline cellulose compared to amorphous cellulose. The movement of cellulases along the

cellulose surface has also been shown to be preferential along a certain cellulose crystallite
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phase.>>2 The implication for this, in the context of the present study, is that the amount of sugar
released from GW11012 after the most severe pretreatment condition was 1.6 times compared to
BESC-316 but there were no significant differences in the nanoscale (1 — 100 nm) structure
observed. The most significant difference between the two variants that would explain the increase
in sugar release is the orientation of the crystallites in the microfibrils. Based on this, we can
propose that the increased crystallite alignment in GW11012 improves the efficiency of processive
cellobiohydrolases by providing an obstacle free path for the enzymes allowing them to bind and

remain attached to the cellulose chains longer resulting in higher glucan release.

5.5). Conclusion

Our ability to investigate cellulose, hemicellulose and lignin interactions in the plant cell wall is
challenging due to the highly interconnected and heterogeneous lignocellulose structure. The
establishment of a large collection of geographically distributed undomesticated P. trichocarpa
genotypes provided a way to perform parametric studies that relate cell wall composition to
recalcitrance and demonstrated that a lower lignin content and composition with an S/G ratio
greater than two, were indicators of reduced recalcitrance to enzymatic digestion.® Here, we
reported a multiscale structural analysis of a high and low lignin genotype from this population to
determine if there was a structural basis for the difference in sugar release from these genotypes.
Our analysis showed clear differences in the arrangement of the cell wall polymers in the low
lignin variant at the nanoscale using SANS. Specifically, the cellulose microfibrils were coalesced
rather than spatially separated as is typically observed in the secondary cell walls of poplar. In
addition, lignin was aggregated rather than homogenously interspersed with other matrix co-
polymers. However, after subjecting each genotype to LHW pretreatment regimes of increasing

severity, it was observed that the chronology of structural changes that took place in the variants
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was similar and the final structure of the pretreated lignocelluloses after the most severe
pretreatment were almost indistinguishable. It was clear from these data that the nanoscale
structural features of the pretreated samples could not adequately explain the 1.6 times increase in
sugar release observed in GW-11012 compared to BESC 316, the high lignin variant. Atomic scale
structural analysis of the cellulose microfibrils revealed differences between the two variants. The
higher crystallinity and larger crystallite size in native and pretreated GW-11012 are likely because
of the close association between adjacent microfibrils. However, the most significant difference
was the orientation of the crystallites in the microfibrils. This was approximately 2-fold higher in
the low lignin variant compared to the high lignin variant. Given that cellulose crystallite
orientation was a consistent difference between the two variants before and after pretreatment, we
can speculate that the higher degree of organization within GW-11012 microfibrils provides a
cellulase accessible surface favorable for binding and movement of processive glycoside
hydrolases along cellulose microfibril surfaces. Overall, this study provides new and unexpected

insights into the interplay of plant cell wall polymers and their effect on biomass recalcitrance.
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5.7). Supplementary information

5.7.1). Preparation and pretreatment of ground biomass samples

The debarked stem segments were air dried to a constant weight and knife milled through a 20-
mesh screen. Previously, the milled poplar wood was processed with high throughput hot water
pretreatment and co- hydrolyzed (HTPH) and the amount of glucan release was quantified. The
hot water pretreatment processing conditions included no pretreatment, 160°C/68 min,
180°C/18min and 180°C/45min.% Table 5.4 shows the previously reported glucan release from

these two poplars after the different processing conditions.

For liquid hot water pretreatments, the ground samples were processed by first soaking 2.12g of
material overnight in 40 ml of distilled water. The presoaked slurry was transferred to a 75 mL

total capacity Parr reactor with a 5% dry solid loading. The reactor was sealed and heated to 160
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°C or 180 °C. The system took ~18min to reach 160 °C and ~25 min to reach 180 °C. For the
pretreatments carried at 160 °C the retention time was 68 min while for the pretreatment at 180 °C,
the retention time was either for 18 min or 45 min. The reaction was quenched by placing the
sealed Parr reactor on ice until the temperature reached 25 °C. The pretreated wood slurry was
recovered and washed thoroughly with distilled water. The pretreatment liquor was also recovered
and neutralized to pH ~6.0. Acetic acid content in the neutralized pretreated liquor was determined

using high performance anion exchange chromatography with UV-Vis detection.

5.7.2). Quantitative analysis of pretreatment liquor for sugars, inhibitors and acetic acid

The cellulose, hemicellulose and lignin content were determined using the previously reported
standard methods by averaging three replicates of milled samples for each variant.?® Acetic acid is
expected to be found in the pretreatment liquor if the hemicellulose sugar groups are acetylated.
The pretreatment liquor from the ground slurry was collected and the insoluble fraction was
washed with water to ensure the pretreatment liquor was completely removed. The liquor and wash
were analyzed for acetic acid content. Both BESC-316 and GW-11012 released similar amounts

of acetic acid into the pretreatment liquor regardless of the severity of the pretreatment (Table 5.5).

5.7.3). Cellulose accessibility measurements using Simons’ stain

Sugar release by enzyme hydrolysis is dependent cellulose accessibility to enzymes. Simons’ stain
was used to determine the cellulose accessible surface area for the native and hot water pretreated

wood, as previously described.5!
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Table 5.4: Glucan release from BESC-316 and GW-11012 after the different pretreatment

conditions and co- hydrolysis®

Pretreatment condition BESC-316 GW-11012
(mg/100 mg (mg/100 mg
biomass) biomass)
No pretreatment, enzymatic hydrolysis 12 25
HTPH, 160° C, 68.1 min, severity factor =3.6 52 53
HTPH, 180° C, 17.6 min, severity factor =3.6 60 72
HTPH, 180 °C, 44.1 min, severity factor =4.0 57 89

Table 5.5: Quantification of the acetic acid released into the pretreatment liquor from the pretreated

biomass

Sample Pretreatment Acetic Acid
(mg/q)
BESC-316 |160°C/ 68min 5
180° C/18min 5
180°C/45min 15
GW-11012 |160°C/68min 4
180° C/18min 8
180°C/45min 15
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The maximum dye absorption to the biomass is shown in Table 5.6. The pretreated wood samples
after the 160°C/68min pretreatment bind significantly more dye than the native wood samples and
as the pretreatment reactions become more severe the cellulose accessibility increases, as
evidenced by increased dye binding to the cellulose. This trend is continued for the 180°C/45min
pretreatment, for which the maximum difference in sugar release has been reported.'® Both poplar
variants, bind a similar amount of dye indicating that the accessible surface area for BESC-316

and GW-11012 is the same after this pretreatment condition.

5.7.4). Small-angle neutron scattering data analysis

The unified fitting approach®? 3 was used to fit all SANS curves (see materials and methods
section in the main text). SANS curves for native BESC-316 and GW-11012 and the SANS curves
after the different pretreatment regimes (160 C/68min, 180 C/18min and 180 C/45min) are shown
in Figure 5.8. The Q-range from 0.003 A to 0.3 A"t was used to fit the curves. In order to obtain
the overall fit, three fitting levels were used and the fit parameters are shown in Table 5.7. Each
fitting level was comprised of two fitting functions, a Guinier that gives information about particle
size (Rg) and power law that gives information about the particle morphology. The fitting
parameters were subjected to the uncertainty test to provide an estimate of error in each fitting

parameter.

5.7.5). SANS analysis of delignified poplar variants

The 2D images and the 1D scattering curves of delignified BESC-316 and GW-11012 are shown
in Figures 5.9 and 5.10, respectively. The Q region spanning from 0.04 to 0.2 A in 1D profile of
delignified BESC-316 and GW-11012 shows increase in intensity as compared to the native

BESC-316 and GW-11012.
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Table 5.6: Maximum dye adsorption for the native and pretreated BESC-316 and GW-11012

Pretreatment Maximum dye adsorption (mg/g
biomass)
BESC-316 GW-11012
Native?® 26 40
160 °C/ 68 min 70 87
180 °C /18 min 92 104
180 °C/ 45 min 104 107
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Figure 5.8: Unified Fits for selected scattering curves. Each plot has experimental scattering curve
(red), unified fit (black) obtained by summing three levels. Shown in the plot is the Guinier fit
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of all samples and Porod fit (green) for level3.
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Table 5.7: Fit parameters obtained from the Unified Fit Approach for the different pretreatment regimes

