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SUMMARY

With the finite supply of fossil fuels and the contribution they have made to greenhouse
gas emissions, one of the most promising alternative renewable energy sources for fuel is
bioethanol. Lignocellulosic biomasses (e.g. woody biomass, grasses, and
agriculture/forestry residues) are ideal feedstock since they avoid the “food versus fuel”
debate of the first-generation biofuels from food-based crops. However, the challenge of
utilizing the lignocellulosic biomass lies in overcoming its natural recalcitrance in order to
ferment the sugars into ethanol. Various methods have been developed to increase cellulose
accessibility by altering the physical and chemical structure of the plant cell wall.
Optimizing chemical or biological treatments requires enhanced characterization
techniques to analyze biomass changes. In this dissertation, time-of-flight secondary ion
mass spectrometry (ToF-SIMS) is used to analyze the surface chemistry of chemically

pretreated or microbial treated juvenile poplar stem sections.

The first objective of this thesis is to illustrate the advantages of surface characterization
in biomass utilization studies. Untreated, ammonia-treated, and organosolv-treated poplar
samples were analyzed for their chemical composition, lignin syringyl-to-guaiacyl ratio,
and sugar release using surface and bulk characterization techniques. Surface chemical
analysis can provide important information about specific lignocellulosic chemicals and
cellulose accessibility that is lost during bulk chemical characterization. Chapter 5
compares ToF-SIMS analysis to other bulk analysis methods to determine how the ToF-

SIMS might further enhance biomass characterization.

XiX



The second objective is to gain insight into the workings of potential consolidated
bioprocessing microorganisms on the surface of poplar samples. Surface characterization
of biomass in microbial studies is often neglected despite the common knowledge that
enzymes first interact and bind to the sample’s surface. Scanning electron microscopy and
ToF-SIMS analysis provide insight into how Caldicellulosiruptor bescii and its enzymes
alter the surface of the biomass in Chapter 6. The ToF-SIMS along with confocal laser
scanning microscopy determines how Clostridium thermocellum hydrolysis impacts the

surface chemistry of the poplar cross-sections (Chapter 7).

The third objective is to determine the impact biomass recalcitrance has on enzymatic
hydrolysis and microbial fermentation in relation to the surface chemistry. The influence
lignin content, lignin S/G ratio, and cellulose content has on the glucose release of
pretreated biomass is addressed in Chapter 5. Chapter 7 goes into further detail about
potential causes for the limited solubilization of poplar by C. thermocellum through

chemical analysis, enzymatic hydrolysis, and surface characterization.
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CHAPTER 1: INTRODUCTION

With rising global energy demand along with growing concerns about global climate
change and energy security, it is important to identify a renewable alternative to fossil-
based fuels that is affordable and environmentally friendly.'” One promising renewable
fuel source is derived from biomass, which is organic material generated from crops,
plants, and trees.’ Not only is biomass a renewable resource, biomass-derived fuels could
reduce greenhouse gas emissions and alleviate some energy security concerns.”> Global

usage of biofuels is expected to grow approximately 3.5 times between 2010 and 2035.

In 2005, the United States Congress passed the Energy Policy Act, which created the
Renewable Fuel Standard (RFS) program geared towards reducing or replacing a certain
volume amount of petroleum-based transportation fuel with renewable fuel. The Energy
Independence and Security Act of 2007 expanded the RFS program and the projected
amount of renewable fuel produced by 2022 is 36 billion gallons. In 2010, the U.S. became
the world’s leading producer and exporter of biofuel with 13.5 billion gallons.* During that

year, there were nearly 200 working biofuel production plants creating corn-based ethanol.*

Corn-based ethanol is considered a first-generation biofuel since it is derived from food
crops. Other first-generation biofuel crops include: sugarcane, sugar beet, and wheat.’
While these feedstocks are attractive due to their high sugar content that can readily be
converted into biofuel, the problem lies with choosing between using the crops for biofuels
or food and feed.” This issue can be addressed with second-generation biofuels produced
from non-food crops of lignocellulosic biomass, including woody crops, herbaceous crops,

and agricultural/forest residues.’ Specifically, Populus deltoides and other native North



American poplar are fast growth trees that are capable of growing in various climates, such
as the Great Lakes, the Northwest U.S., and the Mississippi Delta, making them promising

feedstock for second-generation biofuel.”

Lignocellulosic biomass is structurally composed of an intricate network of biopolymers
bound inter- and intra-molecularly together; the major chemical polymers are cellulose,
hemicellulose, and lignin. This complex chemical matrix within the cell walls provides
structural support to the plant, and assists in water transportation, and inhibits microbial
degradation of its structural sugars.* ® This natural defense, known as the biomass
recalcitrance, hinders efficient biofuel production by making it difficult to easily access the

sugars in the biomass.

Various pretreatment and microbial technologies have been developed to help overcome
the biomass recalcitrance and improve sugar accessibility. With improvements in utilizing
biomass through a number of different methods, it is imperative to obtain detailed chemical
and physical information about the biomass sample using advanced analytical techniques.
Conventional bulk chemical analyses (e.g. Dionex/high-performance liquid
chromatography, gel permeation chromatography, nuclear magnetic resonance, and
ultraviolet-visible spectroscopy) are the typical characterization methods for biomass
treatment or utilization studies, but they neglect an important part of the biomass sample:

the surface.

Bioconversion of lignocellulosic biomass into biofuels uses microorganisms and/or
enzymes, whose first point of contact with the sample is at the surface. Time-of-flight

secondary ion mass spectrometry (ToF-SIMS) is a powerful tool capable of detecting major



chemical components directly from the plant cell wall, which results in valuable knowledge
of the specific chemical species and even their spatial distribution on the sample’s surface.

This type of information is typically lost with bulk compositional analysis.

The primary goal of this thesis is to a) illustrate the advantages of surface characterization
in biomass utilization studies, b) gain insight into the workings of potential consolidate
bioprocessing (CBP) microorganisms on biomass, and c¢) determine how the biomass
recalcitrance and the surface chemistry impacts enzymatic hydrolysis and microbial
fermentations. Few studies have used the ToF-SIMS in addition to bulk chemical analysis

111 Jung et al.'? performed a detailed study for dilute acid pretreated

of a pretreated sample;
poplar where it was discovered that the surface and bulk chemistry can contradicted each
other. ToF-SIMS analysis has not been applied to basic or organic solvent-based
pretreatments or directly compared with other bulk characterization methods. Also, surface
characterization could provide important information for microbial studies of potential
CBP microorganisms. Therefore, a hypothesis was formed stating that surface lignin
significantly impacts the bioconversion of pretreated biomass and the efficiency of
microbial activity on lignocellulosic biomass. Part of this hypothesis was tested with a
comprehensive study of the polysaccharide and lignin content, lignin syringyl-to-guaiacyl
ratio, and glucose release of ammonia and organosolv pretreated poplar using ToF-SIMS
and other bulk analytical methods in Chapter 5. The second part involving potential CBP
microorganisms is addressed in Chapters 6 and 7. Scanning electron microscopy and ToF-
SIMS analyze the physical and chemical impact Caldicellulosiruptor bescii has on the

surface of Populus cross-sections after long incubation times (Chapter 6). Assessment of

Clostridium thermocellum conversion efficiency of Populus cross-sections and how



biomass recalcitrance contributes to the premature cessation of microbial hydrolysis

through ToF-SIMS and confocal laser scanning microscope occurs in Chapter 7.



CHAPTER 2: LITERATURE REVIEW: BIOETHANOL FROM

LIGNOCELLULOSIC BIOMASS

2.1 Lignocellulosic Biomass

One of the most abundant resources for the production of renewable fuels is biomass. The
general classifications for biomass include terrestrial, aquatic, residues, and waste (Figure
1). Food-based grain crops include corn, sugar cane, and sweet sorghum, while rapeseed
and sunflower are designated oil crops.” “Lignocellulosic biomass” refers to plants
primarily composed of cellulose, hemicellulose, and lignin that are not food-based crops,
like hardwoods, softwoods, and grasses;13 it is an abundant, nonfood-based feedstock that

is relatively easily to grow and harvest when compared to biomass in other categories.”
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Figure 1. General biomass resource classification.’



All lignocellulosic biomasses are comprised of plant cell walls that provide structural
support and protection to the cell membrane it surrounds. This cell wall is a complex matrix
of cross-linked polysaccharide and lignin networks that make up the various layers:
primary cell wall, secondary cell wall, and the middle lamella (Figure 2). In woody
biomass, cellulose, hemicellulose, and pectin comprise the primary cell wall.'"* While
secondary cell walls also contain cellulose and hemicellulose in addition to lignin, the
cellulose microfibrils are aligned and spaced more loosely than those within the primary
cell walls."* The secondary cell wall contains three different layers — outer (S1), middle
(S2), and inner (S3) — which are differentiated from each other based on their cellulose
microfibril orientation.'” The middle lamella is composed of pectin and lignin that connects

adjoining primary cell walls together and forms highly lignified cell corners.'®

Secondary wall
S

—
v s,
Primary wall /

Middle |am&

~

Figure 2. Cell wall schematic comprised of middle lamella, primary cell wall, and
secondary cell wall layers."’



While different lignocellulosic biomasses possess similar cell wall structure, the chemistry
can differ drastically. In order to develop biomass conversion technologies, it is vital to

have a strong understanding of the chemical composition of lignocellulosic biomass.

2.1.1 Chemical Composition of Lignocellulosic Biomass

Lignocellulosic biomass is primarily composed of cellulose, hemicellulose, and lignin,
which are biopolymers found within plant cell walls (Figure 3).'® The amount of cellulose,
hemicellulose, and lignin in common biomass feedstock can vary significantly, as
summarized in Table 1. Cellulose and hemicellulose typically account for around 66% of
the dry cell wall; other cell wall components are pectin, salts, and extractives, including

fatty acids, fats, terpenes, and resins.

Table 1. Cellulose, hemicellulose, and lignin composition of common lignocellulosic
biomass (%, dry basis).

Cellulose Hemicellulose Lignin
Corn Stover"” 38 26 19
Eucalyptus® 48 14 29
Miscanthus" 43 24 19
Monterey pine’ 42 21 26
Populus deltoides’ 42 17 26
Rice Straw”' 35 25 12
Switchgrass" 37 29 19
Wheat Straw” 30 22 17
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Figure 3. Schematic diagram of lignocellulosic biomass, including plant cell, macrofibrils,
and microfibrils within plant cell wall. (Adapted from ref. 18)

2.1.1.1 Cellulose

Cellulose is the most abundant, naturally occurring terrestrial biopolymer and constitutes
~35 to 50% of lignocellulosic biomass.' Potentially thousands of glucose units connected
by B-(1-4) glycosidic linkages form this linear chain polymer (Figure 4).” ** The chain
lengths vary between biomass; from regenerated cellulose fibers to almost cellulose-pure
cotton, the degree of polymerization (DP) of cellulose can range from 250 to 10,000 and
sometime up to 15,000."** Cellulose DP values for some common lignocellulosic biomass

are listed in Table 2.
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Figure 4 Molecular structure of cellulose.**

Table 2. Degree of polymerization for common lignocellulosic biomass cellulose.””>°

Degree of Polymerization

Aspen 4581
Cotton 8000-15,000
Cotton Stalk 1820
Corn Stover 2520
Poplar 3500
Rice Straw 1820
Southern Pine 1450
Wheat Straw 2660

Cellulose microfibrils are composed of crystalline and amorphous regions (Figure 5). The
highly ordered, crystalline structures are formed through the strong inter- and intra-
molecular hydrogen bonding of the hydroxyl groups.**?” Native cellulose possesses two

distinct crystalline forms (cellulose I, and cellulose Ig) which are based on hydrogen-

bonding patterns.”® Cellulose I,, forms a triclinic structure with one cellulose chain per unit



cell, while cellulose Iy has a monoclinic unit cell structure containing two chains.”>~*° Both

cellulose I, and cellulose Ig can be found in the same biomass, but algae and bacteria are

predominantly composed of the cellulose I, and higher plants mainly contain cellulose 13.28

Cellulose I can be modified into other crystalline cellulose polymorphs (cellulose 11, III,

IV). Cellulose II forms after cellulose I either undergoes regeneration involving

solubilizing and recrystallization or mercerization via alkaline treatment. Liquid ammonia

treatment of cellulose I and II will result in cellulose III, and treating cellulose III with heat

in glycerol will form cellulose IV.*' Cellulose crystallinity and relative proportions of

cellulose I from Loblolly pine, poplar, and switchgrass are listed in Table 3.

Amorphous Region

Crystalline Region

Amorphous Region

Figure 5. Schematic representation of amorphous and crystalline regions of cellulose along
with an example of the inter- and intramolecular hydrogen bonding occurring in crystalline

cellulose.*?
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Table 3. Cellulose crystallinity determined by cross polarization/magic angle spinning "> C
NMR.

535

Loblolly Pine*®  Poplar™* Switchgrass®

Cellulose crystallinity (%) 62.5 63 44
Cellulose I, (%) 0.1 5.0 2.3
Cellulose I (%) 30.7 14.2 8.0
Cellulose Ig (%) 6.9 19.8 4.8
Accessible fibril surface (%) 33.1 10.2 6.2
Inaccessible fibril surface (%) 15.6 18.3 514

*Populus trichocarpa x deltoides; ®Alamo.

2.1.1.2 Hemicellulose

Hemicelluloses are non-cellulosic, heterogeneous, polysaccharide polymers composed of
pentose (xylose, arabinose), hexose (galactose, mannose), and uronic acids.”"*® They form
linear and branched chains, which lead to more of an amorphous structure.”” The different
hemicelluloses can have different and important roles within the biomass; for example:
mannans provide structural rigidity to the plant cell wall, xyloglucan form strong cross-
linked networks with cellulose microfibrils, and xylans assist with water transportation and
plant growth.*® Overall, hemicellulose makes up approximately 25 to 30% of the dry
biomass matter;1 the individual monosaccharide distribution for various biomass is

presented in Table 4.
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Table 4. Hemicellulose compositions (% dry basis).

Glucan Galactan Mannan Xylan  Arabinan
Corn Stover”’ 38.3 0.6 ND 21.0 2.7
Miscanthus™* 49.1 0.4 0.3 21.7 1.8
Populus deltoides’ 39.2 0.9 1.8 13.1 0.9
Rice Strawn®’ 31.1 ND ND 18.7 3.6
Switchgrass™® 33.6 1.3 0.1 24.7 3.9
Wheat Straw” 30.2 0.8 ND 18.7 2.8

ND: Not Detected; “Without prehydrolysis; PExtracted with hot H,O and C¢He/EtOH.

The building units of hemicellulose are many times composed of two or more different
monosaccharides; for example, the main hemicellulose in hardwoods is glucuronoxylan,
while softwoods contain significant amounts of both galactoglucomannan and
arabinoglucuronoxylan (Figure 6).* The degree of polymerization for these
polysaccharides and two others, arabinogalactan and glucomannan, found within dry
biomass is listed in Table 5. Glucuronoxylan and galactoglucomannan can be present in
amounts as high as 30% and 25%, respectively, while the others make up 10% or less of
the dry biomass.” The DP of hemicellulose may only be a small fraction of the DP of
cellulose, but these polysaccharides are capable of increasing the biomass recalcitrance by

covalently binding with lignin and forming lignin-carbohydrate complexes (LCC).*™*
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Table 5. Main types of polysaccharides in hemicellulose with corresponding amounts and

degree of polymerization.*

Biological Origin  Amount (% dry) DP
Arabinogalactan Softwood 1-3 100-600
Arabinoglucuronoxylan Grasses, 5-10 50-185
Softwood
Galactoglucomannan Softwood 10-25 40-100
Glucomannan Softwood, 2-5 40-70
Hardwood
Glucuronoxylan Hardwood 15-30 100-200
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Figure 6. Chemical structures for the major hemicelluloses in softwoods, a)

arabinoglucuronoxylan and b) galactoglucomannan, along with the major hemicellulose in

hardwood, ¢) glucuronoxylan.*’
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2.1.1.3 Lignin

Lignin usually contributes between 15 wt% and 40 wt% of woody plants’ dry matter.*
This polyphenolic polymer is primarily derived from three or less monolignols, including
p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 7).***® These alcohols
give rise to the structural units of lignin: p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S).** Low levels of H lignin structural unit are present in softwoods, like spruce, and
herbaceous species, like alfalfa.*’” G lignin is the primary component of softwoods, while
hardwoods are composed chiefly of G and S lignin structural units.** ' '” Table 6 presents

H:G:S values for lignin found in various biomass.

OH ) OH ' OH

OCHz  HsCO OCHj,4
OH OH OH

Figure 7. Three monolignol monomers: (a) p-coumaryl alcohol, (b) coniferyl alcohol, and
(c) sinapyl alcohol.

*Parts of this section are from a manuscript accepted for publication in Biofuels Bioproducts &
Biorefining, 2014. It is entitled as “Characterization and analysis of the molecular weight of lignin
for biorefining studies.” Co-authors include Hannah Akinosho, Ratayakorn Khunsupat, Amit K.
Naskar, and Arthur J. Ragauskas. Reprinted with permission. Copyright (2014) by John Wiley
and Sons, Inc.
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Table 6. Relative distributions of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
lignin monomers in various biomass (%).*"*

H G S
Alfalfa* 5 56 39
Birch” — 22 78
Miscanthus* 4 52 44
Poplar” - 37 63
Spruce” 2 98 Trace
Wheat” 5 49 56

“Thioacidolysis and acetyl bromide treatment; "Thioacidolysis of extractive-free
cell walls; “MWL.

These phenylpropane monomers are connected by various carbon-carbon bonds and ether
linkages (Figure 8), the most abundant being the aryl ether bond, B-O-4.***° Interestingly,
there are over 20 identified lignin linkages,”' but major linkages found in softwoods and
hardwoods are B-O-4, B-1, 4-O-5, 5-5, a-O-4, B-B, B-5, and dibenzodioxocin linkages
(Table 7). Dibenzodioxocin is formed by oxidizing coniferyl alcohol with 5-5 biphenyl,
and is found in smaller quantities in hardwood than softwood, where it contributes to 10%

: : 4 2
or more of the lignin structure.*® >

Dibenzodioxocin, 4-O-5, and 5-5 linkages are also
branching points for this three-dimensional polymer.”' Branching typically occurs using G
lignin units, while S-rich lignin forms more linear structures.’’ The weight average
molecular weight (M,,) of milled wood lignin (MWL) can range from 5900 g/mol for

redwood to 23,500 g/mol for Norway spruce, as seen in Table 8.** > It is important to note

that the actual structure of lignin remains unknown,*® but a representation of hardwood
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lignin is presented in Figure 9. The distribution of lignin within the biomass, its structure,
and its degree of polymerization (i.e., molecular weight) can inhibit enzyme hydrolysis.>*

Overall, lignin is one of the most recalcitrant biopolymers found in the cell wall.**

\;é OCH3; HO
OH
HO OCHs
0 oH O
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o OCHj
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HaCO
on ) . ) HsCO
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OH
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OCHj O HaCO l
HsCO OGH;

[ON ]
: R b
4-0-4 B-5

Figure 8. Softwood and hardwood major lignin linkages: B-O-4, B-1, 4-O-5,
dibenzodioxocin, 5-5, 0-O-4, B-B, and B-5.% %33



Table 7. Major linkages proportions (%) in softwood (spruce) and hardwood (birch)
lignin.>

B-04 B-1 405 55 BB 0a-0-4 B-5 Other

Softwood 46 7 3.5-4 9.5-11 2 6-8 9-12 13
Hardwood 60 7 6.5 4.5 3 6-8 6 5
OMe OMe

OH oH HO
MeO OMe
OH
0]
MeO :j

(0] OMe

HO OMe OMe OH

MeO 5 OH
OH OH HO
OH OMe o)

Figure 9. Schematic representation of hardwood lignin.
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Table 8. Weight average molecular weight from milled wood lignin of various biomasses.
(Adapted from ref. 38 and 53)

Biomass My, (g/mol)
Bamboo 12,090
Douglas Fir® 7400
Eucalyptus® 6700
Miscanthus® 13,700
Norway Spruce® 23,500
Poplar 10,000
Redwood® 5900
Southern Pine® 14,900

“Ball mill for 28 days; ®Values corrected from the original
manuscript after a personal discussion with the author;
‘Vibratory-milled.

2.1.1.4 Lignin-Carbohydrate Complexes

As mentioned previously, lignin and carbohydrates can form covalent and non-covalent
bonds, known as lignin-carbohydrate complexes (LCCs).”! Covalent bonding typically
occurs at the o-carbon or the C-4 of the benzene ring.”’ The four major lignin-carbohydrate
covalent bonds proposed are benzyl ether, benzyl ester, phenyl glycosides, and acetal

51,57

linkages (Figure 10).
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Figure 10. Major lignin-carbohydrate complex covalent bonds: a) benzyl ether, b) benzyl
ester, ¢) phenyl glycoside, and d) acetal type.”’

LCCs are different in woody biomass and grasses. The major carbohydrate in woody LCCs
is xylose, while other sugars (arabinose, galactose, glucose, and mannose) make up the
other 20%, as seen in Figure 11. Grasses LCCs are also known as lignin/phenolics-
carbohydrate complexes due to the hydroxycinnamic acid (ferulic, p-coumaric, or sinapic
acid, see Figure 12) bridges between lignin and carbohydrates, specifically arabinoxylans,
at the ether or ester bond.”” Rice straw LCCs contain 28% Klason lignin and 64%

carbohydrate, along with uronic acid, ferulic acid, and p-coumaric acid.”” Mild acidic
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conditions can hydrolyze benzyl ethers and phenyl glycoside linkages,”*>’ in addition to

cleaving lignin and ferulic acid at their ether bond.”” Lignin-hemicellulose LCCs protect
the cellulose by surrounding and forming hydrogen bonds with it,”" thereby decreasing the

cellulose accessibility and increasing the recalcitrance of the biomass.**

® Lignin * Carbohydrates ™ Xylose Other Sugars

Figure 11. A general composition of lignin and carbohydrates of LLCs in woody biomass.”’

a) (0] OH b) (0] OH 0) (0] OH
G G Z
OCH3 H3CO OCHS
OH OH OH
Figure 12. Structures of a) p-coumaric acid, b) ferulic acid, and c) sinapinic acid.
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2.1.2 Biomass Recalcitrance

The complex matrix formed by interlocked lignocellulosic components within the plant
cell walls produces a structural barrier that inhibits cellulose accessibility and biomass
degradation from biological agents; this is known as the biomass recalcitrance.”” ® Some
specific contributing factors impacting biomass digestibility include lignin and
hemicellulose composition and structure, cellulose crystallinity and DP, and the surface

4,61
area.5 -6

Various pretreatments have been designed to disrupt the lignocellulosic structure
to reduce or eliminate the recalcitrance and increase enzymatic hydrolysis of cellulose.’”
6263 Also, a number of microorganisms capable of utilizing lignocellulosic biomass have
been studied and engineered as an alternative process towards overcoming the biomass

. 4- . . . . . . .
recalcitrance.”*® Nevertheless, biomass recalcitrance remains a major impediment in

developing cost-efficient bioethanol production.

2.2 Lignocellulosic Biomass Pretreatments and Consolidated Bioprocessing
2.2.1 Lignocellulosic Ethanol

Unlike the first-generation biofuel, the second-generation avoids food-based feedstock,
like corn and sugar cane, by producing bioethanol from lignocellulosic biomass, one of the
most abundant and renewable terrestrial resources. Well over a billion tons of woody and
non-woody (agricultural residue, grasses, etc.) feedstock could be harvested in the U.S.
each year to meet the demand of biofuel replacing 30% of petroleum-based transportation

fuel;"* however, the cost of bioethanol production needs to be reduced, and one way is by
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increasing the cellulosic and hemicellulosic sugar yields from the biomass.*® Isolating a
high yield of fermentable carbohydrates from lignocellulosic cellulose and hemicellulose
is a major challenge in producing lignocellulosic ethanol.” Overcoming the biomass
recalcitrance to utilize the sugars typically requires a pretreatment or specific
microorganisms capable of combined hydrolysis and fermentation technologies, a process

known as consolidated bioprocessing (CBP).

