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Introduction

Lignocellulose is a potential sustainable feedstock
for the production of renewable biofuels and
bioproducts. Nature embeds cellulose microfibrils
within hemicelluloses and lignin, creating a robust
nano-scale structure that is resistant to insects,
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pathogens, and harsh environments. This resilient
lignocellulose  structure, in turn, thwarts
bioprocessing by preventing cellulolytic enzymes
access to the cellulosic substrates and the subse-
quent release of sugars. Thus, bioprocessing
requires a pretreatment process to disrupt the inti-
mately bound polymers in the lignocellulose
structure. However, pretreatment is one of the
more costly steps in the bioconversion of ligno-
cellulose. Typically, harsh pretreatment condi-
tions are used that degrade sugars, generate
inhibitors of enzymes and microbes, and con-
dense lignin by-products. Ionic liquids, one type
of cellulose solvent, partially dissolves lignocel-
lulose and enhances cellulose accessibility to
enzymes; these solvents enable efficient release
of glucose with moderate reaction conditions
(e.g., <160 C). In this chapter, we describe the
effect pretreatment by ionic liquids (and other
cellulose solvents) has on cellulose accessibility
to cellulases (CAC). Understanding CAC enables
us to measure the lignocellulose recalcitrance and
optimize the pretreatment conditions to maximize
sugar yield and other bioproducts for profitable
biorefineries.

Lignocellulose as New Petroleum
Supplement

The use of lignocellulose as a feedstock for fuels
and chemicals provides a sustainable strategy to
feed and fuel our society [1, 2]. Lignocellulose
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consists of three principal biopolymers: cellulose,
hemicelluloses, and lignin. Cellulose, the most
abundant polysaccharide, makes up ~30-50% of
lignocellulose, whereas hemicellulose and lignin
make up ~15-35% and 10-25% of lignocellulose,
respectively [3]. Cellulose and hemicelluloses are
good sources of C6 and C5 sugars, which are
useful for the production of biofuels and
bioproducts (Fig. 1). Lignin has good potential
as a substitute for petroleum-based compounds
in adhesives and as a renewable source of aro-
matic precursors, such as syringic acid,
p-coumaric acid, vanillin, benzene-toluene-
xylene, and ferulic acid. To feed and fuel our
growing society, we cannot afford to let any part
of the lignocellulose go unused. Hence, it is cru-
cial to develop integrated processes that use both
carbohydrates and lignin.

The biochemical pathway is commonly used in
upgrading  lignocellulose in the current
biorefinery scheme. The biochemical pathway
typically uses a combination of the pretreatment
processes, followed by biological conversion.

Pretreatment

Hydrolysis
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Thermochemical pathways such as pyrolysis and
gasification typically require high temperature,
pressure, and/or catalysts to produce products,
such as  5-hydroxymethylfurfural (HMF),
levulinic acid, succinic acid, y-valerolactone
(GVL), and 2,5-Furandicarboxylic acid.

Pretreatment Is a Key Step for Efficient
Enzymatic Saccharification of
Lignocellulose

The complex structure of lignocellulose makes it
resistant to enzymatic conversion [4]. As a result,
a pretreatment step is required for two major rea-
sons (Fig. 2). First, cellulase enzymes bind non-
specifically to the cellulosic (crystalline and
amorphous celluloses) and noncellulosic fractions
(hemicellulose and lignin) of lignocellulose. Cel-
lulase bound to crystalline cellulose has a much
lower hydrolysis rate and produces a lower yield
compared to amorphous cellulose [5-8]. More-
over, the presence of hemicellulose and/or lignin
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Fig. 1 Schematic of production of various bioproducts
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from lignocellulosic biomass. Note: 5-hydroxymethyl furfu-
ral (5-HMF), y-valerolactone (GVL), 2,5-furandicarboxylic
acid (FDCA), benzene-toluene-xylene (BTX)
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necessitates a higher cellulase dosage. Second,
cellulosic components are embedded in lignin,
preventing cellulose accessibility to cellulase
(CAC). As a result, most pretreatment technolo-
gies have the common goal of increasing cellulose
accessibility to cellulase to promote a high enzy-
matic saccharification rate/yield with minimal

enzyme loading. To increase the CAC,
researchers have developed various strategies,
targeting lignocellulosic components. Three

major pretreatment strategies include: (1) removal
of hemicelluloses to loosen the chemical structure
of lignocellulose [9], (2) lignin removal to unglue
the lignocellulosic structure, and
(3) decrystallization of crystalline cellulose to
improve the hydrolysis rate. Dilute acid, steam
explosion, and hot water pretreatments mainly
remove the hemicelluloses from lignocellulose.