BESC-316 160 °C/68min

GW-11012 160 °C/68min

Stages in Level 1 Level 2 Level 3
pretreatment 1G 1Rg 2G 2P 2Rg 3P
25°C 11 +/-2 1.7+/- 0.19 400 4.1
160 °C 0.4766 | 11.44+/-0.63 | 61.36 | 1.8+/-0.3 400 4.417 +/- 0.064
160 °C for 15min | 0.215 11.8+/-2.1 |11.62 | 1.53 +/-0.27 235.6 4.30 +/- 0.12
160 °C for 30min | 0.7005 | 17.3+/-2.1 |2.121 44.0 +/-5.2 | 3.966 +/- 0.047
160 °C for 45min | 0.7272 | 17.3+/-2.1 3.78 405 +/-2.9 | 4.148 +/- 0.046
160 °C for 60min | 0.8046 | 17.3+/-2.2 |6.435 43.6 +/-1.9 | 4.110 +/- 0.049
160 °C for 68min | 0.9437 18 +/-2 8.445 48.0 +/- 1.7 3.90 +/- 0.06
cool downto 155°C | 1.155 | 20.0+/-3.5 |9.438 49.9 +/- 2.5 | 3.924 +/- 0.063
to 25 °C 1.281 19.6 +/-3.2 | 14.95 52.0 +/- 2.7 | 4.087 +/- 0.069
1G 1Rg 2G 2P 2Rg 3P
25°C 1.34 20.3+/-2.4 | 4.901 56.2 +/-5.5 | 3.764 +/- 0.079
160 °C 1.423 23.0 +/-4.3 3.59 52.0 +/-9.9 | 3.687 +/- 0.077
160 °C for 15min | 1.423 21.2 +/-3.9 3.59 46.6 +/- 6.8 | 3.650 +/- 0.075
160 °C for 30min | 1.379 21.6 +/- 3.6 4.83 455 +/-55 | 3.639 +/- 0.075
160 °C for 45min | 1.697 21.8+/-3.1 |6.102 47 +/- 4 3.657 +/- 0.071
160 °C for 60min | 1.679 21.8 +/-2.4 | 7.658 48.7 +/- 3.3 | 3.674 +/- 0.068
160 °C for 68min | 2.325 24.0+/-4.4 | 8.279 53.1+/-7.1 | 3.740 +/- 0.086
cool down to 155 °C | 2.325 24.0+/-4.4 | 8.279 53.1+/-7.1 | 3.740 +/- 0.086
to 25 °C 2.481 24.4 +/-35 | 13.17 53.7 +/-5.2 | 3.808 +/- 0.084
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Table 5.7: (continued). Fit parameters obtained from the Unified Fit Approach for the different pretreatment regimes

BESC-316

GW-11012

180 °C/18min

180 °C/18min

Stages in Level 1 Level 2 Level 3
pretreatment 1G 1Rg 2G 1G 1Rg
25°C 11 +/-2 1.7+/-0.19 400 4.1
180 °C 0.4766 | 11.44 +/-0.63 | 61.36 | 1.8+/-0.3 400 4.417 +/- 0.064
180 °C for 15min | 0.9887 | 19.0+/-3.4 |6.735 51 +/-3 3.524 +/- 0.044
cool downto 175 °C | 2.475 30.0+/-7.3 |16.16 70.4 +/- 4.3 | 3.665 +/- 0.049
to 25 °C 6.331 35.3+/-3.9 |27.93 76.9 +/- 3.6 | 3.818 +/- 0.053
1G 1Rg 2G 2P 2Rg 3P
25°C 1.34 20.3+/-2.4 |4.901 56.2 +/-5.5 | 3.764 +/- 0.079
180 °C 1.423 23.0 +/-4.3 3.59 52.0 +/-9.9 | 3.687 +/- 0.077
180 °C for 15min 1.402 21.0+/-4.2 | 4.311 47.6 +/-5.7 | 3.840 +/- 0.051
cool downto 175 °C | 2.239 23.0+/-4.1 |8.135 50.7 +/- 4.2 | 3.273 +/- 0.084
to 25 °C 9.044 37 +/-9 11.93 70 +/-10 | 3.784 +/- 0.092
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Table 5.7: (continued). Fit parameters obtained from the Unified Fit Approach for the different pretreatment regimes

BESC-316 180 °C/45min

GW-11012 180 °C/45min

Stages in Level 1 Level 2 Level 3
pretreatment G Rg e G Rg
1G 1Rg 2G 2Rg 3P
25 11 +/- 2 1.7+/- 0.19 400 4.1
180 °C 0.5008 | 22.0+/-2.3 | 3.56 56.8 +/- 2.2 | 3.767 +/- 0.058
180 °C for 15min 3.24 44.6 +/- 4.3 | 9.859 96.5 +/- 6.7 4.0+/-0.1
180 °C for 30min 4211 | 50.0+/-3.7 |14.48 118 +/- 8 4.11 +/-0.12
180 °C for 45min 2.779 43 +/- 7 12.53 100 +/- 11 3.91 +/-0.13
cool downto 175 °C | 4.374 | 44.8+/-43 |19.04 110 +/- 11 4.27 +/- 0.12
to 25 °C 8325 | 44.2+/-29 |41.85 1124 +/-6.1 | 4.17 +/-0.12
1G 1Rg 2G 2Rg 3P
25 1.34 20.3+/-2.4 |4.901 56.2 +/-5.5 | 3.764 +/- 0.079
180 °C 1575 | 22.8+/-2.8 |7.269 52.8 +/- 3.6 | 3.434 +/- 0.067
180 °C for 15min 9.778 | 48.0+/-3.3 |23.12 130 +/- 11 3.82 +/-0.13
180 °C for 30min 9.87 49.0 +/-3.5 |35.92 140.5+/-9.3 | 3.87+/-0.14
180 °C for 45min 10.22 | 49.0+/-4.1 | 4277 150 +/- 13 3.90 +/- 0.17
cool downto 175 °C | 16.46 | 50.9 +/-4.4 | 80.64 160 +/- 12 4.37 +/- 0.13
to 25 °C 12.84 | 48.4+/-27 |64.84 150 +/- 7 413 +/-0.14
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Figure 5.9: Two-dimensional detector intensity images are plotted as a function of Qx vs. Qy
obtained measuring delignified BESC-316 (left) and GW-11012 (right) measured in 100% D-0.

The measurements were made at the EQ-SANS beamline of SNS at the ORNL
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Figure 5.10: The SANS scattering 1D profile obtained by plotting of 1(Q) vs Q for the delignified
native BESC- 316 (red) and GW-11012 (blue)
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A previous report investigated balsa wood using scanning electron microscopy showed that
removal of lignin created pores in the cell walls which were quantified using Brunauer-Emmett-
Teller (BET) surface area analysis. A board distribution in the pore size was observed using BET.
Additionally, SAXS analysis of the same delignified wood samples showed an increase in

scattering intensity at 0.13 A7 that was attributed to the presence of pores of size 4.8 nm
(using q = %”).61 Hence the increase in intensity in the Q range from 0.04 - 0.2 A could be due
to the formation of pores after lignin removal. The SANS profiles were fit using the unified fitting

approach (Table 5.8).

5.7.6). Comparison of pretreated wood before and after delignification

5.7.7). 2D X-ray diffraction images for the wood samples

The 2D images of the native and pretreated wood are shown in Figure 5.12. The images were
corrected for the air scattering and imaging plate background. The reflection arcs are sharper in
the images for native GW-11012 compared to BESC-316. For both GW-11012 and BESC-316,
the reflections become sharper as a function of increase in pretreatment severity. However, the
pretreated GW-11012 has much more sharper reflections compared to BESC-316 indicating a
higher degree of orientation that was quantified using the Hermann’s orientation factor (see main
text). The diffraction patterns were converted to 1D patterns and from them the crystallinity, and
crystallite size were determined. The description to calculate these parameters ig given in the

materials and method section.
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Table 5.8: Fit parameters obtained for delignified BESC-316 and GW-11012 using the Unified Fit

Delignified Levell* Level2*
Sample

Rg (A) 2P
BESC-316 |10.0+0.3 1.40+0.11
GW-11012 |10.5%0.3 1.25+0.08

* The range of fitting for level-1 was 0.1 A1 <Q< 0.3 A-
L and for level-2 was 0.002 A <Q<0.1 A

0.0001 aal M s 2 2 22 { i a2 a2 aaal i 1
7 2 3 4567 2 3 7 2 3 4 567 2 3
0.01 4 0 0.01 4 01
Q(A") Q(A")

ol PR— 0.0001 Ll

Figure 5.11: Comparison of pretreated BESC-316 before and after delignification. Panels A and
B are for 180°C/18min and 180°C/45min, respectively. Red and black dots are for SANS data
obtained before and after delignification of the pretreated sample, respectively.
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Table 5.9: Fit parameters obtained for delignified pretreated BESC-316 at 180°C/18min and
180°C/45min