Traditionally, ethanol production involves five major steps: pretreatment, enzymatic
hydrolysis, fermentation, product separation, and liquid fraction treatment.”’
Lignocellulosic biomass is typically pretreated such that cellulose-rich residues are formed,
which can be deconstructed by enzymes, like cellobiohydrolase, endoglucanase, and [3-
glucosidase.'* While there are enzymes that also catalyze hemicellulose deconstruction, it
usually requires a number of distinct enzymes to completely break down the
heteropolysaccharide.'* The hexose monosaccharides can easily be fermented by

microorganisms, like yeast, into ethanol.®’

2.2.2  Lignocellulosic Biomass Pretreatments

Lignocellulosic pretreatments assist in overcoming the biomass recalcitrance by disrupting
the chemical matrix (Figure 13).°® Dissociation of hemicellulose from cellulose,
delignification or lignin redistribution, change in cellulose crystallinity and DP, and

. . . 1
increase in surface area of substrate are a few desired results from pretreatments.®"-
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Hemicellulose Pretreatment

Hemicellulose

Cellulose
Cellulose

Figure 13. Schematic representation of the impact a pretreatment has on the cellulose,
hemicellulose, and lignin. (Reprinted from ref. 71)

There are three different classifications for pretreatments: physical, chemical, and
biological, as seen in Table 9. The majority of pretreatment methods impact the chemical
and/or physical structure of the biomass.®’ Biological pretreatments are considered too
slow (10-14 days) for industrial purposes, despite being some of the most environmentally
friendly methods by using microorganisims, like white-rot fungi, instead of chemicals.’”
7 Physical treatment of milling reduces particle size and therefore increases the surface
area, but milled biomass typically undergoes further chemical or biological
pretreatments.”” Another physical process is to use microwave irradiation to heat the

sample, resulting in partial deligninification and disruption of LCCs.*” "
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Table 9. Lignocellulosic pretreatment classifications methods and specific treatment

processes.3 738
* Fungi
Biological
1ologica = Bacteria
=  Milling
Physical =  Microwave
» Thermophysical
= Alkaline
Chemical * Dilute Acid
i

» Jonic Liquid
= Organosolv

=  Ammonia Fiber Explosion (AFEX)
=  CO; Explosion

» Liquid Hot Water

= Steam Explosion

Physico-chemical

Chemical and physico-chemical pretreatments typically involve solubilizing, at least
partially, lignin, hemicellulose, or both. This makes it easier to isolate specific polymers or
for enzymes to hydrolyze cellulose and hemicellulose into Cs and Cs sugar monomers.
Alkaline, dilute acid (DA), liquid hot water (LHW), and organosolv pretreatments are all
leading technologies for overcoming the biomass recalcitrance. Common pretreatment

conditions for these processes and others are summarized in Table 10.

24



Table 10. Summary of major chemical and/or physical impact different pretreatments have

on lignocellulosic biomass.

63, 68-69, 72

Pretreatment General Conditions

Alkaline NaOH, KOH, CaOH, or NH4OH (temperature and time varies
depending on base).

DA 0.75 — 5% H,S04, HNO3, H3POy4, or HCI (120-220°C).

Liquid Hot Water Pressurized hot water (170-230°C, p > 5 MPa) for 1-46 min.

Organosolv Methanol, ethanol, acetone, ethylene glycol and potentially with

Steam Explosion

acid or base catalyst (100-250°C) for 30-90 min.

Saturated steam (160-290°C, p = 0.69-4.85 MPa) for several sec to
min, then depressurized to atm pressure.

Different pretreatments impact biomass in different ways. LHW results in approximately

all hemicellulose removal, some solubilization of cellulose (4-22%), and partial

delignification;” however, it is possible for the lignin content to be greater than that of the

starting material due to pseudo-lignin, lignin-like material derived from degraded

polysaccharide and/or polymerization of solubilized lignin.** ”* DA pretreatment also

removes the majority of hemicellulose, but it can also disrupt and redistribute lignin within

the plant cell wall and form pseudo-lignin spheres on the surface.** ® 7 Significant

delignification and hemicellulose removal occurs during alkaline and organosolv

pretreatments.”* Alkaline and organosolv pretreatments are briefly discussed in greater

detail below.
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2.2.2.1 Alkaline Pretreatment

Alkaline pretreatments target lignin in hardwoods, grasses, and some agricultural
residues.” This pretreatment also significantly reduces the amount of hemicellulose within
the biomass residue (Table 11).*> The saponification at the ester bond link in LCCs can
result in delignification and lead to an increased efficiency for enzymatic hydrolysis of
cellulose.”*’® However, lignin can be redistributed within the cell walls or recondensed on
the biomass during the delignification process of the pretreatment.” While the solubilized
hemicellulose and lignin can have an inhibitory effect on the fermentation
microorganisms,®’ deacetylation of hemicellulose improves enzymatic hydrolysis by
removing these sterically hindering functional groups.®>”” Depending on the pretreatment
chemicals, cellulose I could be converted into cellulose II with sodium hydroxide or

cellulose III with liquid ammonia.’’

Table 11. General alkaline pretreatment conditions and effects.”

Reaction conditions Hemicellulose  Lignin
Removal Removal
Sodium 0.5-10.0% NaOH, 10-30% solid loading, 50% 60-80%

hydroxide  60-180°C for 5-60 min.

Ammonium 10-30% ammonia, 10-50% solid loading, 20-50% 60-80%
hydroxide  30-210°C for 5-60 min with ~2.3 MPa
(ARP) or 4 — 24 h (AAS).

ARP: ammonia recycle percolation; AAS: aqueous ammonia soaking.
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There are two general types of alkaline pretreatments: 1) those processes that use sodium,
potassium, or calcium hydroxide, and 2) ammonia-based pretreatments.” Specifically,
aqueous ammonia processes include aqueous ammonia soaking (AAS) and ammonia

recycle percolation (ARP).”> ™

Soaking in aqueous ammonia can occur at lower
temperatures (30-60°C) for longer times (4-24 h).”" " * ARP typically operates at 150-
210°C using 10-15% aqueous ammonia for 10-90 min under pressure in a column
reactor.’”” % 7“7 Some advantages of using ammonia for the alkaline pretreatment of
biomass are: 1) it is a non-corrosive, non-polluting chemical, 2) it will effectively cause
the lignocellulosic material to swell, 3) it possesses higher selectivity for lignin reactions
than reactions with carbohydrates, and 4) it can easily be recovered and recycled.”* Overall,
reaction temperature, length of pretreatment, and amount of alkali all impact the efficiency
of the pretreatment.” Some limitations to this type of pretreatment include the cost of
recycling the chemicals and the formation of salts during the pretreatment process that

could be incorporated into the biomass substrate.**

2.2.2.2 Organosolv Pretreatment

Organosolv pretreatment is another delignification process that use organic solvents to

solubilizes significant amounts of lignin and hemicellulose.®”* Delignification is possible

through the cleaving ether linkages and lignin and hemicellulose LCC bonds.”” ®

Solubilization of lignin and hemicellulose increases the surface area allowing for greater

cellulase and enzyme absorption, thus significantly increasing enzymatic hydrolysis.® %
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Some commonly used organic solvents for this type of pretreatment include methanol,

1.7 Methanol and ethanol are frequently used due to

ethanol, acetone, and ethylene glyco
their low molecular weight, and that primary alcohols are typically better at delignification
than secondary or tertiary alcohols; however, ethanol is less toxic than methanol and would
be a more environmentally-friendly solvent to use.®' Ethanol concentration for this
pretreatment typically ranges between 35% and 70% (w/w).®® Acid or base catalysts (e.g.
HCIl, H,SO4, NaOH) are added to the organic solvent to assist in lignin and hemicellulose
solubilization.’” The addition of acid catalysts results in higher delignification rate and
xylose yields, but the need for them could be eliminated with a higher operating
temperatures, 185-210°C.*" At this temperature, it is believed that released organic acids
from the biomass will become the catalyst for rupturing LCC bonds.** Ethanol pretreatment
of hybrid poplar with a H,SO4 catalyst at 180°C can remove 73% of lignin, and methanol
pretreatment with a HCI catalyst can remove 90% of pine lignin (Table 12). One

disadvantage for this type of pretreatment is the high cost for the solvent recycling

rocess® and equipment (e.g. pressurized reactor).
p quip g p

Table 12. Lignin removal for various organosolv pretreatment conditions.

Temperature Time  Lignin

Solvent Catalyst ©0) (min) Removal
Hybrid poplar™®  50% EtOH  1.25% H,SO, 180 60 73%
Miscanthus®* 50% EtOH  0.9% H,SO4 170 60 75%
Eucalyptus® 75% EtOH 1.0% AA 200 60 88%
Pine®’ 90% MeOH 0.2% HCI 170 45 90%

*Populus nigra x P. maximowiczii, bPresoaking with H,SO,4 and water at 100°C; AA: acetic acid.
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2.2.3 Consolidated Bioprocessing (CBP)

Due to the expensive pretreatment step, researchers are attempting to genetically engineer
microorganisms capable of consolidated bioprocessing (CBP), where enzymatic hydrolysis
and sugar fermentation are combined into one step. Potential CBP microorganisms break
down cellulose, typically through the activity of secreted cellulases, and therefore eliminate
a production step used to add enzymes.*** The current strategy, first generation CBP, still
incorporates a pretreatment step, but researchers are working on developing a second
generation CBP strategy that would use non-pretreated biomass.”’ For a CBP
microorganism to be industrially relevant, it must be capable of decomposing biomass
substrates polysaccharides and fermenting hexose and pentose sugars at a rate greater than
1g/L/h into ethanol with a 90%-+ theoretical yield and a minimum of 40 g/L titer.”* Since,
no known microorganism is capable of meeting these conditions, researchers have resorted
to genetically engineering microorganisms fit for industrial use in biofuel production.”
One way to accomplish this is by identifying a microorganism capable of degrading
lignocellulosic biomass and engineering it (e.g. through gene deletion) to produce ethanol

or other desired products.”>*"

Clostridium thermocellum and Caldicellulosiruptor bescii
are widely considered to be potential CBP candidates due to their ability to naturally

degrade lignocellulosic biomass, and are discussed in greater detail below.

2.2.3.1 Clostridium thermocellum

Clostridium thermocellum 1s a rod shaped, anaerobic, Gram positive cellulolytic

thermophile that naturally produces lactate, acetate, ethanol, H,, and formate from
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cellulose.®® **%° In the presence of cellulose, this bacterium forms biofilms, where a
monolayer of cells form that orient themselves parallel to the substrate’s carbon fibers
(Figure 14).°° Optimum growth conditions for this microorganism occur at 60°C and
between 6.7 and 7.0 pH.>** C. thermocellum growth conditions and corresponding ethanol
and acetate product yields from various substrates can be found in Table 13. Glucose
conversion during fermentation of DA pretreated Populus over 37 h was 58-64%, while

only 43-49% of glucose was utilized for DA pretreated switchgrass.”’

Figure 14. CLSM images of biofilm illustrating various degree of Clostridium
thermocellum 27405 cell density on cellulose cotton fibers after 48 h incubation. (Reprinted
from ref. 99)

This microbe possesses the ability to hydrolyze both hemicellulose and cellulose, in
addition to fermenting six-carbon sugar cellodextrins at a fast rate;> however, it does not
utilize hemicellulose for energy or growth.”® C. thermocellum wild type (ATCC 27405) is
capable of completely consuming cellobiose and 95% of Avicel cellulose.” While C.

99-100

thermocellum is able to grow on untreated biomass, only 32.5% of untreated

switchgrass is converted.'®! Fermentation can solubilize 60% and 15% of carbohydrates in
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100, 102

switchgrass and untreated Populus, respectively. Although the cause for this limited

hydrolysis is not fully understood, pretreating the biomass can lead to an increase in glucan

. . . 1
conversion during fermentation.'”

Table 13. Growth conditions and fermentation products from treatment of various
substrates with C. thermocellum strain 27405 in MTC medium.

Temperature Ethanol Acetate
Substrate® H Time
°C) P @L)  (gL)
. 0O ight
Cellobiose® 58 6.8 oo 1.02 1.43
+2-3h
0O ight
Crystalline cellulose (Avicel)'™ 58 7.0 vernie 0.83 0.83
+2-3h
DA pretreated switchgrass®’ 58 6.8 12h 0.10 0.30
37h 0.20 0.50
DA pretreated Populus® 58 6.8 12h 0.20 0.40
37h 0.30 0.80

*Substrate loading: 5 g/L; MTC: medium for thermophilic clostridia.

To assist in solubilizing cellulose, C. thermocellum secretes a cell wall-bound multi-
enzyme complex, known as a cellulosome.”> *° Its cellulosomes are composed of over 70
different types of glycoside hydrolases (GHs) capable of polysaccharide degradation.®® The
cellulosome’s primary scaffoldin protein, known as CipA, contains nine Type I cohesion
domains that bind the corresponding Type I dockerin modules of GHs, and which are
connected through a linker to the carbohydrate-binding module (CBM), as represented in
Figure 15.2® CipA connects to the bacterial cell surface through Type II dockerin and

anchoring proteins.”> ® CBM within the CipA aids C. thermocellum in locating the
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lignocellulosic material, specifically cellulose.> *® ' The cellulosome tightly binds to
both the solid substrate and the bacterial cell surface forming a tri-complex between the
cellulose, cellulosome, and microbe; 65,88 however, as the cell growth begins to slow down,
the cellulosome can be released into the culture medium by the bacteria once it senses a

decrease in available oligosaccharides.®®

CipA
|
Bacterial
cell surface
TypeI cohesin TypeI dockerin Type II dockerin =
J TypeII cohesin

. l

Cellulose

Figure 15. C. thermocellum cellulosome schematic structure. The primary scaffoldin
protein CipA, which is composed of a lignocellulose locating carbohydrate-binding
module (CBM), Type I cohesin binding Type I dockerins that assist in hemicellulose and
cellulose digestion, and a Type II dockerin where the microbial binding Type II cohesin
attaches to the CipA. (Reprinted from ref. 23)

Another cellulase system typically produced by fungi and aerobic bacteria is a system of

noncomplex individual, free enzymes.'”® Interestingly, C. thermocellum also contains a

cell-free cellulosomal system that does not attach to the bacterial cell wall or the primary
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1
cellulosomes.'®

This free cellulosomal system, like the cell-bound system discussed
above, contains CipA scaffoldin protein, which is vital in the cellulose conversion process;
knocking out CipA disrupts both types of systems leading to over 1000% increase in time
required to convert Avicel.'” The cell-free cellulosome complex is capable of degrading

cellulose at a relative distance from the bacterial cell, and therefore is considered a longer-

1
range cellulosome.'*

While C. thermocellum is a promising CBP microorganism candidate, it currently does not
produce the desired ethanol yield or titer for industrial processes.*” Studies have shown that
increasing the ethanol yield and/or titer is capable through metabolic or evolutionary
engineering of C. thermocellum.”" °> " Engineering microorganisms typically involves
replacing genes in the cell chromosome that alter the metabolic flux. An example of gene
disruption using an allelic replacement, where a marker gene replaces the target gene, is

illustrated in Figure 16.'*

One way of introducing DNA rings, known as plasmids, into a
cell is through an electrotransformation process, where an electric field creates temporary
pores in the cell membrane for the plasmids to enter.'” The selected plasmid needs to have
two homologous regions identical to those flanking the target gene in the chromosome,
which will allow the plasmid to integrate onto the chromosome through a homologous

recombination event (Figure 16 B-C). The marker gene will then replace the target gene in

the chromosome DNA and the plasmid will be removed from the system (Figure 16 D-E).
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Figure 16. Schematic diagram of a gene disruption by allelic replacement. A) Plasmid
enters cell through electotranformation, B-C) plasmid integrates onto chromosome through
homologous recombination event, D-E) genetic marker inserted onto chromosome and
plasmid exits cell. (Reprinted from ref. 111)
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Biswas et al. deleted genes associated with the three [FeFe] hydrogenases and one
ferrodoxin-dependent [NiFe] hydrogenase that catalyze H, production for C.
thermocellum. While deleting genes hydG and ech blocked the metabolic flux for H;
production (Figure 17, red X), there was a 90% increase in ethanol production compared
to the wild type.”” A spontaneous mutation of acetaldehyde/alcohol dehydrogenase adhE
occurred when 4ydG was deleted, and resulted in a decreased acetate and lactate production
and an increase in ethanol yield to 64% of its theoretical maximum (Figure 17, gray and

red pathways).”

Cellobiose

NAD(P)*
NAD(P)H

Pyruvate
Fd,,
Formate Fd,eq
Acetyl-CoA
NADH
E NAD*
Acetaldehyde
NADPH NADH
NADP* q K; NAD*
Ethanol

Figure 17. Overview of metabolic pathway for C. thermocellum with deleted 4ydG and ech
genes, where H, production was eliminated (red X), lactate and acetate production
decreased due to mutated alcohol dehydrogenase (grey pathways), and ethanol production
increased (black and red pathway). (Reprinted from ref. 98)
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Other engineering studies have focused on eliminating the acetate and lactate production

1, 94, 1
pathways,’ ! ** 17

which could lead to an increase in the microorganism’s ethanol
tolerance.®” The natural tolerance C. thermocellum has towards ethanol is poor, with C.
thermocellum wild type becoming significantly inhibited when the ethanol amount exceeds
5 g/L;* however, researchers have made progress developing C. thermocellum strains with

a higher ethanol tolerance.'”'"

C. thermocellum with a mutated acetaldehyde/alcohol
dehydrogenase gene (adhE) was able to grow in the presence of 40 g/L ethanol.''' While
C. thermocellum wild type (ACCT 27405) has a well-studied genome and could be a
baseline for the evolution or engineering of further strains, it does possess a high variability

for efficient transformations (e.g. electrotransformations).'® "> C. thermocellum strain

DSM 1313 is typically the main strain used for routine transformtions.'®®

2.2.3.2 Caldicellulosirputor bescii

Caldicellulosiruptor bescii is considered the most thermophilic anaerobic bacterium
capable of digesting cellulose and other polysaccharides (simple and complex) to produce

4 113-114
H,, acetate, and lactate.”® % 113

The optimum growth temperature for this rod-like
microorganism (Figure 18) is 75°C.”* ' Interestingly, this microbe was originally

misclassified as Anaerocellum thermsophilum, and therefore, C. bescii wild type is also

referred to as C. bescii DSM6725,'"> which was the deposition number initially assigned."'°

C. bescii is capable of converting cellulose into high concentrations of glucose and

114

cellobiose, and can generate xylose and xylobiose from xylan. ™ C. bescii continues to
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convert glucose to pyruvate via the Embden-Meyerhof-Parnas pathway before producing
fermentation end products (Figure 19).”° This microorganism can successfully grow on
untreated switchgrass and poplar,''* but researchers were concerned that microbial growth
on the untreated biomass was partially due to easily accessible sugars; therefore, water-
soluble sugars were removed from the biomass with hot water, and C. bescii proved
capable of utilizing insoluble biomass material.”® ''*''7 C. bescii fermentation products for
crystalline cellulose, xylan, switchgrass, and poplar are highlighted in Table 14. Once C.
bescii stops growing at a high cell density, it no longer ferments glucose and cellobiose,
but it does continue to produce those sugars by hydrolyzing cellulose.”® Nevertheless, there

remains a significant amount of biomass not utilized by the microorganism (Table 14).

Figure 18. C. bescii cells attached to xylan in a SEM image. (Reprinted from ref. 116)
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Figure 19. Overview of fermentation pathway for bioconversion of glucose by C. bescii.”’

Table 14. Fermentation products from C. bescii incubation with various substrates at 75°C
for 21 h.'*

Substrate pH H, Acetate  Lactate Amount Remaining
(mM) (mM) (mM) after 10 d

Crystalline cellulose® 7.1 4.5 22 2.8 10%

Xylan” 6.1 5.4 4.0 2.3 2%

Switchgrass 6.8 3.9 4.0 0.9 74%

Poplar 6.8 1.6 1.2 0.4 85%

“Avicel; *Oat spelt xylan.

Growth inhibitors could be contributing to the underutilization of 74% and 85% of

14 ¢ bescii fermentation of hot water washed

switchgrass and poplar, respectively.
switchgrass revealed the microorganism is solubilizing lignin, because phenolic acids (e.g.

ferulic, coumaric, and sinapic acids) along with sinapyl and coniferyl alcohols (e.g.

syringylglycerol and guaiacylglycerol) were detected in the soluble material.''” Kataeva et
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al. determined that while these lignin-derived compounds are slowly released due to
thermal degradation, C. bescii accelerates the release of the compounds.''” Another study
concluded that solubilized aromatic constituents may be a contributing factor inhibiting
fermentation of DA and hot water pretreated switchgrass.''® While additional research on
these growth inhibitors and how they impact the fermentation process is necessary, it is
known that these inhibitors originate from the plant biomass since C. bescii successfully

grows on crystalline cellulose uninhibited.”®

The major appeal towards using bacteria from the Caldicellulosiruptor genus is their high
thermophilic properties (70-80°C).”® Potential benefits of using elevated temperatures
during fermentation, include increased rate of reaction, faster ethanol recovery, and
reduced risks for contamination.'"*"'*° Like Clostridium thermocellum, C. bescii is capable

113-114

of hydrolyzing xylan, but it can go a step further and consume xylose. Now, C. bescii

does not naturally produce ethanol, but that has been addressed through gene deletion.”” **
The adhE gene from C. thermocellum is capable of converting acetaldehyde and then
ethanol from acetyl-CoA; since C. bescii does not naturally contain this gene, a C.
thermocellum plasmid containing adhE gene was inserted into a mutated C. bescii strain
with a deleted lactate dehydrogenase gene (/dh) through electrotransformation.”® Not only
was the lactate production eliminated, the new mutant strain produced 14.8 mM, 14.0 mM,
and 12.8 mM of ethanol from cellobiose, Avicel, and switchgrass, respectively.”
Researchers have shown that it is possible for engineered C. bescii strains to produce

ethanol, and now only need to develop a strain with increased yield and titer to be

industrially relevant.”

39



Unlike C. thermocellum, C. bescii does not contain cellulosomes, but secretes

%, 121 There are at least 15

mutlimodular cellulases, which can contain multiple CBMs.
primary carbohydrate-active enzymes (CAZy) that contain at least one CBM which targets
xylan and/or cellulose.'” The dominant cellulase C. bescii produces, CelA (gene
Cbes1867), is stable at raised temperatures and possesses high specific activity.'?' This free
enzyme (Figure 20) is composed of 3 CBM, an endoglucanase (GH9), and an exoglucanase

(GH48), which allows it to target amorphous and crystalline cellulose.'' 122

A GH9
CBM3 CBM3 CBM3
R =P “_‘
e \ X
3
Extended configuration
~40 nm
B
9% GH48
GH9 %
- Compact configuration
CBM3 = & ~17nm
PN .
.~ CBM3
T/
:’u
CBM3

Figure 20. Typical extended (A) and compact (B) configurations of CelA. CelA is compose
of a family 9 glycoside hydrolase (GH9), three family 3 carbohydrate-binding modules
(CBM3), and family 48 glycoside hydrolase (GH48). (Reprinted from ref. 124)
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CelA is more active than commercial cellulases, produces both glucose and cellobiose, and
performs better on untreated biomass than pretreated biomass.'*' It has also digested 60%
of xylan in native switchgrass.'?' CelA’s tethered structure (the linked reducing end GH48
and non-reducing end GH9) allows for the formation of cavities in the substrate, as
represented in Figure 21.'*'"'? Since all cellulases experience some nonproductive binding,

it is important to note that lignin and hemicellulose could trap CelA.'*!