Fig. 2 Classification of pretreatment methods by (1) pro-
cesses and (2) mode of actions

Organosolv and alkaline (Lime, ammonia fiber
expansion; AFEX, ammonia recycled percola-
tion; ARP) pretreatments aim to remove lignin,
the recalcitrant barrier that causes nonspecific
binding of cellulase.

Increasing Cellulose Accessibility to
Cellulase (CAC) Is More Important Than
Lignin Removal

Two major cell wall components, cellulose and
hemicelluloses, are the primary carbohydrate
sources for lignocellulose-based bioethanol pro-
duction by fermentation, whereas cell wall lignin
adversely impacts bioconversion [10, 11]. Lignin
binds tightly to hemicellulose and cellulose,
forming a recalcitrant matrix and creating
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physical and chemical barriers to enzymatic
hydrolysis. As a physical barrier, lignin blocks
the access of hydrolytic enzymes to cellulosic
substrates. As a chemical barrier, lignin binds
nonspecifically to enzymes by hydrophobic, elec-
trostatic, and hydrogen-bonding interactions,
inhibiting the activities of hydrolytic and fermen-
tation enzymes during bioconversion [12-
16]. Hence, to facilitate enzymatic hydrolysis,
numerous strategies have been developed that
use chemical and genetic tools, such as
delignification of lignocellulose and genetic mod-
ification of plants, to reduce lignin content
[17, 18].

Rollin et al. showed that untreated switchgrass
has a low CAC value of <0.5 m*g biomass,
resulting in a low hydrolysis rate and yield
(Fig. 3) [19]. Lignin removal by Soaking in Aque-
ous Ammonia (SAA) causes a 1.4-fold increase in
CAC (from 0.49 to 0.68 m?/g biomass). Pre-
treatment with concentrated H3PO, as a cellulose
solvent causes a 16-fold increase in CAC (from
0.49 to 8.00 m?/g biomass), resulting in >90%
hydrolysis yield within 10 h at a low enzyme
loading of 3 FPU/g glucan. These results suggest
that increasing CAC is more important than lignin
removal.

Enhancing Cellulose
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Cellulose solvents constitute a promising pre-
treatment approach to increase CAC and enhance
the saccharification of cellulosic biomass. Sol-
vents, such as ionic liquids, concentrated acids
(H,SO, and H3PO,), deep eutectic solvents,
N-methylmorpholine N-oxide (NMMO), and
metal amine complexes, can (partially) dissolve
cellulose. Hossain et al. reported that cellulose
solvent-based pretreatment with concentrated
H3PO, caused a 38-fold increase in CAC of soft-
woods (from 0.4 to 15.0 m?/g biomass),
resulting in a high hydrolysis yield (>80%)
(Fig. 4) [20]. These solvents disrupt intra-/inter-
molecular hydrogen bonding within cellulose.
Upon regeneration in solvents and/or water, the
cellulose becomes amorphous [21-23]. Amor-
phous cellulose has a higher CAC compared
with crystalline cellulose, resulting in a high enzy-
matic hydrolysis rate [24]. Table 1 summarizes the
effects of pretreatment methods on the chemical
composition and structure of cellulose.

% Glucan Digestibility

<5

<0

CAC (m?/g cellulose)
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Fig. 4 Correlation of cellulose accessibility to cellulase
(CAC) and glucan digestibility in various pretreatment
methods [20]
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Cellulose Solvent-Based Pretreatment
Enhances Cellulose Accessibility to
Cellulase

Unlike other cellulose solvents, ionic liquids (ILs)
have cations and anions that are important in
disrupting intra- and inter-molecular hydrogen
bonding of crystalline cellulose to form amor-
phous cellulose [22, 26, 27]. Table 2 summarizes
pretreatment of lignocellulose with various ionic
liquids. Amorphous cellulose has a high CAC,
making it more susceptible to enzymatic and
acid hydrolysis [28]. Moreover, ionic liquids can
serve as reaction media for the conversion of
dissolved cellulose to value-added products
(e.g., 5S-HMF, furfural, and levulinic acid) in
one-pot with acid catalysts [29-31] or enzymes/
microbes [32]. This one-pot approach eliminates
the costly separation of sugars.