Delignified Sample Pretreatment condition Level 1* Level 2*
Rg (A) P

BESC-316 180 °C/18min 23.0+0.3 2.4+£0.04

BESC-316 180 °C/45min 31.0+04 25+0.1

*The range of fitting for level 1 was 0.1 A1 <Q< 0.3 At and for level 2 was 0.002 A <Q<0.1 A!
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Figure 5.12: Background subtracted XRD pattern for BESC-316 and GW-11012
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Chapter 6). A study to probe associations between lignin and
homogalacturonan

6.1). Introduction

Biomass recalcitrance to enzymatic hydrolysis is often attributed to lignin, a complex
phenylpropanoid polymer making about 20-25% of the plant cell wall.! At the industrial scale, the
rigid structure of the plant cell wall is made less recalcitrant by pretreating it with solvents such as
dilute acid or water at elevated temperatures.? Several studies have shown that after such
pretreatments, lignin forms aggregates and cellulose degrading enzymes bind unproductively to
these aggregates.® The lignin aggregates prevent the enzymes from accessing cellulose surface
leading to incomplete digestion of biomass.* Different interpretations explaining the mechanism
through which the lignin collapses and forms aggregates. Some studies attribute these changes in
morphology of lignin post pretreatment to the increase in the degree of lignin condensation and
delocalization® while some interpret it as lignin melting, migration and re-deposition as lignin
droplets.® The association of polysaccharides with lignin and the role polysaccharide play in
changing lignin morphology during pretreatment has also been questioned.” For instance,
DeMartini et al used monoclonal antibodies to perform glycome profiling of poplar cell wall at
post different stages of hot water pretreatment and showed that as different polysaccharides get
released during pretreatment, it led to lignin rearrangement. ’ Their study was suggestive that lignin

polysaccharide interactions play a role in recalcitrance.

Lignin-polysaccharide interactions were first proposed about 150 years ago by Erdman when he
found that there was a fraction of lignin and carbohydrates that were inseparable.® Such
associations are referred to in the literature as lignin-carbohydrate complexes. Several research

groups have tried to isolate the lignin carbohydrate complexes from the plant cell wall in order to
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know the type of polysaccharide residue involved in making such linkages.®* However, as harsh
chemicals were used in the extraction process, it was argued that the LCCs may have formed as a
result of use of these chemicals and might not be present in the native plant cell wall.*® Several
milder processes to isolate the lignin carbohydrate complexes have been developed but the LCCs
isolated exist in such small amounts that analyzing them has been difficult.® The whole plant cell
wall has been studied with solid state NMR in order to identify the LCCs but due to a large number
of cross peaks in the NMR pattern it was difficult to assign the peaks.® According to the current
view of polymer interactions in the plant cell wall, it is thought that lignin interacts with cellulose
through the hemicellulose and pectin network.!® Therefore, interactions of lignin with

polysaccharides like pectin and hemicellulose are thought to be participating in forming LCCs.

At various stages of the development of the plant cell wall, different polymers get formed and
assembled into the plant cell wall.” Lignin formation starts after the primary cell wall has formed.
While lignin formation starts in the middle lamella and at the cell corners, it is found in abundance
in the secondary cell wall of the plants along with hemicellulose. Ester linkages between
arabinoxylan, a type of hemicellulose and ferulic acid containing lignin have been found in
grasses.'®1° Recently, using solid state NMR on whole plant cell walls, it was shown that
hemicellulose interacts with lignin through electrostatic interactions.?° Pectin’s binding properties
to cellulose have been studied and inferences about its role in cell wall accessibility?! have been
made but pectin’s interactions with lignin are largely unexplored. One reason for this could be that
while pectin is a major primary wall component, its presence in the secondary cell wall is almost
negligible.?? Despite pectin having unique sugar monomers like rhamnose, galacturonic acid,
glucuronic acid, apiose, its content is so low that it is not even reported in the sugar compositional

analysis of woody cell walls used for making cellulosic biofuel. Although the pectin content is
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low, for the isolated LCCs from softwood it was found that they had galactose and arabinose
content which was relatively higher than the average hemicellulose composition of softwood. f3-
D-1->4 galactan and o-I-1->5-arabinan are characteristic groups of pectin and the isolated LCC

fraction have suggested to be pectin-lignin bond.?

A recent study showed that downregulation of the galacturonosyltransferase 4 (GAUT 4) enzyme
which is needed for the a- 1,4 links between galacturonan to form homogalacturonan led to
increased switchgrass biomass and glucose yield (~24 to 38%) post hydrolysis.?* The study also
used specific antibodies to show that homogalacturonan mainly exists in the middle lamella and at
plant cell wall corners (Figure 6.1B). Interestingly, when lignin is removed from wood by
delignification a hollow lumen is seen®® in the exact area where homogalacturonan is shown to
exist (Figure 6.1C). This indicates that lignin and homogalacturonan are co-located in the middle

lamella region of the plant cell wall.

Additionally, DeMartini et al. (mentioned above), ” conducted a glycome profiling study to check
for the presence of different polysaccharides remaining in the cell wall post different severity of
hot water pretreatment. They found that for the mild hot water pretreatment conditions, one of the
first polysaccharides to be removed from cell wall was arabinogalactan and homogalacturonan.’
They also report that upon removal of these polysaccharides, the lignin was re-distributed within
the plant cell wall. The co-location of lignin and homogalacturonan along with mild pretreatment
conditions leading to the removal of homogalacturonan and causing lignin rearrangement made us
interested in exploring existence of lignin carbohydrate complexes between lignin and

homogalacturonan.

We have previously observed the changes in lignin distribution due to hot water pretreatment of

switchgrass and poplar using small-angle neutron scattering (SANS).
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Figure 6.1: A). cartoon representation of the middle lamella region B). black spots obtained by
using antibodies that specifically bind homogalacturonan in the middle lamella (CML) region’ C).
Lignified and delignified wood®
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In order to see if lignin would re-distribute differently in wildtype (WT) and GAUT4- knockdown
(kd) switchgrass after hot water pretreatment, we collected the SANS profile. Our hypothesis was
if that the presence of homogalacturonan can delay the formation of lignin aggregates as compared
to when it is not present then an association between homogalacturonan and lignin can be shown
to exist. The rationale was that in order for lignin to re-distribute and form aggregates post hot
water pretreatment the interactions between lignin and homogalacturonan must be disrupted. We
also polymerized monolignols in presence of homogalacturonan for providing supporting evidence
that they could be linked by covalent linkages and used spectroscopy to determine the type of

linkage between them.

6.2). Materials and method

6.2.1). Reagents for dehydrogenation polymer

Horseradish peroxidase (specific activity > 250 units/mg solid, type IV, P8375-1KU), hydrogen
peroxide solution (30% wt in H20), coniferyl alcohol (molecular weight 180.20 CAS number:458-

35-5) were purchased from Millipore-Sigma.

6.2.1.1). Pectin

Polygalacturonic acid (Na-Salt, CAS number: 9049-370) extracted from citrus peel was purchased
from Megazyme (Ireland). 1% (w/v). Pectin solutions were prepared in water or in 50 mM sodium

acetate solution (pH 5.0) and were stirred overnight to ensure complete dissolution.

6.2.1.2). Lignin dehydrogenation polymer (DHP) synthesis

The synthesis of DHP was done by following the previously published procedure with a slight

modification. Coniferyl alcohol solution (34mM) was prepared by dissolving 200 mg of coniferyl
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alcohol in 2 mL of dioxane and the volume was adjusted to 20 mL by addition of H,O. Hydrogen
peroxide (H20>) solution was prepared by adding 175 ul H202 (30% w/v) to 20 mL H20. 1 mg of
horse radish peroxide (HRP) was dissolved in 100 mL of 50 mM sodium acetate buffer (pH 5.0).
This solution was constantly stirred at 400 rpm and the coniferyl alcohol solution and H20:
solution were added to it. Both, coniferyl alcohol solution and H20- solution were added dropwise
using a syringe pump at flow rate of 5-7 mL/h. Once the addition was complete, the mixture of the
solutions was stirred for 24 h and was then centrifuged at 12,000 rpm for 30 mins. The pellet and
the supernatant were separated and the pellet was washed three times were 20-30 mL water in

order to ensure removal of dioxane. The pellet was then taken and freeze-dried overnight.