Figure 21. Schematic representation of CelA digesting cellulose microfibril bundles and
forming cavities. (Reprinted from ref. 124)
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2.3 Surface Characterization of Lignocellulosic Biomass

Advance surface analytical techniques can provide detailed information about the plant cell
wall and any changes that occurred during a chemical or microbial treatment process that
are not obtainable through conventional methods analyzing the bulk biomass. Microscopic
imaging techniques (e.g. atomic force microscopy, confocal laser scanning microscopy,
electron microscopy) assist in understanding the plant cell wall morphology and
ultrastructure. Information pertaining to the chemistry of the plant cell wall can be
determined using spectroscopic techniques, like Fourier transform infrared and time-of-
flight secondary ion mass spectrometry. These analytical techniques are described in

greater detail below.

2.3.1 Microscopic Imaging Analysis

Atomic force microscopy (AFM) is an intermolecular force measuring tool that uses a
cantilever probe and tip to scan the sample surface and measure the cantilever laser

defections with a photodiode detector.'**"'**

This can provide topological information from
the sample’s surface at high lateral resolution of less than one angstrom.'* AFM has been
used to map the ultrastructures of the cell walls of various biomass and to understand the
network connections between cellulose and hemicellulose.'” %" Information obtained

through AFM images assisted Ding and Himmel in developing a new molecular model for

cellulose microfibril structure.'*

Confocal laser scanning microscopy (CLSM) is a high spatial resolution instrument

composed of a beam splitter for the laser, scanner mirrors, a pinhole to adjust the aperture,
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12
1.'*® Non-autofluorescent

and a photomultiplier that amplifies the low light intensity signa
sample materials typically are stained with one or more fluorescent probes.'*®
Lignocellulosic biomass samples stained with acriflavine will reveal green lignified tissue
at 530 nm excitation and red unlignified tissue at 600 nm excitation.'”’ Safranine stain
produces red and green signals for lignin and cellulose-rich regions, respectively, at 488
nm excitation."** While lignin can be stained, it is also capable of autofluorescence (Figure
22).°1"132 1 the presence of cellulose, Direct Red 23 (previously known as Pontamine Fast

132, 134

Scarlet 4B)"**"** fluoresces red after green exitation. Thomas et al. determined that

this dye preferentially binds to S1 and S3 layers in the secondary cell wall and would be a

132 7hu et al. used

useful tool in identifying cellulose microfibril orientation in those layers.
CLSM and fluorescence labeled cellulase solution to analyze the binding of Thermobifida
fusca cellulases on hydrothermally pretreated wood particles over time.'”> While two
fluorescently labeled species, like cellulose and lignin, are commonly analyzed visually,
calculating the Pearson’s r correlation coefficient reduces visual bias by quantifying the
spatial correlation of two pixel intensities.'**"*” In the case of colocalization, » ranges from
0 to 1, where 0 represents random overlap and 1 signifies 100% colocalization.'*® Another
quantification method determines the Mander’s split coefficient, which measures the
overlap of two different signals in an images.'** CLSM and fluorescence labeling can
provide visual images and line analyses of cellulose and lignin on the plant cell wall (Figure

22),"*? while additional statistical analysis can convert that information into quantitative

values.
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Figure 22. Cell wall bright field microscopy image (a), CLSM image of autoflouresing
lignin (b), and superimposed bright field and CLSM images (c) of raw poplar sections.
Line analysis (d) of cell wall marked by a red arrow in (b). Scalebar = 10 um. (Reprinted
from ref. 142)

High resolution electron microscopic techniques, like scanning electron microscopy (SEM)
or transmission electron microscopy (TEM), are commonly used to analyze the plant cell
wall morphology. SEM is an ideal instrument for determining structural features and
cellular and nanometer scale resolution of biomass degradation.'** SEM micrograph of DA
pretreated maize revealed spherical lignin droplets on the surface.'**'*' Other images of
pretreated biomass have revealed the loss of structural order due to the exposure and
separation of microfibrils.”* '**'* TEM is capable of producing images that distinguish
the different plant cell wall layers (primary, secondary, and middle lamella) from each
other,"™ and have been used to elucidate the impact a pretreatment would have on the

secondary cell walls, middle lamella, and cell corners (Figure 23).'#
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Figure 23. TEM cell wall images of untreated (A) and AFEX treated (B) corn stover. Cell
corners (CC), compound middle lamella (CML), cell lumen (CL), and secondary cell wall
layers (S) are labeled. (Reprinted from ref. 146)

2.3.2  Spectroscopic Analysis

Fourier transform infrared (FTIR) spectroscopic analysis produces an absorbance spectra
based on specific chemical information from the plant cell wall. There are approximately
24 absorbance bands associated with lignocellulosic biomass that range from 875 to 3421

-1 144

cm For example the bands at 1155 cm'l, 1270 cm'l, 1327 cm’ represent the C—O—

C asymmetrical stretching of cellulose and hemicellulose,'*

the aromatic ring vibration of
guaiacyl lignin, and the C—O of syringyl lignin, respectively.'** It is possible to
differentiate hardwoods and softwoods from each other by looking for spectral features in
the fingerprint region.'*® Spatial IR absorbance images can be obtained with an imaging
FTIR microscope, allowing for cell wall absorbance measurements from selected regions

of interests (ROIs) which correspond to locations on the secondary cell wall. FTIR

microscopy detected the degradation of chemical bonds in xylan, glucomannan, and lignin

45



in spruce due to steam pretreatments at various temperatures.'*’ This technique is capable
of tracking the cellulose, hemicellulose, and lignin changes in the secondary cell walls of

untreated and pretreated biomass.

Time-of-flight secondary ion mass spectrometry also produces high mass resolution
spectra and images and is a powerful tool used to study the surface chemistry of

lignocellulosic biomass. This technique is discussed in greater detail in Chapter 3.
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CHAPTER 3: LITERATURE REVIEW: TIME-OF-FLIGHT

SECONDARY ION MASS SPECTROMETRY'

Lignocellulosic biomass is a valuable renewable resource that is primarily composed of
cellulose, hemicellulose, and lignin. The key hindrance to the utilization and conversion of
these biopolymers into biofuels and bioproducts via the biological conversion platform is
the natural recalcitrance of the biomass. Through chemical, physical, and/or biological
pretreatments along with genetic modifications, progress has been made toward reducing
biomass recalcitrance and accessing lignocellulosic polymers. These various processes
modify the structure and/or chemistry of the plant cell walls by altering one or more of the
polymers of the plant cell wall and increasing the accessibility to cellulose. Currently, the
fundamental principles of biomass recalcitrance are under active investigation so as to
facilitate practical conversion of plant polysaccharides to simple sugars that can readily be
fermented to ethanol and related alcohols. It is generally acknowledged that
comprehensive analytical biomass analysis is key to understanding the principles of
recalcitrance.  High-performance liquid chromatography (HPLC), gel permeation
chromatography (GPC), nuclear magnetic resonance (NMR), FTIR spectroscopy, X-ray
photoelectron spectroscopy (XPS), scanning transmission X-ray microscopy (STXM), and
ultraviolet (UV) spectrophotometry are typical analysis instruments for characterizing

biomass and its molecular components, for example, the degree of polymerization,

"This manuscript was accepted for publication in Energy Science & Engineering, 2016. It is entitled
as “Advances in understanding the surface chemistry of lignocellulosic biomass via ToF-SIMS.”
Co-authors include Arthur J. Ragauskas. Reprinted with permission under CC BY 4.0.
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molecular weight distribution, cellulose crystallinity, accessibility, lignin structural

148-152

characteristics, and cellulose accessibility to cellulase. Electron microscopy tools,

like TEM, SEM, and AFM have also been developed to analyze the morphological changes

. 141, 153-155
to biomass samples.'*"* %13

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a mass spectrometry tool
that 1s matrix-free in regards to ionization of a sample’s surface and detects lower molecular
weight fragmented species in high mass resolution spectra and spatial mapping.'>*'*” Some
advantages to using a ToF-SIMS are direct analysis of solid samples,'>® minimal sample
preparation steps,"”’ and low surface damage in the range of a few nanometers.'® Also, the
mass spectral imaging is extremely useful in mapping selected secondary ions on a
heterogeneous surface, like lignocellulosic biomass."”’ The relative amounts of cellulose
and lignin and their location in the cell walls on the surface of a biomass samples is
important in understanding how the plant cell wall structure is impacted due to various
treatments or modifications. In addition, the deconstruction of cellulose by cellulase is a
surface dominated process and hence, there is a compelling need to understand the
chemical structure of the surface of biomass. There have been a number of advances in
the use of the ToF-SIMS since Belu et al. published a comprehensive review of ToF-SIMS

covered basic principles and applications for the instrument.'®’

This is especially true in
relation to characterizing lignocellulosic biomass via ToF-SIMS. This paper covers the
principles of the instrument used to study biomass along with sample preparation, key

lignocellulosic secondary ions and their location in the cell wall, and detecting various

biomass modifications using this methodology.
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3.1 Instrumentation Principles

ToF-SIMS functions by emitting a pulsed primary ion beam from a liquid metal ion gun,
which is rastered across the surface of the sample ejecting positive, negative, and neutral

secondary ions (Figure 24).'®'

There are different liquid metals for the pulsed primary ion
beam, including gallium,'®'> 17 1% 01d,"**!1% and bismuth."® "**'® Clustered ion
sources, like Bis*", are capable of increasing the yield of higher molecular weight
secondary ions while not damaging the sample surface more.'®' It is important to be aware
of the instruments’ primary ion source since it can significantly impact the intensities of
the secondary ion peaks in the resulting spectra.'®' The primary ion beam utilizes energy
between 1 and 25 keV, which allows enough force to bombard the sample surface and eject

the secondary ions from the top 1-2 nm of the sample.'**'%"-16%

The ToF-SIMS spectra are formed after the secondary ions are detected by the ToF-SIMS
analyzer and separated according to their mass-to-charge (m/z) ratio. The specific
secondary ion peaks are selected in the calibrated spectra and can result in relative ion
counts/intensities or spatial mapping of ions, depending on the mode setting (bunched
mode for high resolution spectra and burst/burst alignment mode for images, Figure 25).""
Some of the ToF-SIMS settings depend on the type of sample being analyzed. For example,
with biomass the ToF-SIMS analyzer is set to detect positive ions since all developed
libraries for lignocellulosic biomass are for cations. Also, the bombardment of primary ions
on a biomass sample easily results in surface charging, which is reduced by using a low-

energy pulsed electron gun, or a floodgun.'®
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Figure 24. A schematic drawing of the formation of secondary ions from the sample surface
after primary ion impact. (Reprinted from ref. 164)
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Figure 25. Mass spectra examples for the a) bunched spectral and b-c) burst/burst
alignment imaging operational modes. (Reprinted from ref. 173)

While the settings need to be sample specific, the interpretation of the ToF-SIMS data is
likewise dependent on the sample. Spectra of different locations on a sample are slightly
different in the total number of secondary ions detected, and as a reference, some studies

report a mass resolution (M/AM) range. The mass resolution is dependent on the surface
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roughness, and varied roughness on a sample could result in different total ion counts.
When analyzing biomass, the M/AM for m/z 23 or 91 have been reported;'*® *° for example
at m/z 91, Goacher et al. reported mass resolutions of ~3000-5000 and ~250-300 for
bunched mode and burst alignment mode, respectively.'> Prior to selecting specific peaks,
ToF-SIMS spectra need to be calibrated. For lignocellulosic biomass analysis, a few typical

. . . + + + + + 156, 159, 164-166, 169
ions used for calibration are CH; ', H;O0", C,Hs", CsHs ', and CsH; ™. ™

After the spectra are calibrated and the specific characteristic ion peaks selected, the ion
intensities for these peaks are typically normalized to the total ion intensity detected by the
analyzer. The normalized ion intensities can be used for further direct comparison analysis,
ratios, and/or multivariate analysis, like principal component analysis (PCA) which was
used by Groacher et al. to develop a lignocellulosic biomass library."”” The spectra for
spatial images likewise need to be calibrated prior to the characteristic ion peaks selection.
ToF-SIMS 2D imaging can potentially spatially resolve the cell wall chemically to under
1 um and occur up to distances of approximately 300-400 nm."”® '” ToF-SIMS detects
the location of emitted secondary ions and creates pixels based on this information to form
spatial mapping of the total ions or specifically selected ions. For biomass, an image based
on chemical ions helps determine location of high or low intensity lignocellulose ions on

the cell wall.

There have been several recent advances to the ToF-SIMS technique for analyzing
biomass. Jung et al. stacked a series of 2D ToF-SIMS images to form a 3D molecular image
(Figure 26) by removing the previously analyzed top layer of the sample with a sputtering
beam, like O," and Ce".'""®® This method has the potential to be extremely valuable in

gaining insight into the interaction between a biomass sample and enzymes or microbes,
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especially in detecting the vertical distance the enzyme/microbe penetrates.'®” It is also
possible to conduct 3D analysis by cutting subsequent layers off of the biomass if the
previous analysis position can be easily identified, but the layers would be tens of
micrometers apart from each other.'®* Another advancement utilizes the development of a
cryo-ToF-SIMS/SEM system that is capable of analyzing frozen-hydrated biomass
samples to minimize the movement of water-soluble chemicals during the drying
process.'®® This new system works by moving a holder that the biomass is mounted on

between a glove box and a cryo-SEM or a cryo-ToF-SIMS.'%

Figure 26. ToF-SIMS 3D image of poplar tension wood stem cross-section, where cellulose
(green pixels) and lignin (red pixels) are spatially distributed. The square edges are 50 pm
long and the image is composed of 30 2D images stacked. (Reprinted from ref. 170)

3.2 Biomass Sample Preparation

All analytical instruments require samples to be prepared in specific ways in order to
accurately analyze them. The following are general preparation descriptions necessary for

lignocellulosic biomass prior to ToF-SIMS analysis; specific details can be found in the
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subsections below. First, biomass samples need to fit correctly into the ToF-SIMS
mounting stage either through milling or sectioning the sample to a smaller size. Second,
the removal of extractives, non-structural biomass material, is necessary for most ToF-
SIMS analyses and this can be accomplished using a number of different procedures.
Additional rinsing or washing might be required to remove any chemical residue after a
pretreatment and/or enzymatic hydrolysis. Once the samples are dried, they are then ready
for analysis via the ToF-SIMS. Below are various processes for milling and sectioning the
biomass along with different biomass extractions, ways to rinse post-enzymatic hydrolysis,

and drying techniques used in various studies.

3.2.1 Milling and Sectioning

ToF-SIMS can analyze biomass samples that are prepared in various ways, including

d.1% 125717 The gize of

milled wood or powder, sectioned tissue, and small blocks of woo
milled biomass for ToF-SIMS studies has varied from 0.149 to 0.841 mm.'""'% '+165 A
benefit to using milled wood is that it helps reduce the heterogeneous nature of the wood
found within the different cell wall regions and different zones, like heartwood and
sapwood.'® Milled biomass can be compressed into wood powder pellets or attached to
adhesive tape prior to ToF-SIMS analysis."”® %> 1 If the adhesive tape is used, it is
important to know the ToF-SIMS spectra of the tape in order to identify any peaks that
overlap with those characteristic of lignocellulose."™® Saito et al. originally pressed the

powdered milled wood lignin onto indium foil sheet, but to attain even a higher mass

resolution, the sample mixed with acetone was dropped onto a silicone wafer where it

53



dried; the drop-dried method resulted in a flatter, homogeneous milled biomass sample for

TOF-SIMS analysis."”” %

The sectioning of plant tissue from whole stems or small blocks of wood typically occurs
on a cryotome or a microtome. It is important to be aware of the materials used to section
the biomass so minimal damage occurs during the cutting process. A previous study
showed that a cryo-microtome using a steel knife collapses the plant cell walls, while a
double-edged razor blade results in varied section thickness.'’* Tokareva et al. determined
that a disposable microtome blade can be used for biomass sectioning, but it must first be
cleaned to remove any polytetrafluoroethylene (PTFE) on the blade that might contaminate
the samples.'”* A cleaned diamond knife on a microtome is also a useful tool to cut biomass
sections.” There are various methods used to clean blades and knives that typically

159 dichloromethane and ethanol,]2 and

involve solvents, including acetone,®
dichloromethane in a high intensity ultrasonic processor.'’> The cross- and transversal-
sections can be cut to various micrometer thicknesses like 12 pm,'®® 20 pm,'” and 50 pm."*
136 Note that different cutting techniques might result in microtome-induced smearing and
debris leading to a loss in spatial resolution; to correct for this, the first few layers of the

sample can be removed with a sputtering ion beam.'®®

Biomass studies incorporating a pretreatment followed by enzymatic hydrolysis typically
utilizes milled biomass, sawdust, or woodchips. A study analyzing 0.841 mm ground
poplar and 50 pm thick poplar cross-sections via FTIR and carbohydrate analysis
determined that the ground and section poplar were comparable chemically. '* This
indicates that it is inconsequential whether the sample biomass is milled or sectioned, and

the actual limiting factor for biomass size preparation is for it to fit in the ToF-SIMS
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mounting stage. While ToF-SIMS can analyze both milled and sectioned samples, the cell
walls of sectioned biomass have greater probability of being intact for ToF-SIMS imaging
than the milled biomass. Otherwise, the milling or cutting process is dependent on the
research study and the biomass; for example, switchgrass would have to be encased fully
in embedding material to obtain cross-sections via a microtome, but a cryotome would
easily section juvenile poplar that is mounted to a metal stage. Prior to analysis, the samples

must have the extractives removed for accurate ToF-SIMS analysis.

3.2.2  Removing Extractives

Extractives are essentially chemicals that do not contribute to the structure of the cell walls

in the biomass.'™ They typically fall into two categories, water soluble and ethanol soluble

174

materials. " These materials can include inorganics, waxes, nitrogen-based compounds,

and non-structural sugars.'”* Fardim and Duréan proposed ToF-SIMS peak assignments for

175

seven free fatty acids, eight fatty acid salts, and three sterols all over m/z 200, "> while

Goacher et al. developed a list of 32 low-mass peaks (under m/z 200) that “distinguished

unextracted from extracted lignocelluloses samples.”'>®

The main reason for the removal of biomass extractives is due to their ability to mask the

detection of secondary ions from lignin and cellulose.'”

Goacher et al. compared
unextracted and extracted spruce, aspen, and Arabidopsis and determined that an observed
change in the number of lignin ions could actually be caused by a change in extractive

content on the unextracted biomass sample."”® Phenolic extractives, in particular, may be

interfering with the instrument’s ability to accurately detect lignin.'”' For this reason, the
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analysis of unextracted biomass may result in mass interferences or alter peak proportions

which could negatively impact peak assignments.'*’

Table 15. Various extraction techniques used on lignocellulosic biomass prior to ToF-
SIMS analysis.

Solvent(s) Extraction Method

Acetone Soxhlet extract with acetone-water (9:1, v:v) overnight or for
48 h.IO, 159

Dichloromethane Soxhlet extracted with dichloromethane overnight.'

Ethanol. acetone. and Dehydration in a series of ethanol-water (20, 40, 60, 80,

water ’ ’ 100% v/v) for 10 min each, 1:1 acetone-ethanol solution, and
pure acetone.'”
Soxhlet extract with 1.0 L absolute ethanol and 427 mL

158
Ethanol, toluene, and toluene for 4 h followed by ethanol for 4 h or longer.
water

95% ethanol for 4-5 h, ethanol-toluene (2:1 or 7:3) for 6-8 h,
and boiling water for 3 h."**"**

This stresses the importance of extraction, especially when trying to identify lignin

fragmentation ions of a sample’s surface. Various biomass extraction techniques, which

typically are performed for 4-12 h or even longer depending on the procedure, include

solvent solutions using acetone, dichloromethane, ethanol, and toluene in different

concentrations, some of which are detailed in Table 15. Samples need to be dried prior to

analysis, but further rinsing might be required to remove any traces of buffers if the samples

underwent enzymatic hydrolysis.
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3.2.3 Rinsing after Enzymatic Hydrolysis

In enzymatic reactions, buffers maintain the pH, but they produce inorganic peaks that
interfere with lignocellulosic peaks.'”® Salts can negatively impact the ToF-SIMS spectra
since samples not exposed to buffers result in relatively low sodium ion peaks.'”® Buffers
typically have been removed by rinsing with distilled water; Braham and Goacher
determined that rinsing wood with acetic acid removes more buffer-related salt ions,
specifically potassium and sodium, than distilled water.'’® Nevertheless, distilled water is
still an effective way to reduce the buffer salts on the samples surface.'’® Using potassium
salts instead of sodium salts to prepare pH buffers is better since both acetic acid and
distilled water are more efficient in removing potassium salts and K-buffer produces fewer
interferences with the characteristic lignocellulosic peaks.'”® After rinsing, biomass

samples then undergo a drying process like other pretreated or extractive-free samples.

3.2.4 Drying the Sample

Biomass samples for ToF-SIMS analysis need to be dried prior to loading into the

10, 173

instrument. Different studies have dried the biomass through freeze-drying, critical

12,138, 165166 iy 5 ddition to oven drying at 60°C.'*> Tokareva

point drying,'’* and air-drying,
et al. studied Norway spruce that was freeze-dried, air-dried, acetone extracted with
nitrogen flow drying, and ethanol-acetone dehydration with critical point drying to

determine what drying process gave better results (Table 16)'7

The analysis of the freeze-
dried and air-dried samples revealed extractives on the sample surface that were masking

the ion signals from the major lignocellulosic components.'”> Therefore, the samples that
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were dried via critical point drying or nitrogen flow after extraction were accurately

prepared for ToF-SIMS analysis and it was determined that either drying technique would

172

be appropriate to use. '~ Other studies tend to differ the biomass drying process from those

listed in Table 16, for example, Jung et al. air-dried poplar samples overnight.'?

Table 16. Four drying technique and procedural details.'”*

Drying Technique Details

Air drying ambient temperature for 3 days
Critical point drying CO; transition fluid

Freeze drying 20 h

Nitrogen flow drying room temperature

33 Lignocellulosic Secondary Ion Peaks

Various studies were conducted to determine the key ion peaks characterizing
lignocellulosic components and develop a ToF-SIMS library for biomass. In 2003, Fardim
and Duran proposed a list of tentative peak assignments for the ToF-SIMS positive
secondary ions from unbeaten and beaten pulp derived from Eucalyptus grandis wood
chips.'” Those peak assignments represented cellulose (m/z 127 and 145), xylan (m/z 115
and 133), and lignin (m/z 137, 151, 167, and 181).'”> The processes for deriving the
representative peaks for lignin, cellulose, and hemicellulose from isolated lignocellulosic

components are addressed below.
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3.3.1 Lignin

Fardim and Duran tentatively proposed that the secondary ions representing lignin ToF-
SIMS peaks of m/z 137, 151, 167, and 181 were CsHoO,", CgH;03", CoH;;05", and
CoHo04", respectively.'”” To verify these peaks, it was necessary to first analyze isolated
lignin samples and then the lignin in the biomass. Also, the sources of the biomass lignin
were varied since softwoods predominately have guaiacyl (G) lignin, whereas hardwoods
are primarily composed of guaiacyl (G) and syringyl (S) lignin, and grasses contain all
three types — p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin. The structures of

the three monolignol that H, G, and S lignin are derived from are illustrated in Figure 7.

