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lonic liquids (ILs) are seen as a more sustainable alternative to volatile organic
solvents that are accelerating innovations in many industries such as energy
storage, separations, and bioprocessing. The ability to effectively deconstruct
lignocellulosic biomass is a significant hurdle in the biorefining/bioprocessing
industry and presents limitations towards the commercial production of
bioproducts (such as biofuels, biomaterials, etc.). Certain ILs have been shown
to promote effective lignin removal, cellulose recovery, and sugar yields from
various biomass feedstocks such as corn stover, wheat straw, sugarcane bagasse,
sorghum, switchgrass, miscanthus, poplar, pine, eucalyptus, and certain mixtures
of municipal solid waste. However, these improvements are often counteracted
by the limited biocompatibility of ILs, which results in an IL-induced reduction in
enzyme activity and stability—an important downstream step in the conversion of
biomass to biofuels/bioproducts. As a result, significant efforts have been made to
discover and engineer compatible enzyme-IL systems and to improve our
understanding on the effect that these ILs have on these systems. This review
seeks to examine the impact of ionic liquids on enzymes involved in lignocellulosic
biomass deconstruction, with a specific focus on their relevance in the context of
pretreatment. Beyond presenting an overview of the ionic liquid pretreatment
landscape, we outline the main factors that influence enzyme activity and stability
in the presence of ILs This data is consolidated and analyzed to apply this body of
knowledge towards new innovations that could lead to improvements in the
processing of biomass to biofuels and bioproducts.

KEYWORDS

enzymes, ionic liquids, biorefineries, cellulose, lignin, pretreament, lignocellulose,
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1 Introduction

Biofuels and bioproducts that are generated from lignocellulosic biomass offer numerous
advantages for creating low cost, low net-carbon emission fuels and bioproducts, which are
necessary to decarbonize our transportation industry and further a bio-based economy
(Bhutto et al., 2016; OECD, 2019). Lignocellulosic biomass sources encompasses a wide
range of plant-based materials such as agricultural residues (e.g., corn stover, sorghum
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GRAPHICAL ABSTRACT

stover, wheat straw), forestry residues, dedicated energy crops (e.g.,
switchgrass, miscanthus), and municipal solid waste (paper,
cardboard, food scraps) that are abundant, accessible, and in
some cases, advantageous to remove from their original
environments (Barcelos et al., 2021). Furthermore, lignocellulosic
biomass is renewable such that sustainably utilizing biomass as a
feedstock may mitigate concerns about resource scarcity and
dependence on non-renewable energy sources Adewuyi, 2022;
Yadav et al., 2023; Jeswani et al., 2020).

Unlike first generation biofuels, which are typically grown on
arable lands dedicated to food production, lignocellulosic biofuel
crops can be responsibly extracted from forests and natural
environments as well as cultivated from lands that are unsuitable
for food production. In turn, these approaches ensure that
lignocellulosic biofuel crops can be grown without encroaching
on valuable agricultural resources-allowing us to meet our energy
needs sustainably while maintaining food security. Another
significant advantage of lignocellulosic biomass lies in its
potential to minimize carbon emissions. When processed into
biofuels or bioproducts, lignocellulosic biomass offers a more
carbon-neutral relative to other fuel sources or even in some
cases, a  carbon-negative  profile.  Lignocellulosic-based
bioproduction pathways are also incredibly versatile. Not only
can these sources be converted to different fuels such as
bioethanol, biodiesel, and jet fuel, they can also be converted into
a variety of other products such as bioplastics, construction
materials, food additives, dyes, and a host of other biochemicals.
This versatility enhances the potential to meet our energy needs
from a variety of industrial sectors as well as facilitate the transition