6.2.2). DHP-pectin synthesis

The DHP-pectin was prepared by dissolving pectin (1 gm) to 100 mL of 50 mM of sodium acetate
buffer or 100 mL of water and was stirred for 24 hrs to ensure complete dissolution of pectin. To
this solution 1 mg of HRP was added and the procedure was synthesizing DHP was followed. The
mixture of the reactants and formed products were centrifuged at 12,00 rpm for 30 mins. The
supernatant and the pellet were separated. The pellet was washed several times and both the

supernatant and pellet were freeze-dried

6.2.3). Acetylation of DHP

50 mg of the freeze-dried DHP sample was transferred into a glass vial. Acetic anhydride (1 mL)
and pyridine (ImL) were added in equal ratio and stirred over-night. The reaction was then
transferred in oven dried flask and 30 ml anhydrous ethanol was added. The reaction mixture and
ethanol were evaporated using a rotary evaporator. To ensure complete removal of acetic

anhydride and pyridine, the evaporation step with ethanol was repeated three times.
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6.2.4). Molecular weight determination of DHP

The molecular weight was determined using the high-performance liquid chromatography
(Hewlet-Packard 1090 series system) coupled with UV detector. The acetylated DHP was loaded
onto three Styragel columns (HR1, HR3, and HR4 from Waters) which were linked in series and
the elution was done using tetrahydrofuran. The column was calibrated using pullulan standards
of molecular weight 708 kDa, 344 kDa, 194kDa, 47.1 kDa, 21.1 kDa, 9.6 kDa, 6 kDa, 1.08 kDa,

and 342 kDa.

6.2.5). Infrared spectroscopy of DHP and DHP-pectin

The bonds in the freeze-dried pectin, DHP and pectin-DHP composites were determined using
attenuated reflectance transmission (ATR) infrared (IR) spectrophotometry (Jasco, 6100). The IR
spectra were obtained by scanning wavenumber from 4000 cm™ to 500 cm™. The sample was
placed on the zirconium crystal and pressed on the crystal surface, and three different regions in
the sample were measured. Each measurement was an average of 16 scans and resolution was 4
cm*. Corrections, such as baseline and, removal of carbon-dioxide interference, were done using

the Jasco spectra manager (version 2.0).

6.2.6). Small angle x-ray scattering of pectins and DHP-pectin

The X-ray scattering measurements were performed on an in house SAXS instrument (Bio-SAXS-
2000 Nanostar, Rigaku). The X-rays were being generated by a rotating anode by operating the
instrument at a voltage of 40 kV and a current of 30 mA. A Kratky block was used to collimate
the CuKa X-ray beam of wavelength 1.54 A and achieve a Q-range of 0.006 to 0.6 A™X. The beam
size at the sample was 1.5 mm? and the sample to detector distance was 480 mm. This was

calibrated using sodium behenate as a standard. The instrument had a pixel array detector (Riguku
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HyPix-3000) along with a temperature-controlled sample stage for glass capillaries. The pectins
and DHP-pectins samples were loaded into a 1mm thick glass capillary and measured for 1 hr. The
process of conversion of measured data 2D data to a 1D SAXS profile was an in-built feature of
the data processing software provided with the instrument. The scattering from solvent in the
capillary was used as background which was subtracted from the sample scattering using the data
processing software from Rigaku and IRENA. The data were fit with different models using

IRENA.

6.2.7). Pretreatment and delignification of the GAUT4 and control switchgrass

For hot water pretreatment, ground native GAUT4 and control switchgrass were individually
processed, by first soaking 2.12 gms of ground material overnight in 40 ml of distilled water. The
presoaked slurry was transferred to a 75 mL total capacity Parr reactor with a 5% dry solid loading.
The reactor was sealed and heated to 180 °C. The system took ~25 min to reach 180 °C and old at
this temperature for 18min. The reaction was quenched by placing the sealed Parr reactor on ice
until the temperature reached 25 °C. The pretreated wood slurry was recovered and washed
thoroughly with distilled water. Delignification of native and pretreated wood samples was carried

out as previously described.

6.2.8). Small angle neutron scattering of the GAUT4 and control switchgrass

The SANS data on delignified native and pretreated samples were collected at the EQ-SANS
beamline located at the Spallation Neutron Source (SNS) which was operating at 60 Hz. The
samples were packed with the ground GAUT4 and control switchgrass into a titanium cell with
thickness of 1mm and filled with 100% D-O. The neutron beam was collimated using an aperture

size of 10 mm and the scattering data was collected by using sample of detector distance (SDD)
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of 2.5 m and 4m. The neutron wavelength used for the two SDDs were 2.5 and 10 A respectively.
The combination of the SDD and neutron wavelength enabled us to obtain a Q range spanning
0.005 A < Q <0.7A™. The data was reduced by using the standard procedures implemented in the
Mantid software*® and an output file containing Q, 1(Q) and error in Q and 1(Q) was obtained. The
intensity 1 (Q) in the output file was calibrated to be on absolute scale using porous silica as a

standard.

The SANS data were fit to the multi-level Unified Fit model implemented in the IRENA package
of lgor Pro software by Wavemetrics. As shown in Equation 1 the SANS intensity profile is a
summation of individual levels (i) with each level modeled as the sum of an exponential and a

power law behavior

(( /qR.\)\)
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where Ry, is the radius of gyration of the particle of the i" structural level, P; is the power-law

exponent of the i structural level, Gi is the scalar for the Guinier function of the i structural level,

and B; is the scalar for the power-law function of the i structural level. Additionally, Ryco,_, 18

the cut-off length scale of the power-law behavior of the i structural level and C is the g-

independent constant background intensity.
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6.3). Results

6.3.1). Small angle neutron scattering (SANS) analysis of native and hot water pretreated wildtype
and GAUT4-kd Switchgrass

SANS was used to study the morphological changes in the cell wall structure of native and liquid
hot water pretreated wildtype (WT) and GAUT4-kd switchgrass. The 1D SANS profile of native

wildtype and GAUTA4-kd switchgrass are shown in Figure 6.2 panel A.

For the Q-range measured, these curves show two distinct structural regimes namely the primary
regime (Level-1) from 0.08 A< Q < 0.4 A-and secondary regime (Level-2) from 0.0056 A< Q
< 0.08 A, The unified model gives the ability to sum different structural levels and obtain a fit
for measured Q range of 0.0056 A < Q < 0.4 AL, The solid black lines in Figure 6.2 is the overall
fit for the scattering curves. Each regime was fit by using a radius of gyration (Rg) and power law

exponent (P) and the parameter values are summarized in Table 6.1.

The primary level scattering is mainly due to cellulose microfibril arrangement while the
secondary level scattering is due to the cell wall polymer network. As seen from Figure 6.2 panel
A, no difference between the scattering curves are seen between WT and GAUT4-kd switchgrass.
A similar cross-sectional size (level 1-Rg) was determined for the WT and GAUT4-kd switchgrass
under native conditions. The power law exponent (2P) was suggestive of a similar type of highly

branched network structure in both these switchgrass samples.

The native WT and GAUT4-kd switchgrass were subjected to liquid hot water pretreatment
(LHW) in the Parr reactor as described in the materials and method part. The scattering curves of
the pretreated wildtype and GAUT4-kd switchgrass are shown in Figure 6.2 panel B. The Q-region
from ~0.015 to 0.08 no longer follows the power law scattering rather a particle size feature was

visible in these samples post pretreatment.
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Figure 6.2: Scattering curves and fit (black) for the native (left) and hot water pretreated (right)
wildtype (red) and GAUT4 (blue) switchgrass

Table 6.1: Fitting parameters obtained from SANS of Wildtype and GAUT4-kd switchgrass in
100% D20

Level 1 Level 2*
Switchgrass 1G 1Rg (A) 2B 2P
Wildtype 0.358 |11.0+/-1.2 |0.00093 | 2.45+/-0.06
GAUT4-kd 0.2814 | 11.0 +/-0.7 | 0.000701 | 2.52 +/- 0.03

Level 1=0.08 A< Q <0.4 AL Level 2 =0.0056 A< Q <0.08 A

Error bar obtained by uncertainty analysis;
*2Rg (500) and 2G (2000) fixed
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Due to the change in scattering features between the native and pretreated switchgrass samples,
three structural levels were needed to fit the scattering Q-range with unified fit. The primary regime
was from 0.08 A< Q < 0.4 A (Level-1), secondary regime from 0.02 A< Q < 0.08 A (Level-
2) and the tertiary regime was from 0.0056 A'< Q < 0.02 A(Level-3). The fit results are

summarized in Table 6.2.

The cellulose microfibril cross-sectional section size has slightly increased (Level-1Rg) to 14.34
+/- 0.45 A after hot water pretreatment in the wildtype switchgrass than in its native state (Rg =
11.2 +/- 1.2 A). This indicates the coalescing of cellulose microfibrils and is consistent with
previous publications. A similar increase was also seen for the hot water pretreated GAUT4-kd
switchgrass with a Rg value was 16.30 +/- 0.73 A. A particle feature was observed in the secondary
regime (0.025 A< Q< 0.08 A1) and was fit to using a Guinier function. It was previously shown
that post delignification of hot water pretreated switchgrass, the feature was no longer present in

the scattering profile and due to this it was attributed to lignin aggregates.