Various studies were conducted on milled wood lignin (MWL), '*'* Klason lignin,'"”
and lignin model dimers."”” The analysis of pine and spruce MWL revealed lignin
characteristic peaks in the spectra at m/z 137 and 151, which correlates with G lignin.'**
77 The peak at m/z 137 does represent CsHoO," as Fardim and Duran tentatively
assigned;'®” ' however, based on the spectra of pine MWL led Saito et al. to conclude
that m/z 151 actually was two unresolved peaks, CsH,05" and CoH;,0,".' The two peaks
were able to be resolved when they analyzed unlabeled coniferyl alcohol.'®® All of the ToF-
160

SIMS G lignin ions were confirmed by using deuterium-labeled synthetic lignin, DHP.

The chemical structure for the G lignin ions can be found in Table 17.
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Table 17. Mass-to-charge ratio, chemical formula, and chemical structure of lignin

fragmentation ions in biomass for ToF-SIMS analysis.

163

Mass-to- oy emical
charge formula Chemical structure Characterization
ratio (m/z)
N
CH,
107 C/H,0" H lignin
OH
+
N o)
H.C Il
.
121 Cé}llj%ﬁ H lignin
8119
OH OH
N
CH,
137 CsHoO," G lignin
-
o]
OH
N
N o)
H>C 1[I
.
151 gsg:%zi G lignin
o~ o~
OH OH
N
CH,
167 CoH,; 05" S lignin
\O O/
OH
N
N
H2C 1|l
CoHoO4", .
181 CioH1s05" S lignin
o o~ o o~
OH OH
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Using lignin model dimer compounds, it was determined that the interunit linkages of -
0-4, B-1, B-8, and B-5 contributed to the formation of G lignin fragmentation ions (m/z 137
and 151), and that those peaks can originate from the phenolic end group or the ether-linked

phenolic unit of a lignin polymer with a p-O-4 linkage, as illustrated in Figure 27."’

+

OCH, ﬁ
ocH

OH

OCHj
OCHjz m/z 137 m/z 151
OH
+e O+
H3;CO | |
HO
; @
@ OCH; OCH;
OH
HO

OCH3 m/z 137 m/z 151

Figure 27. A postulated fragmentation pathway to the formation of G lignin ions at m/z
137 and 151 originating from the phenolic end group (A) or the ether-linked phenolic unit
(B) with a p-O-4 linkage."’

Beech MWL also revealed G lignin ion peaks in addition to characteristic peaks of S lignin
at m/z 167 and 181 (Figure 28). The former peak represents CoH;;03" while the latter peak

was also an unresolved double peak characterizing CoHoO4" and CoH ;305" (Table 17).160
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Figure 28. ToF-SIMS spectra of beech MWL. (Reprinted from ref. 163)

ToF-SIMS analysis of two lignin dimeric compounds composed of a G unit and H unit, 1-
(4-hydroxyphenyl)-1-hydroxy-2-(2-methoxyphenoxy)-ethane and 1-(4-hydroxyphenyl)-1-
ethoxy-2-(2-methoxyphenoxy)-ethane, resulted in distinct peaks at m/z 107 and 121.""
Another ToF-SIMS study, the spectrum of wheat straw Klason lignin revealed peaks
representing H, G, and S lignin, and where the ion counts for the H lignin peaks (m/z 107
and 121) were more intense than that of G and S lignin."”” It was determined through high
mass resolution that the H lignin ion peak (m/z 121) could be resolved into two peaks,
C7H;50," and CsHoO" (Table 17).'®* Spectra of both aspen Klason lignin and a hardwood

aspen section interestingly revealed the H lignin peak at m/z 121, but not m/z 107.'"”
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Table 18. Lignin and polysaccharide peak list.

159, 165

Lignin Polysaccharide
Mass Exact Mass Mass Exact Mass

51 51.021 44%* 44.023*
63 63.022 47 47.013
65 65.038 59* 59.015%*
67 67.056 60* 60.021*
77 77.037 61 61.030
79 79.056 71 71.014
91 91.051 81 81.036
93 93.073 83* 83.013*
95* 95.092%* 85%* 85.034*
105 105.071 87* 87.051*
107 107.044 97 97.032
115 115.045 99 99.049
121 121.065 101* 101.029*
128 128.051 109 109.033
137 137.063 113 113.026
151 151.049 127 127.041
152 152.050 145 145.061
153 153.049

165 165.059

167 167.071°

181 181.050°

189 189.059

*protein fragment interference, “theoretical mass.
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Lignin ion peaks in the ToF-SIMS spectra for wood 1is less intense compared to the
synthesized lignin, and most likely caused by the cell wall matrix.'®® This matrix contains
both covalent and non-covalent cross-linkages between lignin and cellulose and
hemicellulose.'® Goacher et al. studied red pine and developed a more comprehensive list
for lignin (Table 18) other than the six characteristic peaks that represent H, G, and S lignin
ion."*” ' Polydimethyl siloxane (PDMS) contamination interference resulted the removal
of a few of the peaks (m/z 15, 45, 73, 131, and 147) from the original list due to potential
peak overlap.'® Two peaks, m/z 19 and 31, were also removed from the original list due to
dependence on the sample moisture content.'® If the biomass sample was previously
treated with proteins, like cellulase and laccase, there will also be protein interference with
some lignocellulosic peaks; these peaks are noted by an asterisk in Table 18 and should not
be included in the analysis under these or similar conditions.'® The normalized ion
intensities of the lignin ion peaks in Table 18 can be used to calculate the lignin peak
fraction (Equation 1), the polysaccharide peak fraction (Equation 2), or lignin modification
metric (Equation 3), where L and PS are the sums of lignin and polysaccharide peaks,
respectively, in Table 18. The lignin modification metric (Equation 3) helps determine the

relative amount of lignin benzene rings that lose methoxy groups that are present in G and

S lignin units; the G and S in Equation (3) represent G lignin and S lignin peaks in Table

17, while Ar represents the sum aromatic peaks of m/z 77 and 91.'°*'6
Lignin peak fraction = L+ PsS (1)
Polysaccharide peak fraction = —— @)
olysaccharide peak fraction = ST L
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G+S
Ar

€)

Lignin modification metric =

The use of this comprehensive list (Table 18) is typically not used for ToF-SIMS images
because it would result in an overwhelming number of selected ion images that would be
difficult to sum up for PS and L images. For ToF-SIMS lignin ion images, the major

contributing ions for H, G, and S lignin (Table 17) are used.

3.3.2 Cellulose and Hemicellulose

The ToF-SIMS peaks characterizing cellulose can be located in the spectra at m/z 127 and
145, which represents (CsH;03") and (C¢HoO4 "), respectively.'>® While there is one report
that indicates other hexose compounds, like mannose and galactose, contribute to the
assigned cellulose peaks, these two peaks are accepted as representative peaks of
cellulose.”” "’ Figure 29 illustrates the chemical structure of the cellulose-related ions at

m/z 127 and 145.

a) CH, b) CHZOH

+

HO \ HO \

OH OH

Figure 29. The chemical structures for cellulose ions a) m/z 127 and b) m/z 145."™
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Tokareva et al. analyzed D(+)-xylose and D(—)-arabinose (Figure 30) and determined that
peaks at m/z 115 (CsH705") and 133 (CsHoO4") originate from these isolated compounds.'”’
With the use of PCA modeling (example seen in Figure 31), Goacher et al. determined that
lignin contributed to m/z 115 and neither that peak nor m/z 133 distinguished holocellulose
from a-cellulose or a pine wood.'” This means that while these two peaks could be
characteristic peaks for hemicellulose in isolated xylose, they cannot be used to represent
carbohydrates when analyzing pine wood.””” While this study occurred only with a

softwood pine sample, it is not recommended to use m/z 115 and 133 to represent

hemicellulose in any biomass.

a) HOy, b) oy,

H O . o H H O\\\\\\ ‘y ///O H

Ol
I

OH

Figure 30. The chemical structures a) D(+)-xylose and b) D(—)-arabinose.

As mentioned above, while Goacher et al. developed a comprehensive ToF-SIMS peak list
for lignin characteristic peaks, they also verified a list for polysaccharide characteristic
peaks (Table 18) through PCA modeling.'” This list can be used to calculate the lignin or
polysaccharide peak fraction (Equation 1and 2). The original polysaccharide peak list, like
the lignin list, had a few peaks removed due to PDMS contamination or their dependence

on moisture content; similarly, specific peaks (denoted by an asterisk in Table 18) should
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not be used after enzymatic activity on the biomass because of protein interference with

these polysaccharide ToF-SIMS peaks.'> '®
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Figure 31. PC1 loading for the PCA model representing ToF-SIMS spectra of extracted
red pine, holocellulose, and cellulose fractions. (Reprinted from ref. 162)

3.3.3 Extractives and Pectins

While biomass needs to be extracted to obtain accurate lignin and polysaccharide peaks
intensities, there have been some studies conducted on identifying some of the
fragmentation peaks for extractives. As mentioned in the biomass sample preparation
section on removing the extractives, 18 extractives with proposed peak assignments over
m/z 200 and a list of peaks under m/z 200 that “distinguished unextracted from extracted
lignocelluloses samples” were determined by Fardim and Duran and Goacher et al.">® '

Imai et al. was able to identify a high intensity ion peak at m/z 285 in Sugi heartwood tissue

that corresponds with the diterpene phenol ferruginol.'” Since extractives overlap the
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lignin content peaks, this incorrect increase in lignin intensity would result in a decrease in
the polysaccharide peak fraction (Equation 2) for unextracted biomass."”® Also, extractives
can contribute to the aromatic peak intensity (Ar, m/z 77 and 91), resulting in a decrease in

the biomass’ lignin modification metric (Equation 3)."®

Pectins are also naturally occurring heteropolysaccharides in native wood found in the
primary cell walls, secondary cell walls, and the middle lamella.'”” " Tokareva et al.
studied pectin by analyzing trigalacturonic acid, polygalacturonic acid, and methyl-
esterified pectin.'”” The distinct peak associated with all polymeric pectin models was n/z
155, while m/z 111 correlates with methyl-esterified pectin.'”” Metal ions were also used
as markers to label anionic groups, like the carbonyl groups found in some pectins.'®' Metal
labeling, using metal ion markers, observed in ToF-SIMS images was most effective using

Sr*" jons, but that Cu®" ion also identified itself as a useful marker.'®!

3.4  Origination of Components in the Cell Wall

Spatial mapping is extremely useful in identifying the location lignocellulosic
fragmentation ions originate from within the cell wall (Figure 32). The cell wall thickness
was automatically estimates by Gerber et al. through the combination of computational
modeling and ToF-SIMS analysis to develop an “artificially created cell wall mask.”'"
The average cell wall thickness of a five-year old field-grown poplar transversal section

via ToF-SIMS analysis was 7.6 + 0.4 um.'” This average includes the fiber cell walls of

the thicker late wood, thus resulting in a slightly higher value than the 5.4 um average
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found in literature.'” This technique can further be used to differentiate cell wall thickness

between wild-type and genetically modified biomass.

S1
Primary Secondary
wall S,
wall layers
Lumen S;
Middle
lamella

General Plant Cell Wall Layers

Figure 32. General locations of the plant cell walls layers: middle lamella, primary cell
wall, secondary cell walls, and the lumen.

Typical locations for high intensity lignin ions are in the secondary cell wall and the cell
corners regions.'”” More specifically, Zhou et al. used ToF-SIMS line intensity profiles
(Figure 33) to illustrate the predominant locations of G lignin and S lignin in the cell walls,
which are the middle lamella and the secondary cell walls, respectively.'®® In relation to
specific cells, it was determined that poplar vessel cell walls have more G lignin than fiber
cell walls.'® A lower lignin S/G ratio is the result of higher G lignin in the vessel cells.'®®
Vessel cells closer to fiber cells have a lignin S/G ratio of 0.7 compared to the 0.5 of those
further from the fiber cells; the fiber cell walls have a 1.1 lignin S/G ratio.'®® These ratio
values were interestingly comparable to the lignin S/G ratio for maple, where the vessel

walls were approximately 0.6 and maple fiber walls ranged from 0.8 to 1.2."" A different

poplar study reported lignin S/G ratio values for the vessel and fiber cells also to be 0.7
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and 1.1, respectively.'® These values are lower than the lowest natural variant poplar lignin
S/G ratio of ~1.2 by pyrolysis molecular beam mass spectrometry.'® Lignin S/G ratio for
different types of poplars determined by thioacidolysis were also significantly higher than
those lignin S/G ratios by the ToF-SIMS above;’ this difference is most likely a result of
the heterogeneous nature of the biomass and the difference in chemistry content on the
sample’s surface compared to the bulk material. Studying the surface of biomass is
important since the amount of cellulose and lignin on the surface differs from that detected
by bulk chemical analysis. This is especially true for biological treatment of biomass, since

enzymes and microorganisms typically bind to the surface of biomass.
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Figure 33. Line intensity profiles for a) G lignin ions and b) S lignin ions across c) the fiber
cell wall from A to B. (Reprinted from ref. 171)

Most mature woody biomass has heartwood, transition zone, and sapwood, where the dark
colored heartwood is found in the inner core and the pale sapwood is in the outer zone near
the bark.'”' The paler transition zone is where extractives accumulate, living cells die, and
sapwood becomes heartwood.'”' A study of these three different areas in Hinoki cypress

(Chamaecyparis obtusa) revealed that the formation of extractives during the sapwood to
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heartwood transition occured within the ray parenchyma cells.'”' The ToF-SIMS was used
to track the relative intensity of elements Na, Mg, Al, K, and Ca from heartwood to
sapwood.'”' Saito et al. showed that heartwood had a higher concentration of K and
relatively lower concentrations of Na, Mg, Al, and Ca compared to the sapwood with a

. .. . . .. 171
“drastic increase or decrease” of Na, Al, and Ca distribution in the transition zone.'’

As mentioned above in the section on extractives and pectins, Tokareva et al. used metal
ion markers to determine the location of anionic groups within the biomass; these anionic
groups can provide insight into the location of pectins and xylan.'®' Sr*"-labeled anionic
groups were detected in the ray cells and pit membranes of spruce using ToF-SIMS

: 181
images."®

ToF-SIMS images further suggested that more methyl-esterified pectin can be
found in the ray cells than the pit membrane regions.'®' Analysis with Sr*" labeling revealed
that pectins remain in the ray cells and pit membranes of spruce even after
delignification.'®' In general, pectin can be found in ray cells, primary cell walls, cell

181

corners, and near the pits of biomass. ~ ToF-SIMS images of the ferruginol fragment peak

at m/z 285 revealed it is distributed relatively evenly throughout the inside and along the

walls of the axial and ray parenchyma cells in addition to the tracheid cell walls.'”

35 Chemical, Biological, and Genetic Modification in Biomass

Biomass modification can occur through chemical pretreatments, microbial treatments, and
genetic modifications. A list of softwoods, hardwoods, and grasses analyzed by ToF-SIMS

can be seen in Table 19.

71



Table 19. List of softwoods, hardwoods, and grasses analyzed by the ToF-SIMS.

Softwoods Hardwoods Grasses
PinelO, 159, 166 Poplarlz, 167-168, 173 Rice Stran64
SpruceISS,165, 172, 176-177 Birchlo Reedll
Cedar'® Aspen’s& 165,172, 177 Arabia’opsis'56
Firl66

Cypress'”!

Beech MWL'®

3.5.1 Chemical Pretreatment

Oftentimes, chemical pretreatments are needed to reduce the natural recalcitrance of the
biomass in order to facilitate subsequent enzymatic deconstruction. Pretreatments tend to
solubilize lignin and/or hemicellulose, but different methods could alter the properties of
lignin and negatively impact the glucan digestibility.'®* The changes to the physical cell
walls also can occur during pretreatments and research showed that increasing the sample
surface area is more important than lignin removal when striving for higher sugar yields
after enzymatic hydrolysis.'”> The biomass chemistry and/or cell walls morphology
alterations depend on the chemical treatments; analysis of the surface chemistry provides
insight into the efficiency of the pretreatment and the impact it has on the cell walls by
detecting the changes to the cell wall chemistry. ToF-SIMS can also reveal lignin migration
from one area of the cell wall to another and through an increase of cellulose ions on the

surface it can indicate if the pretreatment improved the accessibility of cellulose. The

72



different chemical pretreatments and conditions for biomass that have been subsequently

analyzed by the ToF-SIMS are listed in Table 20.

Table 20. Chemical pretreatments and conditions of biomass, where the biomass samples
are later analyzed by the ToF-SIMS.

Pretreatment Conditions

NaOH (1.5g/g sample) in pressure tube at 121°C for 1 h.'**

Alkaline NaOH (0.2g/g substrate), liquor/solid (w/w) 10:1, 60°C for
2h!
NaOH (0.2g/g substrate) and H,O, (0.25g/g substrate),
Alkaline peroxide liquor/solid (w/w) 10:1, dark place at room temperature for
24 h."
Dilute Acid (DAP) 1 vol% H,S0, in batch reactor at 160°C for 10 min."
Severe DAP 2 vol% H,S0, in batch reactor at 175°C for 10 min.'
10, (1. le) in 0.14 M CH;00H °C fi
Holocellulose NaClO; (1.30g/g sample) in 0 CH;3;0O0H at 70°C for

1h(x3)."

NaClO; (1.30g/g sample) in 0.14 M CH300H at 70°C for

Holocellul
Severe Holocellulose 1 h (x6).'2

30% (w/v) SXS at 150°C for 30 min or 2 h."

Hydrotropic 30% (w/v) SXS and 0.17% (w/v) formic acid, liquor solid
(w/w) 10:1) at 160°C 60 min, pH = 3.5 % 0.05."

*Sodium xylene sulfonate (SXS).

Generally, mild thermochemical alkali pretreatment improves enzymatic digestibility

164

through the solubilization of lignin and hemicellulose. ™ A study analyzed the impact of

164

washing with water or HCI of rice straw after an alkaline pretreatment (Table 20). ™" It was

determined that lignin was removed through the alkali pretreatment process, but was
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redeposited onto the surface due to the acid wash; this can be seen in the increase of
approximately 9.7% in acid-washed lignin peak fraction (Equation 1) compared to water-

washed sample.'®

The ToF-SIMS analysis was useful for providing insight into the
changes occurring on the surface of the sample that is not always clear from the bulk

compositional analysis.

A comparison study between alkaline, alkaline peroxide, and hydrotropic pretreated
common reed samples revealed that hydrotropic pretreatment was more efficient at
removing hemicelluloses and increasing the glucan percentage through bulk compositional
analysis.'' ToF-SIMS analysis revealed that the most efficient enzymatic hydrolysis
occurred with the hydrotropic pretreated sample; the enzymatically hydrolyzed hydrotropic
sample was 58.1% and 64.3% lower for the carbohydrates/lignin ratio and the
guaiacyl/total lignin ratio, respectively, compared to the pretreated sample.'' Through ToF-
SIMS images, it was determined that residual lignin location on the surface fiber changed
after the pretreatments and that decrease in lignin allowed for more carbohydrates to be
exposed.'' Now, the carbohydrate ToF-SIMS data should be used carefully since the
authors used m/z 115 and 133 peaks in addition to m/z 127 and 145,'" and Goacher et al.
determined that m/z 115 and 133 do not uniquely identify hemicelluloses in wood."”’
Overall, it was shown through bulk analysis, ToF-SIMS ion intensity ratios, and ToF-SIMS
images that hydrotropic pretreatment reduced and even re-localized lignin in the fiber cells
of reed."” Also, ToF-SIMS analysis was instrumental in determining which pretreatment

would work best for enzymatic hydrolysis."'

Another pretreatment comparison study determined that hydrotropic pretreatment was

better at removing lignin and increasing enzyme accessibility than hydrothermal and ionic
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liquid pretreatments; therefore, birch and pine samples that underwent hydrotropic
pretreatment with sodium xylene sulfonate (SXS) for 30 min and 2 h followed by
enzymatic hydrolysis were analyzed via ToF-SIMS to determine the changes in surface
chemical compositions.'® The ToF-SIMS analysis of hydrotropic pretreated birch revealed
that both lignin and some polysaccharides, most-likely low mass hemicelluloses, were
being removed from the surface; the loss of polysaccharides mostly occurred in the first 30
min.'® Comparison between the enzymatically pretreated birch samples and the pretreated
birch samples showed that the enzyme treatment possesses the capability of breaking bonds
between polysaccharides and lignin as seen in the decrease in lignin ratio (lignin/total
jons)."” A similar comparison between pretreated and enzymatically pretreated pine lead
Mou et al. to believe that lignin-carbohydrate-complexes could be influencing the
lignocellulosic component fragmentation by the ToF-SIMS.'" The polysaccharide peak
fraction (Equation 2) did not change after enzymatic hydrolysis for the birch samples, the
pine samples did see a 5.0% decrease after enzymatic hydrolysis.'® There was a 56.1%
decrease in lignin/total and a decrease of 18.4% in cellulose/total on the surface after
enzymatic hydrolysis of the 2 h hydrotropic pretreated pine sample.'® For both the birch

and the pine, longer pretreatment times reduce the lignin S/G ratio on the surface.'’

Dilute acid (DA) pretreatment changes the chemistry and cell wall structure of biomass
which improves the enzyme accessibility.'> The conditions for the DA and severe DA
pretreatment are in Table 20. Severe DA sample showed a significant decrease is S lignin
normalized ion counts when compared to the DA sample; this indicates that S lignin units
are easier to breakdown than G lignin units during pretreatment.'? Cellulose normalized

ion counts stayed relatively the same when comparing DA and severe DA pretreatment.'”
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Jung et al. did report a 30% increase of xylan on the surface of the sample after DA
pretreatment, and compositional analysis indicates there is actually a significant decrease
in xylose; ToF-SIMS images also revealed what appeared to be xylan migration from the
cell wall to middle lamella and the lumen.'? The lignin contribution to m/z 115 might
explain the supposed xylan migration to the middle lamella, a typical lignin concentrated

region.

Jung et al. also determined there was not a significant difference between holocellulose
and severe holocellulose pulping treatment on poplar in regards to the major lignocellulosic
compounds via the TOF-SIMS.'> When compared to the extractive-free poplar sample, the
holocellulose and severe holocellulose S lignin relative intensity dropped significantly,

while the relative G lignin intensity decreased only slightly."?