to a bio-based economy.
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Bioproducts derived from lignocellulosic biomass depend on the
efficient chemical transformation of key biopolymers, namely,
cellulose, hemicellulose, and lignin into targeted intermediates
such as simple sugars and aromatics for their subsequent
bioconversion into bioproducts (Sorek et al, 2014). However,
lignocellulosic biomass tends to be highly recalcitrant and
therefore, requires highly efficient deconstruction processes
before downstream bioconversion can be achieved (Zoghlami and
Paés, 2019). Biomass pretreatment is a broad term for a process that
deconstructs lignocellulosic biomass such that it is more amenable
for downstream enzymatic hydrolysis and bioconversion (Li et al.,
2010). The pretreatment of lignocellulosic biomass is an important
preliminary step that could include lignin removal and/or
depolymerization, polysaccharide depolymerization or structural
modification along with minor chemical reactions and separation
processes with the overarching goal of enhancing the availability of
biopolymers to enzymes, the rate of enzymatic hydrolysis to produce
monomeric sugars, and improving the overall sugar yields.
Regardless of the process involved, pretreatment is usually, but
not always, done prior to the introduction of enzymes due to the
limited effectiveness of enzymes on raw/native biomass (Souza et al.,
2016; Sun et al., 2017a; Soltanian et al., 2020).

It is important to note that all of the pretreatment methods
discussed in Table 1, including ionic liquid pretreatment, do not
convert the majority of the cellulose to glucose or smaller oligomers.
ILs tend to make lignocellulose more accessible to further
depolymerization and in some cases separates the lignin from the
cellulose and hemicellulose. However, a depolymerization method is
still needed to refine the biomass. Of these depolymerization
methods, enzyme mediated depolymerization is gaining traction
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TABLE 1 Non-exhaustive list and descriptions of commonly used pretreatment methods for lignocellulosic biomass.

Separation Pretreatment Outcome Advantages Disadvantages References
type
Biological Biological Fungi, bacteria, and Various Simple equipment, Terribly slow rate of hydrolysis, Wan and Li (2012),
other organisms efficiently degrades low lignin degradation Zhao et al. (2012),
that digest biomass cellulose and Kainthola et al. (2021),
hemicellulose, low energy Norrrahim et al. (2021)
requirements
Chemical Dilute-Acid H,SO,, H;PO, and Hydrolysis of Removes >90% Requires expensive Shekiro et al. (2014),
other strong acids hemicellulose hemicellulose neutralization step, corrodes Sathendra et al. (2022)
equipment, creates biotoxic
compounds
Chemical Alkali NaOH, lime, Extraction of High delignification, Often requires expensive Sindhu et al. (2015),
Na,COj; and other lignin removal of inhibitory neutralization step, generates Kim et al. (2016)
alkaline compounds acids and furfurals, low irrecoverable salts, does not
temperature, and low- separate hexose and pentoses
pressure conditions
Chemical Organic Solvents Organic solvents Extraction of Hydrolyze lignin and Excessive cost of solvent, low Zhang et al. (2016)
such as ethanol and lignin hemicelluloses well, pentose recovery, solvent must
butanol recovery of high purity be recovered, creates biotoxic
cellulose compounds
Chemical Tonic Liquid Low melting point | Fractionation of High yields, fast Excessive cost of ILs, enzyme Liu et al. (2017),
solvent composed of polymers dissolution rates, can deactivation, difficult recovery Usmani et al. (2020)
large organic cation dissolve and recover
solvent and small lignin, tunable solvent
anion properties can be tailored
to biomass sources
Chemical Deep Eutectic A solvent composed | Removal of lignin | High lignin removal, low Enzyme deactivation, low Chen and Mu (2019),
Solvents of a hydrogen- and cost, can be tailored to cellulose dissolution Del Mar
bonding donor hemicellulose biomass sources, tunable Contreras-Gamez et al.
(HBD) and solvent properties (2023)
hydrogen-bonding
acceptor (HBA)
Physical Ultrasound/ Localized cavitation | Increase biomass | High solubilization, quick High equipment cost Bussemaker and Zhang
Microwave of structures surface area process times (2013), Xu (2015)
Physical Milling/Grinding ~ Physical processes | Increase biomass Simple to implement, High energy consumption, Sathendra et al. (2022)
to mechanical break surface area increases saccharification | does not remove lignin, time
down and cut fibers yields intensive
Physio-Chemical | Steam Explosion High-temperature Hydrolysis of Allows the use of coarse Furfural and Xia et al. (2020),
steam, sometimes hemicellulose, particles, does not require hydroxymethylfurfural Sathendra et al. (2022)
with added catalysts separation of biomass size production that requires
fibers conditioning, high yields, detoxification
high sugar concentration
Physio-Chemical CO, High-pressure CO, Hydrolysis of Low cost, neutralized by | Can increase the crystallinity of =~ Morais et al. (2015);
mixed with water hemicellulose returning to ambient cellulose Putrino et al. (2020)
pressure, high
hemicellulose hydrolysis
yields, high yields of
nonpolar components