The lignin aggregate size for a hot water pretreated wildtype was 35.1 +/- 1.9 A and for the
GAUT4-kd was 39.1 +/- 2.4 A. While a slight difference is seen in the size of the aggregate, the
scattering curve of pretreated GAUT4-kd has a more pronounced intensity than pretreated
wildtype. The intensity indicates the number of lignin aggregates and was quantified using a scalar
(G). There was a two-fold fewer lignin aggregates in the pretreated wildtype (G~3) compared to

pretreated GAUT4-kd switchgrass (G~6).
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Table 6.2: Fitting parameters obtained from SANS of hot water pretreated wildtype and GAUT4-
kd switchgrass in 100% D20

Level 1 Level 2 Level 3
Switchgrass 1G | 1Rg (A) 2G | 2Rg (A) 3B 3P
LHW Wildtype 0.78 | 14.3+/-0.5 2.75 | 35.0 +/- 2 1.98E-04 |2.82
LHW GAUT4-kd 39.0 +/-2
1.44 1 16.3+/-0.7 6 0.0002104 | 2.807
* Bold = parameters fixed; Error bar obtained by uncertainty analysis
|_eve|A 11: 0.08 Al<Q<0.4 A% Level 2=0.02 A2< Q< 0.08 A!; Level 3=0.0056 A'< Q<
0.02 A
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The lignin-like polymer was made by slow addition of coniferyl alcohol to a solution containing
horseradish peroxidase. As it was not water-soluble and it was obtained by centrifugation of the
solution. The lignin-like polymer product that is formed by dehydrogenation of coniferyl alcohol
is called dehydrogenation polymer (DHP). A schematic explaining the process of the formation of

DHP is shown in Figure 6.3.

Figure 6.4 shows an infrared spectrum of DHP and Klason lignin obtained from softwood. The
DHP transmission IR spectra for DHP is quite similar to Klason lignin and different from its
monomer, coniferyl alcohol. The DHP had ~25-30% ary| ether (3-O-4) linkages along with phenyl
coumarin (B5) and pinoresinol (Bf) linkages as determined by NMR spectroscopy. The molecular
weight of DHP determined by gel permeation chromatography (GPC) was ~1000 Dalton with a
polydispersity of 1.5 indicating the DHP was made of roughly 5 to 6 monomers of coniferyl

alcohol.

6.3.3). Dehydrogenation polymer-homogalacturonan (DHP-HG) composite

DHP-HG composites were prepared by polymerizing monolignol in a solution containing
homogalacturonan and horseradish peroxidase. As DHP was not water-soluble, most of it was
precipitated out of the DHP-HG solution. The solution was centrifuged and the supernatant was

collected to ensure removal of all loosely bound DHP. The supernatant was used for IR study.
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Figure 6.3: Horse radish peroxidase converts the coniferyl alcohol to free radical intermediate in

presence of hydrogen peroxide that combine to from 5 to 6 mer long polymer called
dehydrogenation polymer
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Figure 6.4: A comparison of the infrared spectra of Klason lignin (red) obtained from poplar and
DHP (green) synthesized from coniferyl alcohol
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Figure 6.5 shows IR spectra of a mixture of HG and DHP (HG-DHP mix) and DHP synthesized
in the presence of HG (DHP- HG composite) along with HG only and DHP only. The spectra for
DHP-HG mix looks similar to the spectra of HG only. The DHP- HG composite spectra look like
a summation of HG only and DHP only spectra. The presence of DHP bands in the DHP-HG
composite indicates that while most of the DHP was in the insoluble fraction, the supernatant
fraction of DHP-HG composite still has DHP. Additionally, a unique band appears in the DHP-
HG composite spectra at ~1730 cm™. A band was previously observed (Figure 6.6) in this region
and occurs due to carbonyl stretching of the ester bond 26?7 suggestive of an ester linkage between

DHP and HG.

6.3.4). Small angle x-ray scattering of different concentration of HG

The scattering curves obtained by measuring homogalacturonan at different concentrations are
shown in Figure 6.7. A flat scattering in the low Q-range (0.01 to 0.06 A™) of the HG solution at
1% (w/v) was observed. When the concentration was increased to 2% (w/v), an upturn in scattering
is seen in the low Q-range (0.01 to 0.06 A™). This type of scattering is typical for polymers forming
polymer network in solution for which the low Q is due to cluster formation of polymer chain and
the high Q (0.06 to 0.4 A™) feature is due to polymer chain. The size of the cluster is beyond the
measured Q-range and cannot be determined. Previously reported? functional form (eq 7.1) which
was obtained by summing Porod scattering from clusters and Lorentzian function from polymer

chain was used to determine the polymer network of 2% (w/v) HG chains in solution.

(o
1+ (QL)™

1(0) = %+ +B (7.1)
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Figure 6.5: Infrared spectra of HG (red), synthesized DHP (green), DHP synthesized in presence
of HG as HG-DHP composite (orange)and physical mixture of DHP and HG (blue).
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Figure 6.6: Previously reported ester linkage between DHP and cellulose nanocrystals (purple) at
1730 cm™. 2 The light blue curve is for DHP only

221



10
o 01}
0-0.1 B [ [ 1 | | [ | IIIII | | | |
2 4 6 8 2 4
0.01 01
Q(A")

Figure 6.7: Small angle X-ray scattering from 1% (pink) and 2% (w/v) (red) homogalacturonan
(HG) polymer in water at 25 °C. The solid black line was the fit obtained for 2% (w/v) HG to the
experimental data using a model that is the sum of Porod scattering and Lorentzian function.
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Here, L is the correlation length for the polymer chain, A and C are two scalar factors, B is the
incoherent background and n and m are the exponents. The fit results obtained by using the
functional form show the correlation (L) to be 8.86 +/- 0.04 A and power law exponent (n) was
3.37+/- 0.03. The power law exponent of greater than 3 but less than 4 shows the surface fractal
with rough interfaces with the solvent. Additionally, from the correlation length, the 2% HG

solution appears to be a densely packed polymer network.

On the other 1% HG polymer does not form a dense network. The low Q porod scattering is flat
indicative of individual polymers in solution. The cross-section size (Rc) of individual polymers

can be derived by fitting the scattering data to the following equation (6.2).

QI(Q) = I1(0)exp TR 6.2)

Instead of the exponential form, the equation can be represented in the logarithmic form and Rc
can be determined by representing the scattering curve (I(Q) vs Q) as a Guinier plot (In (QI(Q)) vs
Q?)). The slope to a linear fit done to the scattering curve on such a plot is equal to the Rc. The Q
range for which the equation can be used must satisfy the product of Qmin and Rc to be less than 1.

The region is which this approximation holds true is shown in Figure 6.8.

It is also assumed that the polymer chains are rigid cylinders with radius (Rc) << length of the

cylinder. The Rc value so determined was found to be 3.1 +/- 1 A,

6.3.5). Small angle x-ray scattering of DHP and DHP-HG composites

The 1% HG solution was used to prepare the DHP-HG composite and the DHP-HG mix samples

since at this concentration the HG polymer was individually suspended in solution.
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Figure 6.8: Guinier plot for the SAXS scattering profile of 1% (w/v) HG. The dashed vertical lines
show the fitting range in which a linear fit (dashed fit line) was obtained.
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The scattering curves for DHP-HG composite and DHP-HG mixture are shown in Figure 6.9. For
comparison, the DHP only and HG only are also shown. For DHP-HG mixture, although 1% HG
was used, there is an upturn in the low Q region. The DHP-HG mixture scattering curve visually
looks like an addition of DHP only and HG only curve. The Unified fitting model was used to fit
the DHP-HG mixture and DHP only curve (Figure 6.10). However, the upturn in low Q (0.01 A
<Q<0.03 A has an exponent value of 2.9 +/- 0.1 while the exponent value of DHP only has an
exponent value of 4.5. Hence it is not conclusive to say whether DHP-HG mixture is like HG only
with slightly higher concentration or it is an addition of scattering from DHP only and 1% HG
only. Nonetheless, the scattering profile is very different from DHP-HG composite. The fitted

scattering curve for DHP-HG composite is shown in Figure 6.10.

The Q-range of 0.01 to 0.3 A of the curve was fit using two levels of the Unified fit. A particle
size (Rg) of 35 +/- 9 A along with a high Q powerlaw exponent of 2.95 +/- 0.56 and low Q
powerlaw with exponent value 2.5+/-0.1 was determined from the fit. For the DHP-HG composite,
there is an interaction of the hydrophobic DHP with the hydrophilic pectin. DHP remains in the

HG solution and forms aggregates.