3.5.2 Biological Treatment with Microorganisms

A few studies addressed in the previous section looked at the efficiencies of various

pretreatments and pretreatments followed by enzymatic hydrolysis.'*'" %4

Enzyme
activity will result in modification or degradation of biomass and the ToF-SIMS is a useful
tool to monitor the changes that occur.'”® The adjustments to the lignocellulosic library
(Table 18) that would account for protein interference in the ToF-SIMS spectra as a result
of enzyme activity was determined by studying the impact both laccase and cellulase had
on white spruce and trembling aspen.'®® Cellulase treatment increased lignin and decreased

polysaccharides on the surface, as seen by the 19% and 34% drop in polysaccharide peak

fraction (Equation 2) for aspen and spruce, respectively.'® Laccase activity, with a
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mediator, cleaved the “hydroxyl and methoxy groups from lignin benzoid units” and
resulted in a reduction in both G and S lignin peak intensity.'®> Another study reported that
high laccase dosage allows the protein to penetrate the biomass and reduce the

polysaccharide content.'®

While biomass extractives will alter the analysis of surface lignocellulose peaks by
overlapping with lignin peaks, a cellulase enzyme treatment can still be detected on
unextracted wood."”® The cellulase enzyme activity was detected using PCA modeling of

the ToF-SIMS ions from Celluclast treated unextracted and extracted red spruce.'®

A way to significantly minimize or even eliminate contamination during processing, is to
conduct the fiber-based enzyme assays in a 96-well filter plate."*® Another potential issue
with enzymatic activity on biomass is through buffer interference, which was addressed by

. . . . . 1
rinsing in the section on sample preparation. 7

PCA modeling of ToF-SIMS spectra and images from white-rot fungus (Phanerochaete
carnosa) treated balsam fir and lodgepole pine wood detected prominent polysaccharide
peaks, while lignin peaks strongly characterized the control samples; this indicates lignin
degradation on the surface of the treated sample.'® The decrease in lignin simultaneously
results in an increase of polysaccharide ions on the wood surface.'®® The ToF-SIMS images
indicate that lignin removal does not occur predominately in the middle lamella and cell
corners, but across the cell walls.'® Interestingly, Mahajan et al. were able to determine
that the fungal decay of pine occurred “more rapidly” than with fir.'®® Since softwood

lignin is predominantly composed of G lignin and the study showed P. carnosa’s ability at
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targeting and modifying the G lignin, this fungus is a prime candidate at minimizing

. : 1
softwood species’ natural recalcitrance.'®®

3.5.3 Physical and Genetic Modification

Stress-induced tension and opposite wood on poplar were studied to determine the
chemical differences when compared to normal poplar wood.'®” As expected, there is a
relatively low lignin intensity in the gelatinous layer (G-layer) of the tension wood, which
is predominately composed of crystalline cellulose; high concentration of lignin was found
in the secondary cell wall and the cell corner regions.'®” Other than the increased intensity
of cellulose ions in the G-layer, cellulose is rather evenly distributed over the tension wood
surface.'®” Jung et al. conducted 3D analysis from 30 sputtering cycles with O," on the
tension wood and a line scan across a region of interest. The line scan bisects a G-layer,
secondary cell wall, and a cell corner, and confirms that cellulose is observed in the G-

layer and lignin signal is relatively high in the other two areas.'®’

Genetically modified biomass will typically have anatomical changes, which will usually
impact the chemistry of the biomass.'”> PCA modeling of the ToF-SIMS spectra data was
able to determine that wild-type Arabidoposis (A. thaliana Col-0) was enriched in S lignin,
while the Arabidopsis fahl mutant had a significant amount of G lignin; this data is
consistent with our understanding that the fak!/ lines halts the production of S lignin and
its incorporation into the cell wall.">® The high S lignin content found in the fiber cells of
the wild-type contributes to the higher lignin S/G ratio compared to the fa/ mutant.'® The

polysaccharide peak fraction (Equation 2) indicates that the difference between the wild-
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type and the mutant is not associated with carbohydrates.'>® Now, the Arabidopsis irx3
mutation does result in an approximate 20% depletion of cellulose, and the polysaccharide
peak fraction ratio similarly reports a decrease of 15% between the wild-type and this
mutant."*® This shows that the ToF-SIMS is capable of differentiating genetic mutations of

herbaceous plants.

Genetic modifications of poplar by downregulating the PdKOR?2 gene resulted in a lignin
S/G ratio decrease of approximately 50% on the fiber cell walls and a less than 10% lignin
S/G ratio increase on the vessel cell walls. The ToF-SIMS analysis of the overall lignin
S/G ratio for the transgenic sample compared to the control was lower. It was shown that
while the bulk chemical analysis can provide insight into the changes to a plant due to
genetic modifications, surface characterization can reveal alterations occurring in specific

types of plant cells and cell wall layers.'*
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CHAPTER 4: EXPERIMENTAL MATERIALS AND PROCEDURES

4.1 Chemicals and Materials

4.1.1 Chemicals and Materials

Chemicals and materials were procured from Sigma-Aldrich (St. Louis, MO) or VWR
(West Chester, PA), and used as received. All gases were acquired from Airgas (Radnor
Township, PA). Cryotome sectioning required embedding material (OCT Compound,
Tissue-Tek®) and disposable blades (Accu-Edge® Low Profile Blades 4689) made by
Sakura® Finetek (Alphen aan den Rijn, Netherlands) and Feather Safety Razor Co, LTD
(Osaka, Japan), respectively. Precleaned glass slides came from VWR and Thermo Fisher
Scientific. G8 glass fiber filters for carbohydrate analysis were purchased from Thermo
Fisher Scientific (Madison, WI). Double sided carbon adhesive tabs (12 mm diameter) for
SEM analysis were purchased from Electron Microscopy Sciences (Hatfield, PA).
SlowFade Diamond Antifade Mountant was the antifade oil purchased from Thermo Fisher

Scientific for CLSM analysis.

4.1.2 Biomass Substrate

Poplar and hybrid poplar were grown in greenhouses at different locations for six months.
Populus deltoides were harvested at Oak Ridge National Laboratory (ORNL, Oak Ridge,
TN) and Populus. deltoides x nigra (DN34) was grown at National Renewable Energy Lab

(NREL, Golden, CO), where greenhouses were maintained at 25°C and 30-60% humidity.
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The plants were watered automatically four times a day and received 16 h of light daily.

The poplar stems were cut approximately 15 cm above the soil and then stored at -20°C.

4.1.2.1 Milled Poplar Stems

Fresh poplar stems were freeze-dried (VirTis Sentry 2.0 Freezemobile) at -80 °C for 24 h
prior to milling. A Thomas-Wiley Laboratory Mill machine was used to mill the dried
poplar stems through a 40 mesh screen to a particle size of 0.42 mm or less. Milled samples

were stored at -20°C until further treatment.

4.1.2.2 Cryotome Sectioned Poplar Stems

A poplar stem approximately 4 cm in length and 2 cm or less in diameter was cross-
sectioned by either a LEICA CM 1850 cryostat or a LEICA CM 3050S cryostat (Leica
Microsystems Nussioch GmbH, Nussioch, Germany). The cryostat was used under manual
control at approximately -10°C chamber temperature and equipped with a disposable steel
blade cleaned with dichloromethane and ethanol or acetone to remove any lubricant. The
stem was attached to the 40 mm specimen disc with embedding material (OCT compound,
Tissue-TEK®) surrounding the bottom and approximately 0.5 cm of the stem base. The

cross-sections were cut to 60 or 80 um thickness.
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4.1.3 Microorganisms

Caldicellulosiruptor bescii wild type was purchased from DSMZ (Braunschweig,
Germany). C. bescii was grown anaerobically at 75 °C in low osmolarity defined (LOD)

medium (described 4.2.3 Caldicellulosiruptor bescii Incubation).

Clostridium thermocellum (ATCC 27405) was maintained in the laboratory in 20%

glycerol stocks at -80°C over time.

Enzymatic hydrolysis occurred with either Novozymes CTec2 (Franklinton, NC) or
purified C. thermocellum cellulase exoproteome'® (donated by Yannick J. Bomble from
National Renewable Energy Laboratory, CO). Commercial Aspergillus niger [-

glucosidase (Novozyme 188) was obtained from Sigma-Aldrich (St. Louis, MO).

4.2 Experimental Procedures
4.2.1 Soxhlet Extraction

Non-structural material, like solvent soluble compounds (resins, waxes, fatty acids, etc.)
can potentially interfere with analytical analysis and techniques and, therefore, are removed
prior to chemical analysis.” Less than 5% dry weight of poplar is attributed to extractives.’
The extraction method was adapted from TAPPI method T 204 cm-97, where extractives
of the milled and cross-sectioned poplar samples were removed with dichloromethane
(CH,Cl,) using a Soxhlet apparatus and extraction thimbles. Approximately 150 mL of

CH,Cl, was refluxed for either 4 h at a rate of 6 solvent cycles per h or overnight at a slower
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rate. The extractive free solids were air-dried over night with the cross-sections stored

between glass slides.

4.2.2 Ammonia and Organosolv Pretreatments

Milled (0.75 g) and cross-sectioned (0.012 g) samples were loaded with 25 mL of
pretreatment solution in a batch 5460 mini-Parr 300 mL reactor (internal volume: 300 mL).
Ammonia pretreatment was conducted with 5.0% ammonia hydroxide, and organosolv
pretreatment occurred with 65.0% ethanol and 1.0% sulfuric acid as an acid catalyst. The
same reaction temperature (180 °C) and reaction time (20 min) were applied in both
pretreatments. Ramp up time was approximately 25 min and reaction was quenched in an
ice bath. After the pretreatment, solid residues were filtered by Whatman #1 filter paper
and rinsed by deionized (DI) water until the pH reached ~7. The milled pretreated samples
were collected and air-dried, while the pretreated cross-sectioned samples were separated

from the milled biomass, rinsed, and placed between glass slides to air-dry.

4.2.3 Caldicellulosiruptor bescii Incubation

C. bescii was grown anaerobically at 75°C in low osmolarity defined (LOD) medium with
either maltose (0.5% wt/v) as sole carbon source for routine growth or juvenile poplar stem
cross-sections. LOD medium contained 0.25 g/L. NH4Cl, 0.0136 g/L NaCl, 0.33 g/LL KClI,
0.33 g/L MgCl, x 6H,0, 0.14 g/L CaCl, x 6H,0, 1 g/L NaHCOs, 5 g/LL maltose, 1 g/L
cysteine HCI x H,0, and trace element solution SL-10 at a pH of 7.2."® Trace element

solution SL-10 contained 1.5 g/L FeCl, x 4H,0, 0.07 g/L ZnCl,, 0.1 g/L MnCl, x 4H,0,
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0.006 g/L H3BOs3, 0.19 g/L CoCl, x 6H,0, 0.002 g/L CuCl, x 2H,0, 0.024 g/L NiCl, x
6H,0, 0.036 g/L Na,NoO4 x 2H,0, 0.015 g/L Na; WO, 0.015 g/L Na,SeOs x 5H,0, and

10 mL/L of 25% HCL.'%

Sample cross-sections were incubated with and without C. bescii in LOD media (0.5%
w/v) at 75°C for 0, 72, and 288 h. Cultures were periodically sampled with needle and
syringe to monitor the cell growth after characterization. After incubation, poplar cross-
sections were washed with DI water (3 x 50 mL) and ethanol (2 x 50 mL). Each section

was air dried between glass slides before further surface characterization.

4.2.4  Clostridium thermocellum Fermentation

Microtome-sections of extractive-free poplar were used (at 10g/L, dry weight basis) as the
carbohydrate source in the anaerobic preparation of MTC media for batch microbial
bioconversions. MTC medium was a mixture of independently sterilized solutions:
solution B + M (2 g/L potassium citrate, 1.25 g/L citric acid monohydrate, 1 g/ sodium
sulfate dibasic, 1 g/L potassium phosphate monobasic, 2.5 g/L sodium bicarbondate),
solution C (1.5 g/L ammonium chloride, 2 g/L urea), solution D (1 g/L magnesium chloride
hexahydrate, 0.2 g/L calcium chloride dehydrate, 0.1 g/L ferrous chloride tetrahydrate, 1
g/l L-cysteine hydrochloride monohydrate), solution E (0.02 g/L pyridoxamine
dihyrochloride, 0.001 g/L riboflavin, 0.001 g/L nicotinamide, 0.5 mg/L lipoic acid, 0.004
g/l 4-aminobenzoic acid, 0.004 g/L D-biotin, 0.025 mg/L folic acid, 0.002 g/L
cyanocobalamin, 0.2 mg/L thiamine hydrochloride), and solution F (0.5 mg/L manganese

chloride tetrahydrate, 0.5 mg/L cobalt chloride hexahydrate, 0.2 mg/LL zinc sulfate
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heptahydrate, 0.05 mg/L copper sulfate pentahydrate, 0.05 mg/L boric acid, 0.05 mg
sodium molybdenum oxide dehydrate, 0.05 mg nickle chloride hexahydrate, 0.01 g/L citric

acid monohydrate).'*

To obtain fermented poplar samples, freshly grown C. thermocellum was used as inoculum
at 10% v/v and the bottles incubated at 60 °C for 92 h with gentle shaking (MaxQ™ 6000
Incubator Shaker, ThermoFisher Scientific, MA). Fermentations were performed in
triplicate biological replication. Control poplar biomass was processed similarly in a single
bottle without receiving a microbial inoculum. Replicate processing of control poplar was
not needed, as a previous study'’ indicated that short-term storage in buffered medium does
not induce significant changes in the solids to warrant investigation of variation. However,
all further analysis of control poplar biomass was performed in technical replication as
indicated. Aliquots of liquid supernatant of incubated cultures were collected at ~24 h

intervals for further analysis.

4.2.5 Enzymatic Hydrolysis

Enzymatic hydrolysis of samples with Novozymes CTec2 (10 FPU per gram biomass)
occurred at a consistency of 1.0% (w/v) in 50 mM citrate buffer solution (pH 4.8). The
enzymatic hydrolysis was conducted at 50 °C and 200 rpm in an incubator shaker and then
quenched in boiling water for 10 min. The hydrolysate was periodically collected (1.0 mL)
at 0, 3, 6, 12, 24, 48, and 72 h. Released sugars in each hydrolysate were analyzed using
Dionex ICS-3000 ion chromatography system. Each analysis was conducted in duplicates.

Error bars on the plotted data represent one standard deviation.
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Enzymatic hydrolysis of samples with C. thermocellum cellulase exoproteome (20 mg
protein/g biomass) took place in a freshly prepared buffer (pH = 5.5) made of 20 mM
sodium acetate, 5 mM CaCl,, 100 mM NaCl, 2 mM EDTA, 10 mM L-cysteine x HCI, and
performed in five biological replicates each. The C. thermocellum cellulase exoproteome
was then added at 20 mg protein/g biomass, a concentration range similar to published
work,'* where excellent activity was demonstrated on model cellulose and dilute-acid
pretreated corn stover. Additionally, a commercial Aspergillus niger p-glucosidase
(Novozyme 188 with 250 units/g) was added at 20 uL B-glucosidase solution/g biomass to
avoid cellobiose inhibition of cellulases. Enzymatic hydrolysis was performed at 60 °C for
96 hours with shaking and the end-point solute sugars were quantified by (HPLC) with an

Aminex ™ HPX-87P column (Bio-Rad Laboratories Inc., CA).

4.3 Analytical Procedures
4.3.1 Chemical Compositional Analysis

Samples were treated by two-step acid hydrolysis process adapted from NREL/TP-510-
42618 to analyze carbohydrates and lignin composition.'® In short, biomass solids were
acid hydrolyzed by 72% w/w H,SO4 at 30°C for 1 h, and then the mixture was diluted to
4% w/w H,SO4. The sample solution mixture was autoclaved at 121°C for 1h. After the
two-step hydrolysis, solid residues and hydrolysate were separated using crucible with
glass filter. The hydrolysate was analyzed by Dionex ICS 3000 ion chromatography system
or high precision liquid chromatography (HPLC) with an Aminex'™ HPX-87P column

(Bio-Rad Laboratories Inc., CA) to quantify carbohydrates against known standards. Acid
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soluble lignin was analyzed by ultraviolet-visible (UV-Vis) spectroscopy. The solid
residues were further washed with DI water until neutralized and oven-dried for measuring
acid-insoluble lignin. Error analysis was conducted by performing compositional analysis

2-3 times on the samples and calculating the standard deviation from the average value.

4.3.2 C. bescii Cell Growth Analysis

To monitor growth on the poplar slices (0.5% (w/v)), cultures for the C. bescii incubation
were periodically sampled at 0, 3, and 6 h following by sampling every 6 h from 6 h to 30
h and every 12 h from 30 h to 124 h. The cultures were fixed in 3.7% formaldehyde,
vortexed, and stored at -20 °C for cell counts. Samples were appropriately diluted and
stained with 0.1% Acridine Orange before visualizing using an epifluorescent microscope
at 100x (oil immersion). Cell counts from 15 to 20 fields were averaged and error bars

represent one standard deviation.

4.3.3 Fermentation Products of C. thermocellum

Aliquots of liquid supernatant of incubated cultures were collected at ~24 h intervals and
the fermentation products and potential solubilized hydrolysis sugars determined by HPLC
against known standards of ethanol, acetic acid, formic acid, lactic acid, cellobiose, glucose
and xylose. In short, samples were filtered (0.22 um), then acidified to pH 2 with 2M
H,SO,. Separation was made at 0.5 mL/min flow rate with 5 mM H,SO4 mobile phase
through an Aminex HPX-87H column (Bio-Rad Laboratories Inc., CA) at 60°C and the

products quantified by refracting index at 50°C (detector model L-2490, Hitachi High
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Technologies America Inc., IL). Error analysis was conducted by analyzing the liquid
supernatant 2-3 times for each aliquot and plotting the average with error bars representing

one standard deviation.

4.3.4 Confocal Laser Scanning Microscopy

Prior to CLSM analysis, the cellulose of the samples was fluorescently labelled by placing
cross-sections in saline solutions with 18 pM Direct Red 23 and allowed to stain for 10
minutes in the dark. The dye solution was then replaced twice with fresh saline liquid to
rinse the excess DR23 from biomass. Sample sections were then blot-dried gently and
mounted with antifade oil onto microscope slides with coverslips. Confocal laser scanning
microscopy (Zeiss LSM 710, Carl Zeiss AG, Germany) was used to acquire at least two z-

stack volume scans at random positions in each poplar section.

To adhere to strict quantitative imaging principles, all samples were scanned with identical
instrument settings using: Plan-Apochromat 63x/1.40 NA oil immersion objective, laser
excitation at 405 nm wavelength and 45% power and 488 nm wavelength with 15% power;
pinhole size of 1 AU (airy units), detector bandpass filters of 410-480 nm to capture lignin
autofluorescence and 550-625 nm to capture DR23 fluorescence with the corresponding
beam-splitters and detector gains set to 863 and 660, respectively. Volume z-stack scans —
ranging between 10 to 14 um depth - were acquired by capturing images with 0.132
um/pixel scaling at 0.600 um z-step size (i.e., at an estimated 50% sectioning overlap
between consecutive scans) and a 1.58 us pixel dwell time. Digital gain and offset were set

to default 1 and 0, respectively. These settings were pre-optimized (using real-time pixel
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intensity histograms) to capture sample emission with minimal pixel saturation (detector
saturation, on an 8-bit scale) and to reduce noise, scan averaging of 2 in line mode was

performed.

Volume 3D views were reconstructed in Zen Black 2.1 (Carl Zeiss AG, Germany) in
transparency rendering mode using signal threshold of 5, ramp 9, maximum opacity of

80% and brightness 2.1.

For quantitative fluorescence and colocalization imaging, signal data was used raw, as
acquired and extracted using ImagelJ in the Fiji distribution package. First, a z-stack of 3
um (5 frames of 0.600 um each) was extracted from each independent volume scan to
compare regions of identical size (i.e., x:y:z of 134.82 um: 134.82 pm: 3.00 um). To
eliminate user bias, the extracted z-stack was always centered on the frame with highest
average pixel intensity for cellulose (i.e., the middle slice in the 5-slice stack had the most
intense fluorescence emission in the original z-stack). Signal was captured and analyzed in

an 8-bit scale (i.e., a range of 0-255 pixel intensity distribution).

36 5138

Pearson’s r'°® and Manders’'*® coefficients were calculate according to user guideline
(http://imagej.net/Coloc_2) using Imagel plugin “coloc 2” (part of Fiji distribution
package) for 6 different locations. Each image analyzed was composed of 5-frame z-stacks.
Pixel thresholds were auto-detected and all of Pearson’s correlations were validated

according to Costes theory and significance tests.'*®

Colocalization across plant cell walls were determined using volume scans made of 5 z-
stack frames and identifying a region of interest of variable length in pm and of exactly 2.5

um widths that was drawn across three adjacent plant cells, such that the length axis was
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intersecting the cell wall at a perpendicular axis. Pixel intensity was averaged in the width
dimension and between the 5 frames of a z-stack and plotted against the length axis. The
averages localization distance across plant cell walls were determined from the regions of
interest shown by the histogram which measured the difference in um between the start

and the end of cellulose or lignin signals (minimum average intensity = 5).

To determine the spatially-resolved average fluorescence intensity, the background noise
from non-tissue areas was reduced by setting the minimum thresholds for cellulose-DR23
and lignin signals to 17 and 26, respectively. Average signal fluorescence intensity was

255
z:j=threshold(l”d]''pxcj)

calculated as: Y7, , where i is the frame number (for a total of 5 frames

Ziiihreshold pxCj
in a z-stack), j is the intensity scale in 8-bit, px/ is the pixel intensity and pxC is the pixel
count. Calculations were made separately for each detection channel and the results of six

randomly selected z-stacks were averaged.

4.3.5 Scanning Electron Microscopy

Samples were mounted to aluminum SEM disks using double sided carbon adhesive tape
and coated with gold for 20 sec by SPI Module Sputter/Carbon Coater System. SEM
images were acquired via a Leo 1525 Field Emission (FE) SEM (Carl Zeiss AG,

Oberkochen, Germany) at 3 kV and various resolving powers.
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4.3.6 Solid-State NMR Analysis

Samples were ground by a planetary ball mill (Retsch PM 100) at 580 rpm with zirconium
dioxide (ZrO;) vessels (internal volume: 50 mL) and ZrO, ball bearings (10 mm x 10) for
2 h and 30 min (5 min grinding and 5 min break) for whole cell wall NMR analysis. Yoo
et al. recently developed a new bi-solvent system, a mixture of dimethylsulfoxide (DMSO-
de) and hexamethylphosphoramide (HMPA-d5), which successfully caused swelling in the
biomass and provided structural detail of the biomass at a good resolution.'®
Approximately 50 mg of ball-milled biomass (either untreated or pretreated) and DMSO-
de/HMPA-d 5 (4/1, v/v; ~0.5 mL) were loaded in a 5 mm NMR tube. The biomass samples
were well dispersed and dissolved by vortexing and sonication for 1~2 h into a uniformed
gel-state. NMR spectra of each sample were obtained by a Bruker Avance 111 400-MHz
spectroscopy equipped with a 5-mm Broadband Observe probe (5-mm BBO 400MHz W1
with Z-gradient probe, Bruker). Two-dimensional (2D) *C —'H heteronuclear single
quantum coherence (HSQC) spectra were collected at 298 K using a Bruker standard pulse
sequence (‘hsqcetgpsi2’) with the following parameters: spectral width of 11 ppm in F2
("H) with 2048 data points and 190 ppm in F1 ("*C) with 256 data points; 128 scans (NS)

and 1 s interscan delay (D1). Chemical shift was calibrated with the central DMSO solvent

peak at 2.49/39.5 ppm (du/dc¢).

Volume integration of contours in HSQC spectra was conducted using Bruker’s TopSpin
3.5 software. Lignin S/G ratio is calculated from the integration of S, S’, and G areas
(structures seen in Figure 34) using Equation 4, where S,¢, S’26 and G, represent the

integrated area of the *C-'H cross-signals in the HSQC NMR spectra. The untreated and
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retreated °C-'"H cross-signal spectra assignment for S, 6 S’26 and G, were 0¢/0y
p g Y g . .

104.0/6.74 ppm, d¢/0y 106.3/7.25 ppm, and 6¢/dy 111.0/7.03 ppm, respectively.