Pretreatment with cellulose solvents, particu-
larly ionic liquids and concentrated H3POy,

Table 1 Effect of various pretreatments on the chemical
composition and structure of lignocellulose [25] with per-

lose Accessibility and Glucan Digestibility, mission from Elsevier

Increases accessible Decrystallizes Removes Removes | Alters lignin
Pretreatment surface area cellulose hemicellulose lignin structure
Ionic liquids/deep . . * * *
eutectic solvents
Concentrated H3;PO4 ¢ . ¢ * *
Uncatalyzed steam * * *
explosion
Liquid hot water ND . *
pH-controlled hot ND * ND
water
Flow-through liquid ¢ ND * * *
hot water
Dilute acid ¢ ¢ *
Flow-through acid . + * .
AFEX ¢ ¢ * ¢ ¢
ARP . . * . .
Lime . ND * * *

¢ = major effect, * = minor effect and ND = not determined.
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lose Accessibility and Glucan Digestibility,
Fig.5 Cellulose solvent-based pretreatments (ionic liquid
and H3PO,) are feedstock-agnostic [20]. Note: For ionic
liquid pretreatment, enzyme loading (FPU/ g glucan) was

enhances cellulose accessibility to cellulase
(CAC) by breaking the highly ordered hydrogen
bonding of crystalline cellulose. Pretreated ligno-
cellulose samples (agricultural wastes, bioenergy
crops, and woody biomass) have a high glucan
digestibility (>70%) with a low amount of
enzyme (5 FPU/g glucan) (Fig. 5). The low
amount of costly enzymes required after cellulose
solvent-based pretreatments makes this process an
economical option in biorefineries.

Cellulose Accessibility to Cellulase
Assays: Principles, Applications, and
Limitations

The cellulose accessibility to cellulase parameter
(CAC) is an important lignocellulose characteris-
tic that affects its hydrolysis rate/yield. The ability
to measure the CAC is important to determine the

estimated by its activity (Filter paper unit, FPU) based on
glucan content in pretreated lignocellulose [33, 34] as
follows: bagasse = 30 [35], Comn stover = 22.2 [36],
Wheat straw = 11 [37], rice straw = 35 [38], switch-
grass = 31 [39], poplar = 8 [40], pine = 70 [41] and
Douglas fir = 14.8 [42]

choice of pretreatment, the pretreatment condi-
tions, and severity. Table 3 shows the advantages
and disadvantages of selected CAC measurement
techniques. Among these techniques, N, adsorp-
tion/desorption has been widely used to estimate
the CAC. However, the small size of N, causes the
overestimation of cellulose accessibility. This
chapter is not intended to provide a prescriptive
list of techniques to determine cellulose accessi-
bility. We will focus on the biomimicry technique
using a fusion protein that mimics the adsorption
of cellulase enzymes on cellulosic substrate.

Biomimicry of a Fusion Protein

Protein engineering holds great promise in devel-
oping new pharmaceutical compounds for medi-
cal applications, enhancing proteins for household
products, creating efficient enzymes for
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Enhancing Cellulose Accessibility to Cellulase by lonic Liquid Pretreatment: Interplay Between Cellulose
Accessibility and Glucan Digestibility, Table 3 Advantages and disadvantages of selected characterization tools for

cellulose accessibility measurement

Technique

N, adsorption/
desorption [54, 55]

Mercury porosimetry

[56, 57]

Solute Exclusion
(SE) [58-60]

NMR Cryoporometry
[61, 62]

Simon’s Stain [63—
66]

Biomimicry by a
fusion protein [23,

Advantage
Simple analysis

Application to samples with a wide range of pore
widths,

Information of pore size, pore volume distribution,
specific area, tortuosity)

Simple analysis

Application on wet or dry samples

Application on wet samples
Recovery of samples because it is a nondestructive
technique

Application on wet samples

Short analysis time

Application on both interior and exterior surface
areas

Accurate representation of enzyme hydrolysis
because the fusion protein is similar in size to

Disadvantage

Time-consuming

Application on dry samples. Drying
process causes the collapse of pores
Small size of N, causes
overestimation of cellulose
accessibility

Application on dry samples Drying
process causes the collapse of pores
Inaccurate determination of pore
sizes

Nonspecific to cellulose

Inaccurate determination of absolute
pore size and volume distribution
Sensitivity to pore shape and osmotic
pressure

Temperature dependence limits
determination of pore size range
Expensive, long analysis time
requires special equipment
Sensitivity to pore shape and
tortuosity

Semi-quantitative

The complexity and time required to
express and prepare fusion protein

67, 68] cellulase

Accurate determination of cellulose accessibility to

cellulase

biorefineries, and in developing bioanalytical tools
for surface characterization [69, 70]. Hence,
researchers have exploited advances in protein
engineering to develop fusion proteins that mimic
the properties of cellulase enzymes. Hong et al.
developed a quantitative assay to determine CAC
with an engineered fusion protein that mimicked
cellulase adsorption [67]. The fusion protein,
referred to as TGC, contained thioredoxin (7),
Green Fluorescent Protein (GFP), and a family
3 cellulose-binding module (CBM3). The
~62 kDa TGC was similar in size to Trichoderma
reesei endo-glucanase 1. The CBM3 module in
TGC enabled TGC to adsorb on cellulose [67].
As a result, CAC determination by TGC adsorp-
tion is more accurate than conventional methods
[68]. The GFP moiety enables TGC to fluoresce
under UV excitation. TGC adsorption on the

surface of cellulose can be quantitatively mea-
sured by the Langmuir adsorption equation with
an assumption of monolayer adsorption. CAC
values can be calculated by the maximum binding
capacity of TGC on cellulose (m*/g cellulose) or
biomass, with the assumption that a molecule of
TGC can occupy approximately 21 molecules of
cellobiose lattice [71].