6.3.6). Analysis of ultra-small angle neutron scattering

Ultra-small angle neutron scattering was used to study the morphological changes in the cell wall
structure of native and liquid hot water pretreated WT and GAUTA4-kd switchgrass at microscopic

scale. The measured total Q range from 0.00005 to 0.004 A which in real space corresponds to

12.5 to 0.157 pm (using d = %”). The 1D SANS profile of native wildtype and GAUT4-kd

switchgrass before and after hot water pretreatment are shown in Figure 6.11.
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Figure 6.9: Difference in scattering pattern of HG (red), synthesized DHP (green), DHP
synthesized in presence of HG (HG-DHP composite, in orange) and physical mixture of DHP and
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Figure 6.10: The solid black lines correspond to the fits obtained to the DHP only and DHP-HG
composite scattering curves. Each curve was fit with 2 levels of Unified fit. The level 1 for DHP-
HG and DHP only spans from Q-range of 0.003 to 0.3 A while level 2 spans from 0.003 to 0.01
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Figure 6.11: USANS curves for WT (closed red circle), GAUT4 (closed blue circle), LHW-WT
(open red circle) and LHW-GAUT4 (open blue circle) switchgrass ground samples in 100%D20
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Visually the scattering curves look very similar and fitting the data will allow us to conclusive
determine if there are any changes. USANS of wood to study its microscopic structure was
previously done for pine wood (P. radiata, a type of softwood) in which the scattering profile of
wood was measuring from sections obtained by cutting the wood in transverse, orthogonal and

parallel to the truck.3* A similar approach will be taken to fit the scattering curve.

6.4). Discussion

In this study, three-year-old wildtype and galacturonosyl transferase 4 (GAUT4) knockdown
switchgrass were studied with SANS. Structural information for the organization of cellulose
microfibrils and the degree of crosslinking in the network formed by the cell wall polymers has
been reported by studying switchgrass soaked in D-O with SANS.? Our results obtained for both
these structural features by fitting the wildtype switchgrass scattering curve are similar (within
error) with the previous report. Our results obtained for both these structural features by fitting the
wildtype switchgrass scattering curve are similar (within error) with the previous report. The
scattering curve of the GAUT4-kd switchgrass is exactly the same as the wildtype switchgrass.
This shows the lack of galacturonan containing pectin does not affect the cellulose cross-sectional
size nor the network formed by the cell wall polymers. However, previously polysaccharides from
the cell wall were sequentially extracted using chemical solutions in increasing degree of
harshness. After each extraction step the cell wall was stained with different monoclonal antibodies
to check for the presence of the polysaccharide that was remaining behind and indirectly determine
the polysaccharide which got removed in the extraction process. It was much easier to extract
certain polysaccharides from GAUT4-kd cell wall than from wildtype cell wall.?* Due to this we
expected to see the GAUT4-kd to have a loose polymer network than wildtype. This discrepancy

in our expected and experimental result may be because the scattering profile is due to the
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contribution of all cell wall polymers. It could be that the polysaccharide network formed due to
hemicellulose and pectin for GAUT4-kd is loose but the technique used is not sensitive enough to
extract the contribution of these individual polymers in the network. Rather from the scattering
profile, the polymer network formed by all cell wall polymers is visualized which is similar in both

wildtype and GAUT4-kd.

To observe if a difference exists in the lignin aggregation pattern of wildtype and GAUT4-kd
switchgrass, both these samples were subjected to hot water pretreatment for the same amount of
time and temperature. Hot water pretreatment is known to agglomerate lignin and form lignin
aggregates. They can clearly be visualized in the scattering profile as the midQ region in the
scattering profile transitions from linear scattering to showing a particulate size. While the
aggregate size in the post pretreated wildtype and GAUT4-kd switchgrass sample was similar, the
number of such aggregates are more in GAUT4 than they are in WT. As per our hypothesis, there
should be a strong interaction between the galacturonic acid containing pectin and lignin of the
wildtype switchgrass due to which the aggregates cannot be formed as fast as the galacturonic acid
lacking GAUT4-kd switchgrass. Biswal et al report that the hot water pretreated GAUT4-kd
switchgrass release more sugar after enzymatic hydrolysis than wildtype due to greater cellulose
accessible surface.?* Based on our SANS results, as more lignin is re-distributed in GAUT4-kd it
would have led to increased cellulose accessibility due to which an increase in sugar release post

pretreatment in GAUT4-kd switchgrass was measured.

Pectin content in general accounts for less than 10% of the total polymers present in the whole
plant cell wall.®® Out of all the pectin polymers, homogalacturonan is present in the largest amount
in the cell wall (~80%).1 Galacturonic acid forms the backbone of homogalacturonan and it is also

present in other pectin polysaccharides such as rhamnogalacturonan | but in minor quantities. Our
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SANS study indicates a strong interaction between lignin and galacturonic acid containing pectin.
However, homogalacturonan is a linear polymer which would give less opportunity for incoming

lignin monomers to covalently bond with the galacturonic acid.

To test if a linear polymer like homogalacturonan can make a bond with lignin, we made model
composite by polymerizing monolignol in presence of a solution containing homogalacturonan.
The x-ray scattering of the DHP-HG composite is different from both the HG-only and DHP-only
scattering profile and is indicative of DHP forming aggregates in a HG network. The presence of
DHP with the HG even after centrifugation shows that at least a physical interaction exists between
DHP and HG. Based on the scattering profile, a schematic showing DHP in HG solution is shown
in Figure 6.12. Further, the IR spectra of the DHP-HG composite shows a unique band that is not
present in the DHP only and HG only sample. Such a band is also not present in the IR spectra
obtained from mixing the DHP and HG together. This band occurs in the region in which ester
bonds are often seen. The DHP is formed by a free radical reaction in which the enzyme
horseradish peroxidase in presence of hydrogen peroxide catalyzes the monolignol to free radical
or a quinone methide intermediate. It has been proposed that nucleophilic groups such as
carboxylic acid may re-aromatize the quinone methide intermediate to form ether or ester
linkages respectively at the B position of the monolignol. From an IR spectrum it is not
conclusive to say the location at which the possible ester bond would have formed.
However, due to the presence of a band in the ester region of the HG-DHP composite the
IR spectra does provide preliminary evidence for a chemical interaction and future

experiments with nuclear magnetic resonance should strengthen this finding.
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Figure 6.12: Schematic showing the lignin in aggregated state entrapped in homogalacturonan
containing solution

231



6.5). Conclusion and future work

SANS of the GAUT4-kd and wildtype switchgrass both before and after pretreatment enabled us
to look at the changes that occur in the cell wall of these variants as a result of hot water
pretreatment. No difference in the overall arrangement of the cell wall polymers in GAUT4-kd
and wildtype switchgrass were visible with SANS. However, post pretreatment the observation
that the lignin aggregates being both greater in size and more in number in GAUT4-kd switchgrass
than wildtype is suggestive of a strong interaction between galacturonic acid-containing pectin and
lignin. We further investigated the interaction by synthetizing lignin-pectin composites. The
lignin-like polymer (DHP) was synthesized in presence of homogalacturonan containing solution.
The x-ray scattering curve of such composite was different from a solution in which the DP and
homogalacturonan were physically mixed. The composite showed DHP to be trapped in and
forming aggregates within a HG network. Our scattering results of the composites also suggests a
physical interaction between lignin and homogalacturonan. We wanted to test if the interaction of
acid group containing homogalacturonan and lignin is also chemical in nature - as previously it
has been shown that small molecules such as acetic acid and synthetic lignin can form an ester
linkage.® We used infrared spectroscopy and observed a unique ester band only existing in the
lignin- homogalacturonan composite. However, since IR is not a conclusive way to determine the
linkage and is just gives preliminary evidence, we need to further confirmation if the covalent bond

exists with nuclear magnetic resonance spectroscopy.

6.5.1). Nuclear magnetic resonance of lignin-pectin composites

Nuclear magnetic resonance (NMR) spectroscopy of lignin-pectin composite can be done to

demonstrate if lignin and pectin (homogalacturonan) are linked by a covalent bond. In a recent
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study, lignin was synthesized using coniferyl alcohol and horseradish peroxidase as the oxidant in
the presence of galacturonic acid containing solution. Using heteronuclear single gquantum
coherence (HSQC), they were able to observe a unique signal (at 74.8/5.92 ppm) which was
assigned to benzyl ester linkage between the carboxylic acid of galacturonic acid and alpha carbon

of coniferyl alcohol (Figure 6.13).°

It was also reported that as galacturonic acid is a small molecule, the signal for the particular
linkage was low and it was difficult to confirm the linkage with other 2D NMR techniques such
as HMBC (Heteronuclear Multiple Bond Correlation) or HSQC-TOCSY (Total Correlated
Spectroscopy). Homogalacturonan is a galacturonic acid containing polymer and it would give a
better signal than galacturonic acid. It is probable that a benzyl ester linkage might exist in the

lignin-homogalacturonan composite.
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Figure 6.13: Benzyl ester linkage between the carboxylic acid containing galacturonic acid and the
Ca carbon of coniferyl alcohol®
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Chapter 7). Conclusion and future outlook
7.1). Conclusion

The structure of the plant cell wall is due to the arrangement of the polymers within the cell wall
and the interactions between these polymers. In my thesis, aspects of the impact that polymer
interactions have in defining cell wall architecture were investigated. New insights (as summarized
in Figure 7.1) into these interactions were obtained by either using model cell wall mimicking
composite systems or studying their structural features in intact biomass and during
deconstruction. The use of small-angle neutron scattering (SANS) with contrast variation and
specialized sample environments enabled us to study changes in the structure of individual
polymers and in the overall cell wall due to hot water and dilute acid pretreatment. The results of
this work are of value for engineering cell walls with reduce recalcitrance and improving

pretreatment approaches.