NaVa¥a¥s [VaVaVaVal
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Syringyl Syringyl Guaiacyl

Figure 34. Labeled syringyl (S and S’) and guaiacyl (G) lignin structures indicating the C-
H locations detected by 2D HSQC NMR analysis that can be used to calculate lignin S/G
ratio.
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Lignin S/, Ratio = (4)

4.3.7 ToF-SIMS Analysis

TOF-SIMS analysis was performed using an ION-TOF TOF-SIMS V (ION-TOF, Miinster,
Germany) equipped with a bismuth liquid metal ion gun (LMIG) as a primary ion source.
The pulsing primary ion gun (25 keV) disrupts the samples surface, ejecting secondary
ions; the positive charged ions were detected and the information was converted into either
high mass resolution spectra or high spatial resolution images using Measurement Explorer

1onTOF software.
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ToF-SIMS bunch mode produced high mass resolution spectra after bismuth primary ions
randomly rastered various 500 x 500 um areas (128 x 128 pixels) on the sample. The
spectra were calibrated to CH', CH,", CH;", and C,H;". The ion intensities of selected
peaks were normalized to the total ions detected and the average value for each ion
fragmentation was used for further calculations. Error analysis was performed by averaging
data from 6-9 random locations and calculating the standard deviation (represented by error
bars in plotted data). The specific fragmentation ions peaks included: cellulose (m/z 127,
145), G lignin (m/z 137, 151), S lignin (m/z 167, 181), and additional ion peaks associated
with polysaccharides and lignin (Table 18)."* '® This results in average cellulose, G
lignin, and S lignin for each sample, and average sums of the lignin (L) and polysaccharides

(PS) ion peaks are used to calculate the lignin and polysaccharide peak fractions (Equation

75
does not in fact

1
1 and 2). It is important to note that previously reported xylan ions peaks
characterize hemicellulose. The total polysaccharide fraction reported in this study, which

included cellulose and holocellulose, utilized all polysaccharide peaks identified in recent

. 1
literature."’

ToF-SIMS images were obtained using the burst alignment mode, where the primary ions
were randomly rastered across 100 x 100 um areas (256 x 256 pixels) and the positive
secondary ions detected. The spectra for the images were calibrated to CH', CH,", CH3",
and C,H3" and the peaks corresponding to cellulose (m/z 127 and 145), G lignin (m/z 137
and 151), and S lignin (m/z 167 and 181) were selected. The ion intensities from each
specific fragmentation ions peak were converted into a spatial map using a color scale, low
(black) to high (yellow/white) intensity. The two cellulose images were added together for

a mapping of the total cellulose. This was similarly done for the G and S lignin images,
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resulting in a single lignin ion image. In some cases, the cellulose or lignin ion image could
be scaled green and overlaid on the total ion image in order to distinguish specific chemical

characteristics of the lignocellulosic biomass sample.
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CHAPTER 5: UNDERSTANDING THE CHANGES TO THE
BIOMASS SURFACE AFTER AMMONIA AND ORGANOSOLYV

PRETREATMENT USING TOF-SIMS?

5.1 Introduction

Lignocellulosic biomass is the most abundant and renewable natural resource on earth.
Utilization of cellulose, hemicelluloses, and lignin in the biomass can facilitate in the
production of biofuels and/or bio-based products. Biomass recalcitrance, like the structural
complexity and heterogeneity of its chemical components within the cell wall, contributes
to the plant’s natural defense against biological degradation, but it also plays a negative

role in biomass conversion and must be overcome for efficient biomass utilization.

One way to reduce biomass recalcitrance is change the physicochemical characteristics of
the bioresource through pretreatments. Physical, chemical, and/or biological pretreatments
can break down or solubilize one or more biomass components making the utilization of
the treated biomass easier. Traditionally, cellulose-rich pretreated solids show higher yields
and faster conversion rates during enzymatic hydrolysis and fermentation when compared

to the untreated biomass.

Characterization of biomass is an essential step for designing effective biomass conversion

processes, such as pretreatment and fermentation. In particular, biomass characterization

"This manuscript was accepted for publication in ChemPlusChem, 2017. It is entitled as
“Understanding the Changes to Biomass Surface Characteristics after Ammonia and Organosolv
Pretreatments using ToF-SIMS.” Co-authors include Chang Geun Yoo and Arthur J. Ragauskas.
Repreinted with permission. Copyright (2017) Wiley-VCH Verlag GmbH & Co.
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techniques are capable of providing insight into how the pretreatment impacts the physical
structure and chemistry of the biomass. Chemical composition, syringyl (S)/guaiacyl (G)
lignin ratio, molecular weight of each biomass fraction (cellulose, hemicellulose, and
lignin), and cellulose crystallinity are typical biomass characteristics measured using

HPLC, NMR, GPC, and other instrumentations.

Another biomass characterization method is surface characterization, which examines the
morphology and chemistry of the plant cell walls on the surface of a sample. Surface
characteristics of biomass are crucial factors for enzymatic hydrolysis and fermentation of
biomass, because enzymes and microorganisms directly interact with the substrate’s
surface. Surface analysis revealing erosion and re-location of cell wall matrix components
has assisted in explaining how enzyme accessibility increased and enzymatic hydrolysis
was improved in pretreated biomass.' SEM,">* ' TEM,'*! Raman spectroscopy,>* '*°
FTIR spectroscopy,'” '*"* 1** and AFM'** ™! are commonly used for biomass surface

analysis.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is another analysis technique
for surface characterization that produces high mass resolution spectra and spatial mapping
of the surface chemical ions. This analytical technique has been applied for analyzing the

surface of neurobiological systems,'*” drug delivery,'” and polymer films.'®' Recently,

159, 168, 182
d‘ > 5

biomass characterization studies using ToF-SIMS were investigate In the early

stage, studies focused on identifying key fragmentation peaks associated with cellulose and

lignin.'*® '** Application of ToF-SIMS characterization was expanded to understand the

10, 12

surface changes of woody biomass after pretreatments. Groacher et al. developed a list

of approximately 40 secondary ion peaks that correlate with polysaccharides and lignin
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] .
% These values contain the common

found within lignocellulosic biomass.'>"
fragmentations for cellulose (m/z 127, 145), G lignin (m/z 137, 151), and syringyl (S) lignin
(m/z 167, 181). The ion intensities (or counts) for each mass peak were normalized to the

total ions to determine compositional ratio of specific peaks detected on the surface,

including polysaccharide peak fraction, lignin peak fraction, and lignin S/G ratio.

To date, ToF-SIMS analysis has been applied to only a few types of pretreated biomass,

10, 12 .
0 Herein,

such as hydrotropic pretreated birch and pine and dilute acid pretreated poplar.
the application of ToF-SIMS analysis is expanded to ammonia-treated and organosolv-
treated poplar to determine advantages and limitation of this analysis method compared to
traditional analysis methods, including wet chemical compositional analysis by HPLC via
two-step acid hydrolysis, lignin S/G ratio by 2D HSQC "*C-'"H NMR analysis, and sugar
release by enzymatic hydrolysis. Ammonia and organosolv pretreatments are considered
lignin-targeting pretreatments,”**" '*> but each has its own advantages and limitation. For
instance, ammonia pretreatment partially removed lignin with minimal carbohydrates

74, 195
loss,™

while organosolv pretreatment significantly removed both lignin and
hemicellulose.®’ Ammonia pretreatment showed effective delignification, in specific, on

herbaceous plants or agricultural residues,®’ while organosolv pretreatment was applicable

. . . . . 1
towards diverse biomass, including woody biomass.'*®
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5.2  Experimental Section

5.2.1 Biomass Substrates and Extraction

Populus deltoides stems were grown at from ORNL and the six-month old stems were
harvested, as descripted in Chapter 4 (4.1.2 Biomass Substrate). The poplar stems were
milled to 0.42 mm or less and sectioned into 60 um thick cross-sections using an acetone-
cleaned disposable steel blade in a LEICA CM 1850 cryostat, as described in Chapter 4
(4.1.2.1-2 Milled Poplar Stems and Cryotome Sectioned Poplar Stems). Both milled and
cross-sectioned samples were extracted for 16.5 h as describe in Chapter 4 (4.2.1 Soxhlet

Extraction). Extractive-free poplar is referred to as untreated poplar in this chapter.

5.2.2 Ammonia and Organosolv Pretreatments

Ammonia and organosolv pretreatments occurred under the same conditions (180°C for 20
min) on extractive-free milled and cross-sectioned Populus, as described in Chapter 4

(4.2.2 Ammonia and Organosolv Pretreatments).

5.2.3 ToF-SIMS Analysis

ToF-SIMS spectra of cross-sectioned extractive-free (untreated), ammonia-treated, and
organosolv-treated samples were obtained with a TOF-SIMS V, as described in Chapter 4
(4.3.7 ToF-SIMS Analysis). Six different, random locations on the three different samples

were rastered with a Bi;* primary ion beam, resulting in average normalized intensities for
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cellulose, G lignin, and S lignin along with polysaccharide and lignin peak fractions

((PS/(PS+L) and L/(PS+L), respectively).

5.2.4 Chemical Compositional Analysis

The untreated and pretreated poplar samples underwent duplicate compositional analysis
to quantify the carbohydrates, acid soluble lignin, and acid-insoluble lignin using the
Dionex and UV-Vis, as described Chapter 4 (4.3.1 Chemical Compositional Analysis). The
standard deviation was calculated for glucose (< 1.7%), xylan (< 0.9%), galactan (< 0.2%),
arabinan (<0.4%), and lignin (0.8%). For direct comparison of the composition on the
biomass surface with the bulk chemical composition of biomass, the polysaccharide and
lignin contents from the chemical compositional analysis were normalized similar to the

ToF-SIMS results, as seen in Equations 5 and 6.

Polysaccharides (%) =

Glucan + Xylan + Galactan + Arabinan (5)
x 100%

Glucan + Xylan + Galactan + Arabinan + Lignin

Lignin (%) =
Lignin x100%  (6)

Glucan + Xylan + Galactan + Arabinan + Lignin

5.2.5 Solid-State NMR Analysis

NMR analysis of untreated and pretreated samples occurred as described in Chapter 4

(4.3.6 Solid-State NMR Analysis).
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5.2.6 Sugar Release

Untreated, ammonia-treated, and organosolv-treated poplar samples were tested for sugar
release measurement in duplicates. Poplar samples (250 mg oven-dry weight) underwent
enzymatic hydrolysis with Novozymes CTec2, as described in Chapter 4 (4.2.5 Enzymatic

Hydrolysis).

5.3 Results and Discussion
5.3.1 Chemical Composition

The impact the two pretreatments had on the surface and bulk chemical composition were
determined using ToF-SIMS and wet chemical composition analysis methods. A ToF-
SIMS bismuth ion beam was rastered across 6 different locations on each of the 60 um
thick untreated or pretreated cross-section poplar sample, and forty secondary ion peaks
associated with polysaccharides and lignin from the ToF-SIMS total ion spectra of the
poplar samples were quantified,'”'® normalized, and averaged. The polysaccharide and
lignin peak fractions (Figure 35) reveal a 9% decrease in polysaccharides to the total
polysaccharides and lignin ratio for the ammonia-treated poplar from the untreated sample,
where the organosolv pretreatment resulted in a slightly higher fraction (2%). The
ammonia-treated poplar cross-section possessed a higher lignin peak fraction than the

others.
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Figure 35. Polysaccharide and lignin peak fraction observed from untreated (red),
ammonia-treated (blue), and organosolv-treated (green) poplar cross-sections. Derived
from the sum of polysaccharide (PS) and lignin (L) ToF-SIMS peaks.'*” '®

Untreated and pretreated samples also underwent a two-step sulfuric acid hydrolysis
process in order to quantify the bulk composition of polysaccharides and lignin using an
ion chromatography system. Compositional information based on the oven-dry weight of
untreated samples (Figure 36) showed a removal of 40% hemicellulose and 19% lignin
with minimal cellulose loss (~2%) for the ammonia-treated sample. Organosolv
pretreatment removed 73% of hemicellulose and 42% of lignin, but it also caused 15% of
cellulose loss. The results indicated that organosolv pretreatment possessed a greater
efficiency at deconstructing and removing hemicellulose and lignin in poplar than
ammonia pretreatment, but it solubilized more of the cellulose. For a better understanding
of the chemical compositions in the pretreated poplar solids, the results were calculated

based on the oven-dry weight of each solid residue (Figure 37), where the values represent
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the actual amount of each composition in the pretreated solid residues; these values are
used for calculating the yields of fermentable sugars from each pretreated biomass. Total
hemicellulose contents (xylan, arabinan, and galactan) in ammonia-treated and organosolv-
treated poplar were 5.3% and 11.2% lower, respectively, compared to the untreated poplar.
Lignin contents of both pretreated poplar solids were also slightly lower than the content
of untreated poplar. Resulting from the changes in hemicellulose and lignin contents, the
relative cellulose content increased from 48.6% to 56.9% and 63.2% after ammonia

pretreatment and organosolv pretreatment, respectively (Figure 37).
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Figure 36. Chemical compositions of untreated, ammonia-treated, and organosolv-treated
poplar based on oven-dry weight of untreated biomass.
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Figure 37. Chemical compositions of untreated, ammonia-treated, and organosolv-treated
poplar based on oven-dry weight of the pretreated solid residues.

Table 21. Comparison of normalized polysaccharides and lignin contents by ToF-SIMS
analysis and chemical composition analysis for untreated, ammonia, and organosolv
pretreated poplar samples.

Composition Analysis  Untreated Ammonia- Organosolv-
’ method [%e] treated [%] treated [%]
ToF-SIMS 55 46 57
Polysaccharide _
Chemical 73 74 76
Lignin ‘
Chemical 27 26 24

For direct comparison of the surface composition and the bulk composition of poplar, the

aforementioned chemical compositional analysis results (Figure 37) were normalized using
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the sum of cellulose, hemicellulose, and lignin, excluding other compositions. Table 21
presents the normalized polysaccharide and lignin fractions for the untreated, ammonia-
treated, and organosolv-treated poplar samples via the ToF-SIMS and chemical
compositional analysis. The normalized polysaccharides and lignin contents by chemical
compositional analysis for each sample did not vary significantly (< 3%), while the
normalized compositions from the surface chemistry using ToF-SIMS presented up to an
11% difference. The contents of total polysaccharides and lignin by ToF-SIMS analysis
did not correlate with the results from chemical compositional analysis; however, the
cellulose peak intensities (m/z 127 and 145) on the poplar surface by ToF-SIMS (Figure
38) showed the same tendency as the bulk cellulose contents (Figure 37) — the cellulose
content of organosolv-treated poplar was greater than that of ammonia-treated poplar and

both were greater than that of untreated poplar sample.

Normalized ion intensities (x 10-3)
W
1

Untreated Ammonia- Organosolv-
treated treated

Figure 38. Cellulose (m/z 127 and 145) normalized ion intensities for untreated, ammonia-
treated, and organosolv-treated samples.
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5.3.2  Lignin S/G Ratio

Besides the changes to the compositions of bulk and biomass surface, other modifications
to the chemistry could have occurred during biomass pretreatments. Lignin content based
on the residual solids, for example, might not appear to be significantly altered from the
previous analysis, but the structural and compositional information of lignin, like the lignin
S/G ratio, could have changed. Studies have shown that the lignin S/G ratio can impact
cellulose accessibility and/or sugar release during enzymatic hydrolysis.'*" '’ Specifically,
the blocked C-5 position of S lignin allows for S-rich lignin to form more linear chains and
minimizes cross-linkages that are more common with G-rich lignin, which allows microbes

greater access to desired chemicals on the surface.'* '’

Therefore, the surface lignin S/G ratio for the untreated and pretreated samples were
analyzed by ToF-SIMS and compared to the lignin S/G ratios determined by NMR
analysis. The ToF-SIMS lignin S/G ratios were calculated from the normalized ion
intensities of the sum of S lignin peaks (m/z 167, 181) and the sum of G lignin peaks (m/z
137, 151). The pretreatments increased the detected lignin ion intensities on the surface of
the samples, where the ammonia-treated poplar reported two and four times higher G and
S lignin ion intensities, respectively, compared to the untreated sample (Figure 39). The
changes of lignin composition (S and G contents) on the surface of ammonia-treated poplar
resulted in the highest lignin S/G ratio (1.72). The S and G lignin ion intensities from the
organosolv-treated surface also notably increased (Figure 39), and the resulting lignin S/G
ratio of the organosolv-treated poplar (1.15) was higher than that of the untreated sample

(0.93).
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Figure 39. G lignin (m/z 137 and 151) and S lignin (m/z 167 and 181) normalized ion
intensities for untreated (red), ammonia-treated (blue), and organosolv-treated (green)
samples.

NMR analysis is a typical analysis method for understanding the structural characteristics
of biomass, including lignin S/G ratio. Semi-quantitative analysis using "*C—"H HSQC
NMR analysis was applied for monitoring the changes of lignin S/G ratio of the poplar
samples. Aromatic regions of the NMR spectra from untreated, ammonia-treated, and
organosolv-treated poplar (Figure 40) revealed syringyl (S), guaiacyl (G), and p-
hydroxybenzoate (PB) contents. The correlation for S,/ and a-oxidized S,6 were assigned
at 8¢/0y 104.0/6.74 ppm and d¢/0y 106.3/7.25 ppm. The correlations of G unit (G2, Gs, and
Gg) were found at d¢/0y 111.0/7.03 ppm, 6¢/0y 114.7/6.84 ppm and d¢/0y 118.8/6.84 ppm,
respectively. Changes to the relative contents of S and G units in the pretreated biomass

were observed from the NMR analysis by quantifying the S and G units using Sys and G,.
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The S and G unit contents were 58% and 42% in the untreated poplar, respectively.
Organosolv pretreatment increased S content to 70% with 30% G unit content, thereby the
lignin S/G ratio increased to 2.35. Ammonia pretreatment changed this ratio further,

resulting in a 3.20 lignin S/G ratio.

Untreated poplar F1[ppm]  Ammonia-treated poplar S, F1[ppm]  Organosolv-treated poplar s F1 [ppm]
) Sy Sl'ﬁ ~ *
S 2% - s,m - —
110 110 110
(PBy)
120 120 120
130 130 130
PB,,
75 7.0 65 F2[ppm] 75 7.0 65 F2[ppm] 75 7.0 65 F2[ppm]
oovagase 0g E'“, § .0a 0
672 6 2 672 ;L
s sl G GLPBJ 2
MeO” " “OMe MeO” 5~ “OMe 5 OMe 5 \r 3
o g O O 0
S s G P
Syringyl Syringyl Guaiacyl p-Hydroxybenzoate

Figure 40. Aromatic regions of 2D °C — "H HSQC NMR spectra for untreated, ammonia-
treated and organosolv-treated poplar samples.

According to both ToF-SIMS analysis results from the cross-section of poplar samples and
NMR analysis results from the whole plant cell wall, ammonia and organosolv
pretreatments increased the lignin S/G ratio. Although the scale in each analysis method
was different, the lignin S/G ratio from each analysis method shows a strong positive
correlation (R*=0.9223) (Figure 41). The order of lignin S/G ratio for these poplar samples
was ammonia-treated poplar > organosolv-treated poplar > untreated poplar for both

analysis methods.
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Figure 41. ToF-SIMS lignin S/G ratio vs. NMR lignin S/G ratio vs. for untreated (red
point), organosolv pretreated (green point), and ammonia pretreated (blue point) poplar
samples.

5.3.3  Sugar Release

The changes to the compositions and lignin S/G ratio by ammonia and organosolv
pretreatments were evaluated by sugar release test. The glucose release performance of
untreated, ammonia-treated, and organosolv-treated poplar was tested by enzymatic
hydrolysis. Glucose release performances of pretreated poplar samples had a faster increase
rate at the beginning of hydrolysis, and the difference between the samples’ rates became
larger over time (Figure 42). For instance, glucose releases at 6 h were 23, 26, and 27 mg
from untreated, ammonia-treated, and organosolv-treated poplar, respectively, and the
releases reached 40, 92, and 133 mg after 72 h enzymatic hydrolysis. The significant

improvement in the sugar release of the pretreated samples indicates that the pretreatments
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assisted in overcoming some inhibiting barriers, possibly the presence of lignin and/or
other characteristics of the biopolymer. The glucose release followed the same trend as the
enzyme-accessible cellulose on the biomass surface detected by ToF-SIMS (Figure 38) and
cellulose content from bulk compositional analysis results (Figure 37). Further surface
characterization study analyzing enzymatically hydrolyzed biomass at various times may

provide deeper insight into how enzymes consume cellulose on the biomass surface.
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Figure 42. Glucose release of untreated (red), ammonia-treated (blue), and organosolv-
treated (green) poplar samples.

5.4 Conclusion

In this chapter, ToF-SIMS was successfully used to understand the differences between

surface and bulk chemistry of untreated, ammonia-treated, and organosolv-treated poplar
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samples. Jung et al. previously illustrated the similarity of carbohydrate and lignin content
between milled and cross-sectioned poplar samples.'” Therefore, both extractive-free
milled (<42 mm) and cross-sectioned (60 pm thick) poplar stems were used in this study.
The untreated and pretreated milled samples underwent compositional analysis, NMR
analysis of the lignin S/G ratio, and sugar release from enzymatic hydrolysis, while the
untreated and pretreated cross-sections were used for ToF-SIMS analysis since they had

retained their cell wall structure.

The chemical information from the surface of a biomass sample can differ significantly
from that of the whole plant cell wall.'* This could explain the lack of correlation between
the ToF-SIMS and bulk chemical compositions for polysaccharides and lignin. The bulk
chemistry between the various samples did not vary considerably (< 3%), while the ToF-
SIMS normalized chemistry revealed an 11% difference between the two pretreatment
samples. Although the polysaccharide contents from the two techniques did not correlate
well with each other, the discrepancies could indicate that the surface is being impacted

differently by the chemical pretreatment than the bulk tissue.

Interestingly, the surface and bulk cellulose content did follow a similar trend. And while
the lignin S/G ratios from ToF-SIMS and NMR analyses did not provide identical values,
there was also a positive correlation detected between the values from the two methods.
The ammonia-treated sample was show to possess the highest lignin S/G ratio, followed
by the organosolv-treated sample. Enzymatic hydrolysis of the untreated and pretreated
samples showed that higher glucose release correlated with the sample manifesting higher

surface cellulose composition and lower surface lignin. ToF-SIMS analysis could expedite
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preliminary studies by identifying pretreatment conditions that result in specific outcomes;

for example, high lignin S/G ratio or glucose release.

Overall, the ToF-SIMS provides a different perspective in understanding the pretreatment
effects on properties of biomass and its sugar release, and could be a good predictor of
cellulose content, lignin S/G ratio, and glucose release. Bulk characterization methods and
ToF-SIMS provide different information about two important parts of the lignocellulosic
biomass, and should be used together to present more comprehensive details about the
samples and pretreatment processes. Not only would surface analysis by ToF-SIMS
provide depth and greater insight into pretreatment studies, it could also be useful in

microbial studies where microorganisms directly interact with the biomass surface.
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CHAPTER 6: SURFACE CHARACTERIZATION OF POPULUS
DURING CALDICELLULOSIRUPTOR BESCII GROWTH BY TOF-

SIMS ANALYSIS®

6.1 Introduction

One challenge in producing cost-efficient biofuels from lignocellulosic biomass is in
overcoming its natural recalcitrance. Traditional methods to overcome recalcitrance
incorporate various pretreatments to increase cellulose and hemicellulose accessibility by
enzymes.'”® In place of standard purified enzymes cocktails, researchers have recently
focused on engineering microorganisms for consolidated bioprocessing (CBP), a process
that combines hydrolysis and fermentation of biomass to ethanol in one step with cellulase

producing microorganisms, thus increasing efficiency and reducing costs.'”’

Members of the genus Caldicellulosiruptor are thermophilic, anaerobic bacteria known for

200-201

their cellulolytic capabilities, making them potential CBP microorganisms. Members

of this genus have the specific ability to utilize complex polysaccharides such as crystalline

114, 200, 202 . : o
- 200202 Caldicellulosiruptor bescii, is one of

cellulose and unpretreated plant biomass.
the most cellulolytic strains within this genus,”" and recent genetic advances have resulted

in engineering a strain capable of converting unpretreated biomass directly to ethanol.”