Unlike TGC adsorption on pure cellulose, the
lignin in lignocellulose can interfere with TGC
adsorption because the TGC CBM3 module can
bind nonspecifically to lignin. To circumvent this
problem, Zhu et al. used bovine serum albumin
(BSA) to block nonspecific binding of TGC to the
lignin fraction before TGC adsorption (Eq. 1)
(Fig. 6) [23]. The total substrate accessibility to
cellulase (TSAC) refers to TGC adsorption with-
out BSA blocking (Eq. 2).
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Fig. 6 Conceptual image
of a fusion protein (TGC)
adsorbs on lignocellulose
surface (a) Fluorescence
micrographs of
lignocellulose (b) without
BSA blocking and (c) with
BSA blocking [20]

GFP ?]_TGC
CBM
BSA‘

Amorphous Cellulose
Crystalline Cellulose

CAC = 00.A ax satae-Na-Aca (Eq.(1))
where o (21) is the number of cellobiose lattice
occupied by a molecule of TGC protein, Amax,
Bsa/TGe 1s the maximum cellulase adsorption
capacity (mole cellulase/ g cellulose) after BSA
blocking, N is Avogadro’s number (6.023  10*
molecules/mol), 4G, is the 110 area of cellobiose
lattice (0.53 1.04nm=5.512 10 "“m?[72].

TSAC = a.A max , TGC .NA.A(;z (Eq(2))
where Apax e 1s the maximum cellulase adsorp-
tion capacity (mole cellulase/g cellulose). Non-
cellulose accessibility (NCAC) can be determined
by the difference between TSAC and CAC
(Eq. 3) [20].

NCAC = TSAC CAC

(Eq.3)

We can engineer different families of CBM and
fluorescent probes to distinguish amorphous and
crystalline cellulose. Gao et al. engineered a
fusion protein (TCC) that contained thioredoxin
(T), amono-cherry fluorescent protein (CFP), and
a family 17 carbohydrate-binding module
(CBM17) [36]. With the CBM17, TCC could
bind only to amorphous cellulose, whereas TGC
containing the family 3 carbohydrate-binding
module (CBM3) binds nonspecifically to both

L e

amorphous and crystalline cellulose. By applying
TCC and TGC to cellulosic substrates, one can
distinguish amorphous cellulose from crystalline
cellulose. Numerous investigators have employed
this approach to measure the CAC of untreated
and pretreated lignocellulose. They showed that
cellulose solvents (ionic liquids and concentrated
H3PO,) disrupted the highly ordered crystalline
cellulose, causing an increase in CAC and high
hydrolysis yield/rates [73, 74]. This dual-fusion
protein approach enables more accurate determi-
nation of CAC compared with other methods,
such as N, adsorption/desorption, solute exclu-
sion, and Simons’ stain method [66]. Nevertheless,
this approach requires complex TGC fusion pro-
tein expression and purification.

Conclusions and Perspectives

Lignocellulose is a potential feedstock for produc-
tion of biofuels and bioproducts. Due to its phys-
ical recalcitrance, pretreatment is required to
enhance cellulose accessibility to cellulase. Ionic
liquids are promising compounds for lignocellu-
lose pretreatment. The synergistic effect between
cations and anions of an ionic liquid disrupts
hydrogen bonding among cellulose chains,
increasing cellulose accessibility to cellulase and
resulting in high sugar yield. Hence, ionic liquid
pretreatment may affect lignin’s chemical
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structure and its further upgradability. Although
ionic liquid pretreatment shows great promise in
lignocellulose conversion, several challenges
need to be addressed: (1) creating cost-effective
ionic liquids (or other cellulose solvents);
(2) increasing product titer to reduce product sep-
aration cost; (3) decreasing waste generated dur-
ing cellulose solvent pretreatment; (4) developing
spectroscopic tools to identify and quantify
changes in lignin’s chemical structure that could
affect its co-product utilization; (5) exploring new
chemistries for carbohydrates/sugar conversion in
ionic liquids to avoid costly separation steps;
(6) developing efficient approaches for cellulose
solvent recycling; and (7) developing techno-
economic analysis (TEA) models and life cycle
analyses (LCA) of ionic liquid pretreatment for
biorefineries.
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