One of the major findings of this work was to learn that changes in cellulose structure post dilute
acid pretreatment were dependent on the type of hemicellulose backbone and structure. For this
work, model hemicellulose-cellulose composites were prepared by synthesizing bacterial cellulose
in presence of glucomannan or xyloglucan dissolved in the growth media. SANS was used to study
structural changes in the composites as a result of dilute acid pretreatment (DAP). By growing
deuterium labeled cellulose in the presence of hydrogenated hemicellulose it was possible to
deconvolute the scattering signatures of the two components. No significant change in the
crystallinity and glucan chain packing was observed in the DAP cellulose by X-ray diffraction

(XRD).
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Figure 7.1: Small angle neutron scattering and x-ray diffraction were used to probe the different
length spanning several nanometers to a few angstroms and different insights into cell wall
polymer interactions were gained. Model hemicellulose-cellulose composites were synthesized by
growing bacterial cellulose in media containing different hemicelluloses (xyloglucan shown in
orange and glucomannan shown in red). Using scattering, it was found the different hemicellulose
changed cellulose structure differently post dilute acid pretreatment. This result shows that
interaction of hemicellulose with cellulose (shown in blue) is dependent on the backbone and side
chain structure of hemicellulose. Two naturally occurring poplar variant were studied with
scattering to probe for structural differences as the low lignin containing poplar realized more
glucan than high lignin containing poplar both before and after hot water pretreatment. Lignin was
freely distributed with other cell wall polymers in high lignin containing variant while it formed
aggregates in low lignin containing variants. Post pretreatment the crystallite within the cellulose
microfibril (blue) were better aligned in low lignin containing poplar than high lignin containing
poplar. This result suggests that as polymers are getting deposited into the cell wall, they can
influence changes in each other structures which can impact their breakdown by enzymes. Finally,
we explored the interactions between lignin and homogalacturonan (yellow). Our results suggest
that an interaction exists between these two polymers. Proposed future experiments will allow us
able to conclude if these interations are physical or chemical in nature.
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However, at the nanoscale, DAP cellulose showed a collapse in structure as indicated by a decrease
in Rq from 250A to 130 A and a change of power law exponent (alpha) from 2.8 to 3.1. This was
interpreted as expulsion of water from the space between microfibrils resulting in formation of a

tightly packed macrofibril.

In addition, the cellulose network after DAP show less entanglement than in the untreated
cellulose. Addition of xyloglucan (XG) decreased cellulose crystallinity in the composite material
and altered the glucan chain packing in the microfibrils as determined by analysis of the XRD
pattern. After removal of the XG by DAP, the nanoscale cellulose structure showed minimal
change. On the other hand, in composites formed using glucomannan (GM) the structural changes
that occurred due to DAP were similar to the cellulose only samples. However, the cellulose
network of the pretreated composite was more entangled (o= 2.8) than the cellulose only
counterpart (0=2.2). Our results show that XG and GM interact with the cellulose network
differently. XG directly interacts with the microfibrils that comprise the macrofibrils, while GM

only interacts at the surface of the macrofibrils.

For the next study we took a comparative approach to learn about interaction between lignin and
cellulose. Structural changes in the cell wall of two naturally occurring variants of poplar species
Populus trichocarpa, BESC-316 and GW-11012 with Klason lignin contents of 17.8 and 23.2%
respectively, were investigated both before and after hot water pretreatment. It was previously
shown that the lower lignin content genotype showed greater sugar release before and after hot
water pretreatment compared to the lower lignin counterpart. We used small-angle neutron
scattering (SANS) and wide-angle x-ray scattering (WAXS) to investigate the structural changes
in the BESC-316 and GW-11012 genotypes that were subjected to hot water pretreatment (160°C

70min, 180°C 18min and 180°C 45min) to obtain information about cellulose microfibril
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organization, the lignin and hemicellulose network, and overall morphology of the plant cell walls.
Cellulose microfibril arrangement in GW-11012 is consistent with aggregated microfibrils and
differed significantly from the well-ordered cellulose microfibrils in BESC-316 before
pretreatment. Post-pretreatment, little change was seen in cellulose arrangement for GW-11012
whereas BESC-316 showed aggregation of microfibrils. SANS showed that GW-11012 had
increased scattering intensity in the mid Q region compared to BESC-316. After pretreatment, both
genotypes have very similar scattering patterns indicative of similar structural changes occurring
in the pretreated cell walls. Cellulose accessibility was measured using the modified Simons’ stain
and showed that GW-11012 had greater accessibility compared to BESC-316. However, post
pretreatment similar values were obtained for GW-11012 and BESC-316. No significant
differences in the amount of 5-hydroxymethyl furfural, furfural and acetic acid for BESC-316 and
GW-11012 were observed in the pretreatment liquor. The crystallite size and orientation where
both larger and better arranged in GW-11012 than BESC-316 and this trend was maintained post
pretreatment. This study showed that deposition of polymers in the cell wall is co-dependent, as
structural changes both in lignin distribution and in cellulose crystallite size and orientation were
simultaneously observed. Such changes may contribute in cellulose surface accessible for

enzymatic hydrolysis.

Finally, lignin and pectin interactions were probed by comparing the lignin aggregates in hot water
pretreated wild type and galacturonosyl transferase (GAUT4) knock-down switchgrass and by
making lignin-homogalacturonan (HG) composites. The GAUT4 gene is responsible for making
the enzyme that links two galacturonic acid residues by a (1-4) linkages. The GAUT4-kd showed
reduced recalcitrance than the wildtype and this was associated to the less crosslinked pectic

network of the GAUT4-kd as compared to the wildtype. This was surprising since pectin is a minor
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cell wall component accounting for less than ten percent of the total cell wall composition. We
investigated if reasons other the less entangled pectic network are responsible for reduced
recalcitrance of GAUT4-kd switchgrass. We studied the structural differences in the cell wall of
GAUT4-kd and wildtype switchgrass using SANS. There was no difference in the cellulose
microfibril cross section or the degree of entanglement of the polymers in the cell wall matrix.
However, hot water pretreated GAUT4-kd showed a slight difference in the lignin aggregate size
and number than the wildtype. The difference in aggregate size indicates an association between
lignin and galacturonan containing polysaccharides. To further investigate the nature of this
association we made lignin-HG composites as majority of the pectin present in the cell wall is HG
and studied the composites with SAXS and IR. The composites were made by polymerizing lignin
like dehydrogenation polymer in presence of HG. The SAXS curve of the composites showed a
network like structure in which the DHP aggregates were present along with the HG. The IR
spectra of the composites showed a unique band in the ester region that was present only in the
composites and not in the homogalacturonan, DHP or physical mixture of homogalacturonan and
DHP. A combination of the SANS results on the post hot water pretreated GAUT4-kd and wildtype
switchgrass and SAXS and IR study of the DHP-homogalacturonan composite suggests a covalent
linkage between lignin and homogalacturonan. In the absence of homogalacturonan such a linkage
would not form and along with less crosslinked pectin network, reduced recalcitrance was

observed for GAUT4-kd switchgrass than the wildtype.

In summary, through these three studies we examined individual cell wall polymers and cell wall
of feedstocks such as poplar and switchgrass with dilute acid and hot water pretreatment to learn
about the different polymer interactions and the changes in these post pretreatments. These include

changes cellulose structure post pretreatment are dependent on the backbone and side chain
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composition of hemicellulose, besides in plant cell wall polymer compositions their arrangement
in the cell wall can also influence enzymatic hydrolysis and studied the interactions between

homogalacturonan and lignin.