The C. bescii genome contains 52 glycoside hydrolases, five pectate lyases, and seven

This manuscript was accepted for publication in ACS Sustainable Chemistry & Engineering, 2017.
It is entitled as “Surface Characterization of Populus during Caldicellulosiruptor bescii Growth by
TOF-SIMS Analysis.” Co-authors include Jenna M. Young, Seokwon Jung, Dachwan Chung, Ali
Passian, Janet Westpheling, and Arthur J. Ragauskas. Reprinted with permission. Copyright (2017)
American Chemical Society.
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carbohydrate esterases in combination with 22 carbohydrate binding modules contributing

to their ability to break down plant biomass.''> 2°!2*

Many of these enzymes are
multifunctional enzymes that contain two catalytic modules connected by linker regions
and CBM domains. In particular, C. bescii has a gene cluster (Cbes1853-1867) that
together contains six multifunctional enzymes linked with CBM3s capable of assisting in
the binding of 12 separate catalytic domains to insoluble substrates.'"> The cellulases are
multi-functional somewhat similar to the cellulosome of organisms like Clostridium
thermocellum,”*?" but act as noncomplexed free enzymes.'” The enzymes appear
capable of degrading plant biomass by combining the ease of substrate access of the free
cellulases with collective catalytic activities in one protein product.”*’ Recently, a pectinase
gene cluster (Cbes1853-1856) and a combination exo-/endoglucanase (CelA; Cbes1867)
were both shown to play an important role in overcoming plant biomass recalcitrance.'?
CelA is the most abundant extracellular protein produced by C. bescii and was found to be

. . 1. 2
more active than commercial enzyme cocktails.**®

While C. bescii is known to bind to the surface of the biomass,'"” the mechanism of how
the cells and their enzymes deconstruct the biomass is not well understood. Time-of-flight
secondary ion mass spectrometry (ToF-SIMS) is a surface analysis technique that requires
little sample preparation in order to detect secondary ions'> from cellulose and lignin.
High-resolution spectra and high spatial imaging provides valuable insight into biomass
chemistry through normalized ion intensities, or counts, and image mapping of the
fragmentation ions. Goacher et al.'® developed an approach using ToF-SIMS to assess
both enzyme activity on biomass and any subsequent biomass degradation. This study goes

beyond the use of enzyme cocktails and apply a similar process using a potential CBP
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organism, C bescii. SEM and ToF-SIMS are primarily utilized to gain insight into the
physical and chemical impact of C. bescii and its extensive array of enzymes on the surface

of juvenile poplar stems.

6.2  Experimental Section

6.2.1 Biomass Substrate and Extraction

Populus deltoides x nigra (DN34) was obtained from NREL and sectioned into 80 um
thick discs using a LEICA CM 3050S cryostat, for this study, as detailed in Chapter 4 (4.1.2
Biomass Substrate and 4.1.2.2 Cryotome Sectioned Poplar Stems). Extractives were
subsequently removed from the sectioned samples through Soxhlet extraction with
dichloromethane (~150 mL) at a reflux rate of 6 solvent cycles/h for 4 h, as described in

Chapter 4 (4.2.1 Soxhlet Extraction).

6.2.2 C. bescii Incubation and Growth Analysis

Poplar cross-sections were incubated with or without C. bescii wild type in LOD medium
at 75°C for 0, 72, or 288 h, as described in Chapter 4 (4.2.3 Caldicellulosiruptor bescii
Incubation). Poplar stems were then used as a sole carbon source for C. bescii in LOD
media, and uninoculated controls were used to account for the effect of the growth
conditions over time due to the temperature and media. To monitor growth on the poplar

slices (0.5% (w/v)), cultures were periodically sampled and cell were counted, as described
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in Chapter 4 (4.3.2 C. bescii Cell Growth Analysis). After incubation, poplar cross-sections

were thoroughly washed with DI water and ethanol, then air dried between glass slides.

6.2.3 Scanning Electron Microscopy

Surface morphology of cross-sectioned samples incubated with and without C. bescii was
observed using a Leo 1525 Field Emission (FE) SEM coated at 3 kV and various resolving

powers, as described in Chapter 4 (4.3.5 Scanning Electron Microscopy).

6.2.4 ToF-SIMS Analysis

A TOF+SIMS V spectrometer equipped with a pulsing Bis>" primary ion gun was used to
obtain high mass resolution spectra and high spatial resolution images. High mass
resolution spectra resulted from a total of 200 scans of each 500 x 500 um area on the
sample. Three data sets per sample were acquired from three replicates to reduce any site
specificity. Spatial images were of a 100 X 100 um area, and the different fragmentations
were combined to form a cellulose ion image and a lignin ion image. The lignin ion image
was given a green color and overlaid on the red total ion image. ToF-SIMS analysis

occurred as described in Chapter 4 (4.3.7 ToF-SIMS Analysis).
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6.3 Results and Discussion
6.3.1 C. bescii Cell Growth

Growth of C. bescii on poplar stems was monitored by cell counts using fluorescence

microscopy after staining with Acridine Orange.'**

In the first 24 h, C. bescii grew quickly
before temporarily plateauing around 24 h (Figure 43). We attribute this primary growth
to utilization of easily accessible sugars, most likely soluble components of the biomass
(such as xylan) released at high temperatures or by initial enzymatic degradation. Previous
work has shown that incubation of poplar in liquid at 75°C can release about 7% soluble
materials (by weight).'"* C. bescii is capable of growing on xylan as a sole carbon source

and has the ability to utilize a wide range of sugar substrates found in plant biomass.''* ''®

We observe a secondary growth phase starting around 30 h and peaking at 72 h. This is
attributed to degradation of the more insoluble portion of the biomass as the enzymes
produced during the primary growth phase provide a new release of usable carbon source.
Washed materials and spent materials (residual substrate after previous growth with C.
bescii) are both able to support growth of C. bescii.'™* In fact, we see cells attaching to the
substrate at 48 h during this secondary growth phase (Figure 43 inset), potentially to better
access sugars on the surface. Proximity of the microbe and the enzymes it produces to the
substrate has been shown to create a favorable microenvironment for cellulose
hydrolysis®”’, presumably by increasing the local concentration of the enzymes trapped

between the cell and the substrate. A structurally unique, non-catalytic protein has been

described in Caldicellulosiruptor spp. involved in attachment to cellulose®® and is specific
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to the strongly cellulolytic strains within this genus, suggesting a link between attachment

and cellulose degradation.
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Figure 43. Growth properties of C. bescii on poplar slices. Growth measured by cell counts
of cultures stained with Acridine Orange after growth on poplar slices as a sole carbon
source in LOD medium. Inset: SEM image of C. bescii (denoted by blue circles) attached
to cellulose walls at 48 h (scale bar 1um).
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6.3.2 Cell Wall Morphology

To determine the impact of C. bescii on cell wall structure, SEM was used to observe the
surface morphology of the sectioned samples. To ascertain if the LOD medium or
incubation temperature (75°C) contributed to cell wall damage, uninoculated control
samples were also analyzed, and underwent the same sample incubation conditions and
incubation only without C. bescii. These controls do appear to have some surface roughness
along the cell wall, likely the result of the sectioning process (Figure 44 a-b, e-f); however,
they lack the degradation observed in the samples grown with C. bescii (Figure 44 c-d, g-
h). After 72 h incubation with C. bescii (Figure 44 c-d), the poplar cell walls develop
crevices that are not seen in the uninoculated controls (Figure 44 a-b). This corresponds
well with the knowledge that CelA, the most abundant excreted enzyme of C. bescii,”” is
able to create cavities during digests of Avicel, a crystalline cellulose.'*' These crevices
become even more prevalent at 288 h (Figure 44 g-h) and are primarily localized within
the primary and secondary cell walls. This indicates that C. bescii enzymes have continued
to digest the biomass after 72 h. In vitro work with CelA demonstrates that the thermophilic

121 .
Proteomics of

enzymes produced by C. bescii remain active up to at least 160 h at 75°C.
Caldicellulosiruptor spp. have also shown that the highest levels of extracellular proteins
are observed in stationary phase.””” Enzymes produced in stationary phase likely remain

active for some time and would account for the continued degradation of the poplar slices

after the end of the growth cycle.
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Figure 44. Electron micrograph of poplar slices after incubation in LOD medium at 75°C
after 72 h without (a-b) and with C. bescii (c-d) and after 288 h without (e-f) and with C.
bescii (g-h).
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6.3.3 Cell Wall Chemistry

We also measured changes in the surface chemical composition during growth of C. bescii
using ToF-SIMS. Average normalized ion intensities for cellulose (m/z 127 and 145),
guaiacyl (G) lignin (m/z 137 and 151), and syringyl (S) lignin (m/z 167 and 181)"*° were
obtained from high resolution spectra for the uninoculated controls and samples incubated
with C. bescii for 0, 72, and 288 h. The normalized ion intensities for the controls (Figure
45 a) showed very little variation, indicating that the high incubation temperature and LOD
medium alone do not impact the amount of cellulose and lignin measured on the surface.
The changes in the cellulose and lignin ion count after incubation with C. bescii can be
seen in Figure 45 b. Most notable was the increase in lignin ions between samples treated
for 0 h and 72 h for G lignin and S lignin, 150% and 190% respectively. This trend was
supported by the lignin ion images (Figure 46 a,c,e) where the pixels representing the lignin
ions were scaled green and overlaid on the red total ion image. It is clear that for the 72
and 288 h samples (Figure 46 c,e), there is an increase in lignin ions within the middle
lamellas and the cell corners of the plant cell wall. The increase in lignin can be attributed
to the removal of other chemical components (hemicellulose and cellulose) allowing more

lignin ions to be measured at the surface.
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Figure 45. Normalized ion intensities for the surface components (cellulose, G and S-
lignin) by ToF-SIMS for a) uninoculated controls for O h (red), 72 h (blue) and 288 h
(green) And b) poplar cross-sections after growth with C. bescii for O h (red), 72 h (blue)
and 288 h (green).
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Figure 46. ToF-SIMS images of poplar cross-sections incubated with C. bescii in LOD
medium at 75°C for a-b) 0 h, c-d) 72 h, and e-f) 288 h. The left column (a,c,e) show the
lignin ions image (green) overlaid on the total ion image (red). The right column (b,d,f) is
the cellulose ion image. Scale bar = 20 um.
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While the cellulose ion counts appear to remain relatively level over time (Figure 45 b),
there was actually a decrease of 27% from 0 h to 288 h. This was supported with the ToF-
SIMS images (Figure 46 b,d,f), where a decrease in cellulose ion intensity (brightness)
occurs. In order to take into account the potential hemicellulose removal in addition to the
cellulose, a more extensive analysis occurred to determine the sum of the polysaccharide
(PS) and lignin (L) peaks.'® The normalized ion intensities of approximately 30 ToF-SIMS
peaks from each location were used to calculate the average polysaccharide peak fraction
(PS/(PS+L)),'®* seen in Figure 47. There was a 41% and 48% difference in PS/(PS+L) from
0 h to 72h and 0 h to 288 h, respectively. The decrease in surface cellulose and
polysaccharide peak fraction together with the sharp increase in surface lignin indicates

that the microorganism is successfully removing both hemicellulose and cellulose.
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Figure 47. The average ToF-SIMS polysaccharide peak fraction (PS/(PS+L))'® for poplar
cross-sections incubated with C. bescii for 0 h, 72 h, and 288 h.
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6.4 Conclusion

In this chapter, surface characterization techniques were used to determine the impact C.
bescii has on the morphology and chemistry of poplar. Cell growth analysis determined
that C. bescii possesses two growth phases. Therefore, the samples that underwent further
analysis were at the end of the second growth phase (72 h) and at 288 h. Poplar cross-
sections (80 um thick) were also incubated in LOD medium at 75°C for 0, 72, or 288 h, but

without C. bescii.

SEM images revealed the formation of crevices within the cell walls of the C. bescii treated
samples. The lack of similar physical deformations in the uninoculated samples showed

that it was caused by the microorganism and not the temperature or medium.

Likewise, uninoculated controls proved that the temperature and medium did not alter the
chemistry of the biomass. ToF-SIMS analysis revealed a decrease in cellulose ions and
polysaccharide peak fractions as the incubation time increased, which indicates that C.
bescii and its enzymes are targeting cellulose and hemicelluloses. As polysaccharides are
removed from the surface, an increased amount of lignin becomes visible; this is seen in
the significant increase in G lignin and S lignin by 150% and 190%, respectively. ToF-
SIMS images reveal high concentrations of lignin within the middle lamella and the cell
corners. While the detection of more lignin on the surface signify that the microorganism
i1s removing hemicelluloses and cellulose, it could pose a problem by hindering further

access to the sugars by C. bescii.
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Overall, ToF-SIMS analysis provided additional insight into the consumption of untreated
biomass by C. bescii through the surface chemistry. The greatest surface chemistry changes
during the growth phases of C. bescii cells, as seen in the difference between
lignocellulosic ions at 0 h and 72 h. The microorganisms continue to degrade the biomass
after 72 h, but not in great quantities. This indicates that the microorganism is most active
and efficient while in its growth phases. It is possible that the increase of surface lignin
inhibits access to polysaccharides and could contribute to the lack of continued cell growth.
Similarly, Clostridium thermocellum ceases to hydrolyze lignocellulosic biomass despite
approximately 70% of glucose remaining in the residue. Surface characterization
techniques could provide a different perspective and determine if surface chemistry

contributes to microbial fermentation cessation.
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CHAPTER 7: MICROBIAL HYDROLYSIS OF POPULUS BIOMASS
IS LIMITED BY CELLULOSE AND LIGNIN COLOCALIZATION

AT THE PLANT CELL WALL SURFACE™

7.1 Introduction

Biorefinery valorization of lignocellulosic feedstock necessitates the deconstruction of
plant cell wall biopolymers into simpler soluble components via the biological conversion
platform. However, plant tissue presents an intrinsic resistance to deconstruction by
purified enzymatic mixtures®'® or by specialized cellulolytic microbes,** which is largely
due to the complex structure of the plant cell walls polymers, specifically cellulose and

211

other heteropolysaccharides along with polyphenolic lignin.” " While lignin has potential

to add value to a biorefinery, at present it complicates biochemical processes for

lignocellulosic biofuels.*

Undomesticated natural variants of Populus deltoides contain 16-28% w/w lignin, which
has been negatively correlated to the extraction of sugars from non-pretreated biomass."”’
Conversely, increased cellulose exposure to hydrolytic agents has consistently been
associated with improved solubilization. For example, mechanically cutting the biomass in
a particular way, like tangential to the annual ring, can disrupt cellulose crystallinity and

increase accessible surface area, leading to improved enzymatic hydrolysis.*"

““This manuscript was accepted for publication in Green Chemistry, 2017. It is entitled as
“Cellulose and Lignin Colocalization at the Plant Cell Wall Surface Limits Microbial Hydrolysis
of Populus Biomass.” Co-authors include Alexandru Dumitrache, Jace Natzke, Steven D. Brown,
Brian H. Davison and Arthur J. Ragauskas. Reproduced by permission of The Royal Society of
Chemistry.
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Clostridium thermocellum is a fast growing, anaerobic and thermophilic cellulolytic
bacterium capable of growth on recalcitrant lignocellulosic material.®® This well
characterized biomass-hydrolyzing organism secretes a wide range of cell-bound and free
glycoside hydrolases with an estimated 70 types of cellulosomal and 27 non-cellulosomal
enzymes.'"" ?'* Extracellular hydrolysis of biomass polysaccharides yields oligomeric
hexose and pentose sugars, with the former utilized for energy and growth in anaerobic
fermentation. The bacterium is known for efficient hydrolysis of crystalline cellulose to

92,215

near-completion, and 1s capable of solubilizing 90% of xylan in dilute acid pretreated

106

corn stover. = Although it is a robust cellulolytic microbe that commonly exceeds the

performance of commercial fungal cellulase mixtures, it struggles to depolymerize the
100

complex lignocellulose in the plant cell wall of typical energy grasses'®” and hard woods

without significant pretreatment of the feedstock.'®

To realize the potential of feedstock bioconversion without costly or complex pre-
treatments and to understand the major bottlenecks in lignocellulose solubilization, the
cessation of microbial hydrolysis of juvenile poplar tissue by C. thermocellum and by cell-
free microbial cellulase extracts, in the absence of known soluble inhibitors, was
investigated. The changes in the colocalization and the relative proportion of lignin and
cellulose on the surface of plant tissue was hypothesized to lead to the premature cessation
of hydrolytic activity. To test this, 60 um thick C. thermocellum hydrolyzed Populus
sections were compared to non-hydrolyzed controls using quantitative fluorescence
analysis in confocal laser scanning microscopy (CLSM) and surface chemical analysis in

time-of-flight secondary ion mass spectrometry (TOF-SIMS).
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7.2  Experimental Section

7.2.1 Biomass Substrate and Extraction

Populus deltoides were grown and harvested at ORNL, as described in Chapter 4 (4.1.2
Biomass Substrate). Populus stems (~4 cm length, ~2 cm diameter) were sectioned to 60
um thick slices using a LEICA CM 1850 cryostat with an acetone-wiped disposable steel
blade, as recounted in 4.1.2.2 Cryotome Sectioned Poplar Stems. Populus sections
underwent Soxhlet extraction overnight with dichloromethane to remove the extractives in

the lignocellulosic biomass (further details found in section 4.2.1 Soxhlet Extraction).

7.2.2 C. thermocellum Fermentation

The fermentation of extractive-free poplar cross-sections by freshly grown Clostridium
thermocellum (ATCC 27405) in anaerobic prepared MTC media is described in Chapter
4 (4.2.4 Clostridium thermocellum Fermentation). Note the poplar discs are the only
carbohydrate sources in the MTC media for the batch microbial reactions. The analysis of
the liquid supernatant aliquots (detailed in section 4.3.3 Fermentation Products of C.
thermocellum) tested for ethanol, acetic acid, formic acid, lactic acid, cellobiose, glucose,
and xylose. Soluble sugars were not detectable in the incubated culture medium and only

acetic acid and ethanol were produced by fermentation at above threshold concentrations.
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7.2.3  Chemical Compositional Analysis

Average carbohydrate content of raw, control and fermented poplar biomass was

1
87 and

determined using triplicates and processes adapted from NREL/TP-510-42618
NREL/TP-510-42623"% using a HPLC, as described in Chapter 4 (4.3.1 Chemical
Compositional Analysis). Sugar degradation products (furfural and 5-hydroxymethyl

furfural) were also quantified against known standards to ensure optimal acid solubilization

with only trace amounts of degradative products detected.

7.2.4  Confocal Laser Scanning Microscopy

Control and fermented poplar samples were washed and rinsed three times in sterile saline
solution. The cellulose in six controls and six fermented poplar cross-sections (randomly
selected from biological replicate bottles) were fluorescently label and analyzed using a
Zeiss LSM 710. Volume 3D images were reconstructed in Zen Black 2.1 and quantitative
fluorescence and colocalization imaging was acquired and extracted using ImagelJ in the

1 .
138 coefficients were calculate

Fiji distribution package. The Pearson’s r'*° and Manders
and the colocalization across plant cell walls and average fluorescence intensity were

determined for the control and fermented samples. Processes were described in detailed in

Chapter 4 (4.3.4 Confocal Laser Scanning Microscopy).
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7.2.5 ToF-SIMS Analysis

A Bi3*" primary ion beam from a TOF-SIMS V instrument was randomly rastered across
the Populus cross-sections and the ejected secondary ions analyzed in positive mode to
produce a spectrum or an image, as described in Chapter 4 (4.3.7 ToF-SIMS Analysis). A
total of 7 different locations on 2 control and 2 fermented cross-sections were analyzed and
the normalized ion intensities for cellulose, S lignin, G lignin, and 25 additional ion peaks
associated with polysaccharides and lignin (Table 18, peaks without protein fragment
interference). The polysaccharide and lignin peak fractions are referred to as sugar and

lignin normalized ion count fractions, respectively.

7.2.6 Enzymatic Hydrolysis

Biomass residues of fermented and control poplar were washed four times in sterile buffer
(ph = 7.4) made of 50 mM Tris, 100 mM NaCl and 5 mM CaCl,, in order to remove
microbes and their enzymes from the surface - the absence of attached microbes in washed
biomass was later verified by scanning electron microscopy. Enzymatic hydrolysis of the
washed control and fermented poplar occurred with C. thermocellum cellulase
exoproteome at 60 °C for 96 h, as described in Chapter 4 (4.2.5 Enzymatic Hydrolysis). To
account for the potential presence of oligomeric sugar hydrolysates, aliquots of the
hydrolysis supernatant were also acid-hydrolyzed with 4% H>SO4 for 1 h at 120 °C then
neutralized to pH ~2.1 with 50% w/w NaOH. Resulting monosaccharides were quantified

by HPLC in triplicates (7.2.3 Chemical Compositional Analysis). No significant increase
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in total glucose was detected with this extra acid-hydrolysis of solutes; however, additional

xylose was detected from supernatant xylooligomers and was reported accordingly.

7.3 Results

During growth on crystalline cellulose, C. thermocellum performs near-complete (95%)
solubilization of typical 5 g/L Avicel loadings,” and similarly achieved 93% solubilization
of industrially-relevant concentrations of 100 g/L Avicel.”"> However, due in part to its
inability to deconstruct the lignin in biomass it performs only partial hydrolysis of raw

lignocellulosic feedstock.

Partial hydrolytic activity of raw lignocellulose is common among cellulolytic microbes
investigated for biorefinery applications, and microbial hydrolysis compares favorably
with the performance of purified commercial fungal enzymes. Although the basis for
limited hydrolysis is not fully elucidated, and while the causality may be situational,
distinct general justifications have been demonstrated. Firstly, cellulases are inhibited by

210217 and potentially by lignin-derived phenolic acids (e.g. gallic,

sugar hydrolysates
vanillic, etc.).”'® Contraction of hydrolytic activity may also be linked to the inhibition of
microbial metabolism by biomass degradation products — carboxylic acids, heterocyclic
aldehydes and phenolic derivatives.”"® C. thermocellum can solubilize xylan to pentoses,
which have recently been shown to accumulate intracellularly and inhibit growth and end-

product formation in defined media®*’

and to accumulate intracellularly in switchgrass
fermentations.”' Secondly, lignin in biomass provides sites for non-specific and non-

productive binding of glycoside hydrolases which restricts access to the cell wall sugars
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and leads to loss of activity.”** Lastly, cellulases encounter a physical, mechanical barrier
to carbohydrate accessibility. In this quantitative study, microbial inhibition was separated
from enzymatic inhibition though our use of controls and sequential treatments. The latter
two constraints to hydrolysis are intrinsic to the properties of ordinary biomass, namely the

synthesis of lignin in the plant cell wall structure.

This study utilizes juvenile Populus deltoides stems sectioned in uniform slices of 60 um
thickness (raw poplar) to understand how biomass recalcitrance contributes to the limited
hydrolysis by C. thermocellum. This was accomplished by incubating extractive-free
poplar at 60 °C for 92 h with either microbe-free sterile media (control poplar) or with
biomass-fermenting Clostridium thermocellum 27405 cells (fermented poplar), and
analyzing the residual biomass of these two treatments for content and structure. Here,
extractive-free biomass is used to represent non-pretreated poplar. Since biomass
extractives and ash — as non-structural elements — make up less than 5% of the dry weight
content;’ their removal produced only a small increase in the relative proportion of
carbohydrates in control biomass, as seen in the carbohydrate content of non-extracted raw

tissue compared to the extractive-free control poplar (Table 22).
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Table 22. Relative polysaccharide content in sectioned poplar biomass.

Glucan Xylan Galactan Arabinan Mannan

Raw poplar (%) 429 (x1.4) 133 (=0.8) 2.4 (£0.1) 0.7(£0.0) 1.7 (£0.0)
Control poplar (%) 45.5(x0.9) 14.1 (+x0.4) 2.3(x0.2) 0.6 (£0.1) 1.9 (%£0.0)

Fermented poplar (%) 39.5 (x1.1) 16.5(x0.4) 2.3 (02) 0.7(x0.1) 1.5(=0.1)

Sugars in %, g/g biomass (+ standard deviation) in the initial unprocessed biomass (raw poplar) and in
the extractive-free biomass incubated in buffered growth-medium without microbes (control poplar)
and with Clostridium thermocellum (fermented poplar) for 92 h at 60°C. Fermentations and quantitative
analysis of sugar content performed in triplicate biological replication.

7.3.1 Wet Chemical Analysis

As a result of its intrinsic recalcitrant nature of lignocellulose, microbial hydrolysis and
fermentation of extractive-free poplar produced only a modest (p < 0.05) reduction in the
relative glucan content of the residual fermented tissue (Table 22), which indicates that the
residual poplar tissue still retained most of its bulk chemical composition. Compared to
control poplar, microbial hydrolysis solubilized 17% (w/w) of the total solids (on a dry
weight basis), the majority (83%) of which was glucan. Literature has reported 20% total
solids solubilization of non-pretreated poplar'® — with an estimated 35% glucan and 25%
xylan hydrolysis. The predominant removal of glucan in this study owed in part to the
preservation of the plant cell wall structure during cryotome sectioning, which exposed
polysaccharide-rich regions in the S2 and S3 layers (lumen side) of secondary cell walls

(Figure 48)."%2%
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Table 23. Microbial solubilization of polysaccharides in extractive-free Populus after
incubation for 92 h at 60°C.

Control Biomass Fermented Percent Reduction
(mg) Biomass (mg)
Total Glucose 152.9 110.1 28.0%
Total Xylose 48.3 47.2 2.4%
Total Galactose 7.6 6.3 17.8%
Total Arabinose 2.2 2.0 7.5%
Total Mannose 6.3 4.3 32.5%
Total Six Carbon 166.9 120.7 27.7%
Total Five Carbon 50.5 49.2 2.7%
Total Sugars 217.4 169.8 21.9%

Total sugars (mg, monomeric equivalent) in biomass incubated with Clostridium thermocellum
(fermented biomass) compared to biomass incubated in sterile culture media (control biomass).

Overall, the limited hydrolysis removed 22% of the total sugar equivalents supplied in the
lignocellulosic material, with predominant consumption of six-carbon sugars (glucose,
galactose, and mannose) and to a lesser degree of five-carbon sugars (Table 23). We note
that glucan and mannan recorded the similar percent reduction, which may be related to

the closer association between these polysaccharides in the secondary cell wall.

134



Figure 48. Confocal laser scanning micrographs of control (A) and fermented biomass (B)
of cross-sectioned Populus deltoides showed the post-fermentation reduction of cellulose
signal (yellow) in secondary cell walls, which revealed undigested lignin (blue). Cellulose
labeled with Direct Red 23 (formerly, Pontamine Fast Scarlet 4B), lignin was
autofluorescent.
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Microbial utilization of solubilized glucan yielded detectable fermentation products in
typical amounts and ratios (Figure 49) with ethanol calculated at 38% of the maximum
theoretical yield (on a soluble glucan basis) —a typical value for wild-type strains in optimal
growth conditions.”” Soluble sugars were not detected and did not accumulate in the
fermentation supernatant between the slowdown in fermentation output (48 h) and the end-
point measurement (92 h), indicating non-inhibited microbial metabolism, which was not
decoupled from hydrolysis. The bioconversion slowdown was therefore due to a hydrolytic

bottleneck.
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Figure 49. Fermentation product yields. Microbial fermentation of extractive-free Populus
incubated with C. thermocellum for 92 h at 60 °C yielded ethanol and acetate at a ratio
typical of the bacterium wild-type phenotype. Small amounts of biomass-derived acetate
were measured for control poplar sections incubated with sterile medium. Biological
replication n = 3; error bars represent one standard deviation.
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In a previous study,'” metabolic inhibitors towards C. thermocellum were not detected
when grown on non-pretreated Populus at similar or higher loadings to the current analysis
and our fermentative performance further indicated unrestricted metabolism. While the
initial observations of biomass solubilization (Table 23) and microbial fermentation yields
(Figure 49) indicated a productive microbial metabolism and otherwise normal growth
pattern, the possibility of a solubilization bottleneck due to a stalled cellular metabolism or
an enzymatic inhibition was tested. To that end, fermented and control biomass was
recovered and cleaned of cells and cellulases by gentle repeated washing with sterile saline
solution. The washed biomass was then incubated for four days at 60°C with the purified
(cell-free) cellulase exoproteome of C. thermocellum at 20 mg protein/g biomass and
commercial Aspergillus niger f-glucosidase to test whether hydrolysis resumes equally
unobstructed in both the previously fermented and the control feedstock. Cellulase
inhibition by soluble components was invalidated by the results of Figure 50, where
hydrolytic activity on washed residual biomass could not be significantly restored with
cell-free cellulase preparations although the biomass still retained 72% of the original

glucan content when compared to the control sample.
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Figure 50. Sugar release from further hydrolysis of the control and fermented Populus
biomass with purified, cell-free extracts of C. thermocellum cellulases. The a-priori
microbially-fermented biomass with reduced surface cellulose and higher surface lignin
yielded significantly lower sugars from further enzymatic hydrolysis compared to control
biomass that was not “depleted” by microbes. Biological replication n = 5; error bars
represent one standard deviation.

7.3.2  Colocalization of Lignin and Surface Characterization

Colocalization of lignin and cellulose by CLMS along with spatial mapping and ion counts
by ToF-SIMS of the control and fermented poplar tissues were used to determine if the
biopolymer network in the cell wall structure contribute to the limited hydrolysis. Both
samples were washed and exposed to Direct Red 23 (DR23, formerly Pontamine Fast
Scarlet 4B), a dye with high selectivity for B-1,4 linked polysaccharides and highly
fluorescent upon cellulose binding, while significantly less fluorescent when bound to

132, 134

xyloglucan. In confocal laser scanning microscopy, DR23 emission was captured in
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the 550-625 nm visible spectral band under A.x.= 488 nm excitation. Lignin in plant tissue
samples was visualized by autofluoresence under A= 405 nm excitation in the 410-480
nm emission band. In the experimental conditions selected, lignin and cellulose-bound
DR23 fluorescent signals were independent and not cross-interfering. This was confirmed
in spectral scans by the absence of cross-channel talk between the two, 1.e., at Aexe= 405 nm
lignin had no significant emission above 550 nm, and at A= 488 nm no lignin

autofluorescence was detected which is supported by existing literature.'*> '**

Table 24. Colocalization coefficients of lignin and cellulose in control and fermented
poplar.

Control Pearson's ~ Manders split | Fermented =~ Pearson's Manders split
poplar  correlation,r  coefficient poplar correlation, r coefficient
1 0.28 0.80 1 0.27 0.84
2 0.07 0.55 2 0.51 0.94
3 0.24 0.76 3 0.50 0.95
4 0.00 0.47 4 0.54 0.96
5 0.14 0.57 5 0.56 0.96
6 0.36 0.85 6 0.39 0.87
Avg 0.18 0.67 Avg 0.46 0.92

Pearson's r coefficient represents the intensity correlation of colocalizing pixels; Manders split
coefficient represents the fraction of cellulose-DR23 signal that had an overlapped lignin signal.
Measurements made in z-stacks (of five frames) from images of the randomly sampled poplar
presented in Figure 48.
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In the cross-sections, control poplar displayed glucan-rich (yellow) secondary cell walls
with lignin-rich (blue) middle lamella between and at the corner of adjacent cells (Figure
48 A). In several of the examples provided, cellulose-rich G-layer formations may be
observed, a common feature of poplar under normal growth conditions.'” Fermented
poplar showed a visually discernible reduction in cellulose signal near the lumen and a
compensatory increase in lignin visibility across cells walls (Figure 48 B). This was
confirmed in quantitative fluorescence and colocalization analysis by a significant (p <
0.05) increase in the pixel intensity spatial correlation, i.e., the Pearson’s r coefficient,'*®

between lignin and cellulose-DR23 signals in the fermented poplar samples (Table 24).

The Manders split coefficients,'*® representative of the fraction of cellulose-DR23 signal
that had an overlapping lignin signal, significantly increased (p < 0.05) in fermented poplar
to near maximum values with an average 0.92 fractional overlap (Table 24). To better
visualize the lignin colocalization with cellulose through secondary cell walls and in
particular at the lumen surface, fluorescent intensities were also mapped across cell walls
(Figure 51) at 18 randomly selected positions (Figure 52). The localization axis of each
box (x-axis, in Figure 51) cut across three adjacent plant cells, and intersected cell walls

(from lumen to lumen, e.g., arrows) and middle lamellas at a perpendicular angle.
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Figure 51. Colocalization of cellulose and lignin in plant cell walls of control (left) and
fermented biomass (right). Colocalization measured across walls of adjacent plant cells
(from lumen to lumen — e.g., arrows) and each histogram box captures the transverse
sectioning of three cell wall regions. Control samples showed cellulose-rich regions on the
lumen side (i.e., at secondary cell wall surface) and strong lignin signal intensity in the
central region between adjacent cells (i.e., in the middle lamella). Post-fermentation,
cellulose and lignin signals were well colocalized with high intensity on the lumen side

(i.e., at cell wall surface).
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In control poplar, a strong lignin signal of the middle lamella was flanked on each side by
strong cellulose-DR23 fluorescence towards the lumen. Lignin was colocalized with
cellulose at low intensity. In fermented samples, lignin strongly colocalized with cellulose
signal throughout secondary cell walls up to the lumen side, indicative of increased

exposure of the lignin polymer and a decline in surface cellulose.

Quantitative fluorescence of spatially-resolved signals (i.e., averaged pixel intensities
normalized to total counts of pixels with a minimum threshold value, on an 8-bit scale) for
each detection channel (in n = 6 randomly captured CLSM scans for each treatment, Figure
52), showed little change in DR23 fluorescence (p = 0.07) and an estimated 23% increase
(p <0.05) in lignin autofluorescence (Figure 53). This indicated that cellulose was similarly
accessible after microbial hydrolysis to DR23 binding, within statistical error, which was
in line with previous reports that document relatively unchanged chemical bond
compositions in carbohydrates following enzymatic hydrolyses.”** The increased signal
visibility for the intrinsically autofluorescent lignin was caused by the removal of surface
carbohydrates which obstructed lignin emission, and therefore denotes a higher exposure

of superficial lignin.

Cell wall thickness (from lumen to lumen) was highly variable in each treatment (Figure
53); however, within the n = 18 randomly selected measurements, secondary cell wall
thinning due to cellulose removal was found within statistical significance (p < 0.05).

Variation in lignin signal location across the cell wall was minimal.
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Figure 52. Microtome sections of poplar analyzed for co-localization of cellulose and lignin
across cell walls (white lines). Control biomass (left side images) and fermented biomass
(right side images).
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Figure 53. Average fluorescence intensity of spatially-resolved cellulose and lignin signals
(left), as exemplified in Figure 48, showed the increased visibility of lignin
autofluorescence in post-fermentation samples due to surface cellulose removal (left); and
estimated localization of cellulose and lignin across the plant cell walls from lumen to
lumen (as shown in Figure 51) confirmed a significant thinning in cellulose presence and
the persistence of un-digestible lignin. Box plots of measurements in n = 6 (left) and n =
18 (right) independent and randomly selected samples, whiskers represent minimum and
maximum, vertical solid bars are the interquartile range and the horizontal markers are the
means.

Chemical imaging by ToF-SIMS quantifies and maps the distribution of surface chemical
species,'® which are detected and represented by their ion signatures. This was exemplified
as heat maps of representative ions normalized to the total ion counts (Figure 54), where
under visual inspection, cellulose detection decreased while S and G lignin increased post-
fermentation. Comparing fermented and control poplar tissue in a more quantitative
approach, of n = 7 randomly selected regions of poplar cross-sections, revealed an average
49% reduction of cellulose normalized ion counts, and 30% and 11% increase in S- and G-

lignin normalized counts, respectively, in the cell walls of microbially-hydrolyzed samples
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(Figure 55). An extended analysis of 30 ion signatures of polysaccharides and lignin
chemical species revealed the inversion of the relative proportions of the two groups, post-

fermentation (Figure 55).

CONTROL FERMENTED
|———20.00 pm |———20.00 ym

S-LIGNIN CELLULOSE

G-LIGNIN

Figure 54. Sample micrographs obtained by ToF-SIMS of control (left) and fermented
(right) biomass of Populus cross-sections showed the post-fermentation reduction in
surface cellulose and the compensatory increase in S and G lignin. The Tof-SIMS
technique quantifies and maps the presence of chemical species at sample surface.
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Figure 55. ToF-SIMS analysis of chemical species at the sample surface revealed a marked
decrease in surface cellulose and a compensatory increase in surface S and G lignins at the
end-point of microbial conversion (left); Sum of 30 ion count signatures of known
polysaccharide and lignin chemical species represented as normalized fraction showed the
inversion of their relative proportion post-fermentation (right). Data averaged across n =7
randomly selected samples. [on counts of each chemical species were normalized against
total sample ion counts.

The total ion signatures of surface lignin species (Figure 55) showed an increase in relative
proportion from 44% in control to 65% in fermented tissue. Limitation to hydrolysis
occurred when the surface cellulose decreased to approximately half of its initial value.
These are surprising novel observations of feedstock surface chemistry, which point to the
severity of lignin interfering with sugar accessibility. Even results from further hydrolyzed
microbially-processed biomass (Figure 50) confirmed an enzymatic bottleneck due to

changes in biomass properties demonstrated above.
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On the principle that increased lignin content in bulk tissue of milled poplar strongly
correlates with reduced enzymatic solubilization,"’ we further provide direct, quantitative
evidence that microbial hydrolysis was suspended by higher exposure of the lignin to the
feedstock surface after the initial limited removal of accessible carbohydrates. We
attempted cellulase adsorption measurements by BCA assay on fermented and control
biomass without success due to interferences from matrix components (e.g., reduced
sugars). Although we cannot comment whether enzyme binding was affected by higher
lignin exposure we have demonstrated nonetheless that cellulases were significantly less

productive.

7.4 Conclusion

In this chapter, the limited solubilization of Populus deltoides by the cellulolytic
thermophile Clostridium thermocellum in the absence of solute inhibitors was investigated.
Juvenile poplar cross-sections (60 pm thick) were fermented with and without C.
thermocellum. The limit hydrolysis of the microbially-processed biomass along with the
non-inhibiting fermentation supernatant confirms that the enzymatic bottleneck was not

caused by soluble inhibitory compounds.

The decrease in available surface cellulose post-fermentation was associated with the
increase in surface lignin and enzymatic inhibition of hydrolysis of non-pretreated poplar
which was determined using quantitative analysis CLSM fluorescence images and ToF-
SIMS. Compared to control samples, fermented poplar revealed that the hydrolysis of

carbohydrates in cell walls ceased prematurely as lignin presence increased at the surface.
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In quantitative fluorescence colocalization analysis by CLSM, the Manders’ coefficient of
fractional overlap between lignin and cellulose signals increased from an average of 0.67
to a near-maximum 0.92 in fermented tissue. Chemical imaging by ToF-SIMS revealed a
49% decline in surface cellulose and a compensatory 30% and 11% increase in surface S-
and G- lignin, respectively. Although 72% of the initial glucan was still present in the
lignocellulose matrix of this feedstock, subsequent treatments with cell-free purified
cellulases did not significantly restore hydrolysis. This confirmed that biomass surfaces

had become non-productive for the C. thermocellum hydrolytic exoproteome.

Therefore, microbial hydrolysis of raw woody feedstock was arrested prematurely by a
critical shift in the ratio of carbohydrates and lignin at the biomass surface whereby the
internal bulk regions of the plant tissue may retain relatively unaltered chemical
composition. This study revealed how biomass recalcitrance can inhibit microbial
fermentation and that C. thermocellum can be sensitive to the chemical changes occurring
on the biomass surface. Surface characterization provides a new way to study plant tissue

properties that impact biological solubilization.
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CHAPTER 8: CONCLUSION

Lignocellulosic biomass is a valuable feedstock for biofuel production that can reduce the
amount of fossil fuel-based transportation fuel consumed. The challenge of utilizing
lignocellulosic biomass lies in understanding and overcoming its natural recalcitrance.
Most research studies employ chemical and/or biological processes to reduce the
recalcitrance and characterize the biomass residue with bulk chemical analysis methods to
determine the changes that occurred. These analytical tools can provide important
information about the biomass recalcitrance and the treatment process, but they do not
allow for spatial distribution of key chemical components on the surface of the biomass
residue. The chemical ions from the surface and their location within the cell wall can
provide insightful information that is not available through more traditional analysis

methods.

One goal of this thesis was to demonstrate the advantages of surface characterization during
biomass utilization studies, including microbial fermentations, and to determine how
surface chemistry and selected microorganisms impact each other. A comprehensive study
occurred comparing ToF-SIMS surface analysis with traditional bulk chemical analyses of
ammonia and organosolv pretreated poplar. While the ToF-SIMS polysaccharide and
lignin content did not correlate well with the bulk data, both the surface and bulk cellulose
possessed a similar trend (untreated < ammonia-treated < organosolv-treated). The samples
with greater surface cellulose content resulted in higher glucose release during enzymatic
hydrolysis. There was also a positive correlation between the lignin S/G ratio from ToF-

SIMS and NMR. In this case, ToF-SIMS analysis was revealed to be a good predictor of
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ordering samples from lowest to highest cellulose content, lignin S/G ratio, and glucose
release. While the polysaccharide and lignin content on the surface differed from the bulk
chemistry, this indicates that chemical changes due to pretreatments could be more severe

on the surface than within the bulk tissue.

Not only can surface characterization be applied to pretreatment studies, but it is capable
of providing insight into the workings of potential CBP microorganisms on lignocellulosic
biomass. Interestingly, C. bescii possess two growth phases on untreated poplar. Previous
C. bescii studies focused on the initial growth phase up to 24 h on untreated biomass;
therefore, the impact C. bescii has on the physical structure and chemistry of poplar cross-
sections after the second growth phase was evaluated primarily by SEM and ToF-SIMS.
SEM analysis of uninoculated control and C. bescii treated samples revealed the
microorganism disrupts the plant cell wall by forming crevices and continues this
destruction well after the end of the second growth phase. C. bescii does appear to be
targeting polysaccharides on the surface allowing for an increase in detectable lignin. This
increase of lignin can inhibit cellulose and hemicellulose accessibility and possibly impact
the cell growth and/or activity, as seen in the minor surface chemistry changes between
samples incubated for 72 h and 288 h. C. thermocellum partially hydrolyzed untreated
poplar; microbial hydrolysis ceased despite 72% of initial bulk glucan remaining in the

sample and 50% of cellulose ions detected on the sample surface.

Another objective was to determine the impact surface chemistry has on enzymatic
hydrolysis and microbial fermentations. With pretreated poplar, low lignin content, high
cellulose content, and high lignin S/G ratio on the surface improved enzymatic hydrolysis.

The limited hydrolysis of C. thermocellum is a great concern for developing efficient CBP

150



procedures with this microorganism. CLSM and ToF-SIMS were used to investigate how
the surface chemistry of poplar might be impacting the efficiency of the microorganism.
As expected, cellulose and polysaccharide content decreased on the surface of the
fermented samples, while lignin content increased. Product yield and enzymatic hydrolysis
failed to reveal any production of metabolic inhibitors or that any solubilized biomass
components were hindering the microorganism. It was finally determined that the increase
of surface lignin on the poplar along with the decrease of surface polysaccharides were
contributing factors towards the hydrolysis cessation. At this time, efficient biomass
conversion strategies will require the incorporation of a depolymerization step in order to

utilize more of the biomass sugars.

In conclusion, biomass recalcitrance is a major barrier towards cost and time efficient
biofuel production from lignocellulosic biomass. Surface characterization provides an
important, but different point of view towards understanding the changes occurring to
biomass chemistry during a chemical or microbial treatment. This type of characterization
technique can provide additional information about the biomass that cannot be detected
through bulk characterization methods. Instruments, like the ToF-SIMS, can greatly assist
in advancing microbial research towards identifying or engineering an efficient CBP

microorganism that produces large quantities of bioethanol from biomass.
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CHAPTER 9: RECOMMENDATIONS FOR FUTURE WORK

The surface analytical characterization techniques discussed in this dissertation have
greatly contributed toward obtaining comprehensive understanding of chemical
pretreatments (ammonia and organosolv) and microbial treatments (C. bescii and C.
thermocellum). The spatial mapping of lignocellulosic ions and corresponding ion counts
via ToF-SIMS can provide additional insight into biomass utilization studies. There are
several additional projects worth pursuing in order to improve our understanding of the

impact pretreatments and bioconversions have on the biomass surface chemistry.

As addressed in Chapter 3, extractives are typically removed from a biomass sample prior

to ToF-SIMS analysis. While some ToF-SIMS studies have analyzed biomass

: 1 1
extractives, ~* 17

extractives have been shown to mask the detection of cellulose and lignin
secondary ions.'”* Specifically, low molecular weight ion peaks ( < 200 Da) of saturated
hydrocarbons are characteristic not only of fatty acids, but lignin aromatic hydrocarbons."*®
Different polarity solvents solubilize different compounds; for example, dichloromethane
is a medium polarity solvent capable of removing intermediate polarity compounds, like
some alkaloids and flavonoids.**® The higher polarity solvents, like acetone, ethanol, and

22 . : . .
water,”” might remove more extractives, but they can cause structural changes to lignin,

hemicellulose, and cellulose. Various extractive techniques have been used in ToF-SIMS

10, 159 12, 183

studies, including acetone, dichloromethane, and a combination of water,

158, 172

ethanol, and acetone or toluene. Developing a standard extraction technique for

lignocellulosic biomass for ToF-SIMS analysis is needed.

152



Lignin S/G ratio on the surface and in the bulk material of ammonia and organosolv
pretreated poplar revealed a positive correlation between ToF-SIMS and NMR analysis
(Chapter 5). Conducting a comprehensive pretreatment study should provide further
insight into the connection between the surface and the bulk lignin S/G ratio. For example,
determining the lignin S/G ratio via ToF-SIMS and NMR for LHW, DA, alkaline (NaOH),
and organosolv pretreated poplar at various severities, reaction times, and temperatures
should determine if ToF-SIMS can accurately predict the lignin S/G ratio in preliminary
studies. While the ToF-SIMS would not be capable of providing the same lignin S/G ratio

value as the other methods, it could rank the samples from least to greatest ratio.

Surface lignin can inhibit cellulose and hemicellulose accessibility, which could impact C.
bescii cell growth (Chapter 6). Implementing a two-step pretreatment and microbial study
should provide insight into the relationship between surface lignin and cell growth. An
alkaline or dilute acid pretreatment of a biomass at various severities or reaction conditions
should produce samples that retain different amounts of lignin. C. bescii cell growth would
be monitored during incubation with pretreated samples, and the surface lignin of

pretreated and pretreated + C. bescii samples should be analyzed by ToF-SIMS.

One difficulty with biomass utilization studies is the connection between the production of
laboratory samples and the large-scale industrial production. For example, industry will
never cut biomass to 60 pm thick sections or mill biomass to less than 0.42 mm. An
interesting study would be to ferment larger wood chips with C. thermocellum. ToF-SIMS
is capable of removing layers of the surface and could be used to determine a depth profile

of the lignocellulosic ions. This analysis could provide insight into how C. thermocellum
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penetrates the depth of the wood chip and its impact on the biomass chemistry further away

from the surface.
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