7.2). Future outlook

Research spanning many decades have been invested in understanding the structure of plant cell
walls. Today we are able to understand the structure much better, however, a predictive
understanding is not yet complete. From just examining the ultrastructure of cellulose, there are
several remaining fundamental questions such as the number of chains and shape of the cellulose
microfibrils, factors that make part certain region of cellulose crystallite and others amorphous,
the arrangement of amorphous and crystalline part in the cellulose microfibril and if crystallinity
affects enzyme hydrolysis which are not known with absolute certainty. Besides making cellulosic
based ethanol another use of cellulose is in making cellulose nanocrystals, and knowledge about
the structure of cellulose may be helpful in chemically modifying it and making nanocellulose
with desired properties. One such example could be tailoring the properties of nanocellulose such
that it can transported in dried form and upon rehydration it still has the same structure and

properties.

The hemicelluloses are at times acetylated and degree of acetylation is variable. They also have
differing degree of branching and type of sugars in the branches. Hemicellulose and cellulose are
two major cell wall components that interact with each other. Using the same approach of growing
bacterial cellulose in presence of different hemicellulose, as in Chapter 5 of this thesis, it would
be worth investigating how the degree of acetylation and branching affect the ultrastructure of

cellulose. Depending in whether the acetyl groups or branches change the cellulose ultrastructure
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the enzyme hydrolysis of such cellulose may positively or negatively hydrolysis. The information

may be useful in engineering plants with reduced recalcitrance.

Studying the two natural variants with SANS showed a difference in organization of cellulose and
lignin and it is probable that deposition of lignin impacted the changes in the cellulose
ultrastructure. These two variants are a part of the GWAS done on about 1100 poplars and to build
on the study of Chapter 5, the promising low recalcitrant poplar should be studied to see if
structural differences are responsible for the observed low recalcitrance. Additionally, lignin has
become increasing important from the standpoint of making value added products and hence
studying lignin structure becomes important for processing it to eventually convert into such
products. The naturally occurring variants of poplar have varying ratios of lignin and different
monolignol composition. They are a valuable resource to study how the differences in S:G ratio

and linkages affects lignin overall conformation in different solvents.

Overall, research in the fields of cell wall formation and deconstruction of cell wall whether for
biofuel or bioproducts go hand and hand. Using the knowledge of both the fields, a deeper
understanding of the cell wall models plants can be obtained. Different chemical and molecular
features of the cell wall should be investigated with already known and with constantly developing
novel characterizations methods. Also, using a multi length scale approach complementary
information can be obtained that if pieced together can help solve the puzzle - the structure of plant

cell wall.
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Appendix

A). Interaction between cellulose 111 and enzyme, cellobiohydrolyase

A.1). Introduction

Several pretreatment methods like hydrothermal, dilute acid, lime, ammonia percolation and
organosolv have been used to detach the cellulose and hemicellulose from other biomass
components such as lignin to improve subsequent enzymatic hydrolysis.! However, our
understanding of how enzymes interact with the pretreated biomass from these various methods is
limited. The major biomass components cellulose, hemicellulose and lignin share similar
scattering length densities, which are also close to those of the hydrolytic enzymes. This makes it
difficult to process the neutron scattering data for the whole biomass. Hence, we use bacterial
cellulose as a model system because it is free from hemicellulose and lignin and can be deuterated.
Contrast matching of reaction mixtures of deuterated cellulose and protiated enzymes could enable
us to see the interaction of enzyme with cellulose and structural changes of cellulose both during
and after enzyme hydrolysis. Our group has reported interactions of cellulose with Cel7A using
neutron scattering and molecular simulations.? Now we intend to pretreat the deuterated cellulose
with the ammonia method and check the interactions of Cel7A with this pretreated cellulose. It has
been reported that pretreatment of cellulose with ammonia, which changes the crystalline form of
the cellulose from the native cellulose | to cellulose 11,2 gives a better yield of total sugars and

avoids formation of inhibitory products that might interfere with hydrolytic enzymes.*

Our aim was to understand how the industrially relevant fungal enzyme cellobiohydrolase (Cel7A)
hydrolyzes cellulose 111 which is formed by treating cellulose with ammonia. Small angle neutron

scattering would enable us to leverage the difference in scattering power between protiated Cel7A
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and deuterated cellulose 111 and enable us to visualize the conformations of Cel7A during Cellulose

I11 digestion.

A.2). Results

We have successfully purified the enzyme Cel7A from commercially obtained culture filtrate from
the fungus Trichoderma reesei using a published method.? The enzyme was purified using gel
filtration and chromatofocusing chromatography. Enzyme preparations were characterized by
SDS-PAGE and isoelectric focusing. A single band at 67 kDa was observed on SDS-PAGE and a
band at pl of 4.2 was seen on IEF gel (Figure Al), corresponding to the reported values for this
enzyme. Circular dichroism (CD) spectroscopy confirmed that the purified protein had a well
folded protein structure. We have successfully prepared deuterated cellulose I11 from deuterated
bacterial cellulose using a reported method,® confirming the crystalline form by X-ray diffraction
(Figure A2). We also studied the hydrolysis of native bacterial cellulose and cellulose 111 with
enzyme Cel7A. As expected, we saw that Cel7A hydrolyzed cellulose 111 faster and produced more

of the product cellobiose than native bacterial cellulose (cellulose 1).*

SANS curve of deuterated cellulose 11l in 85% DO still had some residual scattering from
cellulose (Figure A3). The scattering pattern collected for Cel7A bound to cellulose Il looks
identical in sodium acetate buffer pH 4.2 and 5 but a slight difference in the fall of the scattering
pattern is seen at pH.7 (Figure A4). The data analysis is in progress however, the residual scattering
is overpowering the highQ and making it difficult to conclusively determine the differences in the

conformation of bound Cel7A.

245



pHA2 — »

M Cel Cel M
7A 7A

Figure A3: Isoelectric focusing gel showing separation of the cellobiohydrolases with different
glycosylation. The sample was passed through the isoelectric focusing resin to separate the
cellobiohydrolases isoforms and the top band was used for the SANS study

= Cellulosel
— 200 w— Celluloselll

O 5 10 15 20 25 30 35 40
2theta
Figure A4: We prepared deuterated cellulose and used a pressure vessel to first liquify the
ammonia and soak the sample and then to heat the sample to 140°C at which the cellulose 1 is

converted to cellulose Ill. The formation of cellulose I11 was confirmed by taking a diffraction
pattern and a comparison to the cellulose I in shown
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Figure A5: SANS curve for partially deuterated cellulose 111 in 85% D0
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Figure A6: SANS curve for Cel7A bound to cellulose 1l in sodium acetate buffer with pH4.2
(red), pH 5.0 (orange) and pH 7.0 (green)
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B). Method development for bacterial cellulose

B.1). Deuterium level incorporation using infrared spectroscopy

The cellulose labelled with deuterium (D) had a different scattering length density than
hydrogenated hemicellulose. This leveraged us to see specific changes in the structure of cellulose
in presence of different hemicellulose with neutron scattering. In order to determine the contrast
match point, we synthesized bacterial cellulose in different level of deuterium containing media.
To quantitate the level of D incorporation we measured the infrared spectra of each of the freeze-
dried bacterial cellulose pellicle. As the D-level in the media kept increasing, a trend in the IR
spectra with decreasing -CH peak and increasing -CD peak was observed (Figure B1 panel A). All
the IR spectra were corrected for the background and the -CH peak was fitted with a gaussian
function using the peak fitting macros in the software Igor. The peak height of the -CH peak was
plotted against the D-level of the media (Figure B1 panel B). The purpose of this method
development was quality assurance and making sure that D-level in the pellicle is always such that
the partially deuterated cellulose can be matched with 85% D20 in neutron scattering experiment.

This would avoid the need to perform contrast variation of bacterial cellulose each time it is used.

B.2). Oriented bacterial cellulose

The scanning electron microscopy images of freeze dried bacterial cellulose show that the ribbon
like structure of cellulose fibers are randomly arranged.® We wanted to test if an external force
along the axial direction if applied could lead to aligning the cellulose ribbons and the crystallites
within the ribbons. Figure B2 shows the setup used for aligning bacterial cellulose and Figure B3

shows x-ray diffraction images of aligned bacterial cellulose obtained using this setup.
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Figure B3: panel A shows the infrared spectra of the different D-level containing freeze-dried
bacterial cellulose. The -CH region (2800 to 3000 cm™) and -CD region (2000 to 2200 cm™) are
shown enlarged in the inset. Panel B shows a plot of CH peak height determined by fitting the -
CH peak of the infrared spectra of differently labelled bacterial cellulose against the D-level in
which the bacterial cellulose was grown.

Figure B4: Panel A shows the setup which was used to align bacterial cellulose and panel B shows
bacterial cellulose which was dried on a petri-dish and used as a control. Panel C and D are the 2
D x-ray diffraction pattern observed of the aligned and non-aligned bacterial cellulose respectively
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