as a viable commercial scale method (Birikh et al., 2022; Liu et al,,
2021; Dhawane et al., 2022; Climent Barba et al., 2022). A primary
advantage of using enzyme catalyzed processing of any material,

temperatures and atmospheric pressure, which can reduce energy
input costs (Yang et al, 2011; Haldar et al., 2016). Enzymatic
processes are also versatile among a variety of different biomass
including biomass is the lack of off target products. For instance,  feedstocks including low-value feedstocks that would otherwise be
discarded or underutilized (Bhardwaj et al., 2021; Liu and Qu, 2021;
Qiao et al., 2022). Finally, enzymes are reusable catalysts and are
biologically derived and generally environmentally friendly. Using

enzymes comes with some disadvantages, such as their expensive

Acid/base conversion of cellulose can produce unwanted side
products, such as hydroxymethylfurfural (Carvalheiro et al., 2008;
Binder and Raines, 2010). Additionally enzymes have the ability to
conduct reactions at speeds orders of magnitude without them and
sometimes faster than compared to traditional chemical or thermal = production. Additionally enzymes often operate under tight pH or
methods. Enzymatic processes are able to uphold these fast reaction ~ temperature windows, which could be incompatible with other

rates while operating under milder conditions, such as lower  processes and require adjustments at various points of the
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(A) Enzymatic biofuel production process chart highlighting mass balance of biopolymers (B) Comparison of “one-pot” and early separation ionic
liquid pretreatment methods. The yellow arrows depict the flow of ionic liquids through the process, and the black arrows depict the flow of biomass.

process (Abdulsattar et al., 2020). Also, despite being reusable, it can
sometimes be challenging to recover the enzymes in order to reuse
them (Jorgensen and Pinelo, 2017).

Figure 1A depicts a generalized process flow of lignocellulosic
biofuel production. First, raw biomass consisting mostly of cellulose,
hemicellulose and lignin is pretreated whereby a variety of different
physical and chemical methods can be employed to disrupt the
biomass structure to i) enhance the energy utilization efficiency of
the biomass and ii) increase the bioconversion rates. Pretreatment is
typically done prior to enzymatic hydrolysis because it can increase
the availability of biopolymers in forms that are convertible by
enzymes. Likewise, the conditions required in many pretreatment
methods are antagonistic to enzyme function. While the main
purpose of enzymatic hydrolysis in biofuel production is to
convert cellulose, hemicellulose, and sometimes lignin to
intermediary bioproducts that are digestible by organisms and
enzymes downstream, other valuable bioproducts can be
produced in tandem. Often the final bioconversion step will be to
create a biofuel (like ethanol or butanol) via microbial fermentation
but a plethora of other bioproduct production pathways have been
explored (@stby et al., 2020; van den Heuvel et al., 2001; Costa et al.,
2020).

At present, there exists a variety of different pretreatment
methods that utilize mechanical separation (e.g., grinding,
milling, sonication), chemical reactions (e.g., addition of acids/
bases, oxidizing agents, ionic liquids, organics solvents, etc.),
methods (e.g.

and biological ~decomposition.

physicochemical steam explosion,

hydrothermolysis) A non-
exhaustive list of common pretreatment methods is shown in
Table 1. Each method has distinct advantages and disadvantages
with regards to process time, energy input, efficacy of removing

lignin and depolymerizing polysaccharides amongst other factors.

Frontiers in Energy Research

These factors, discussed briefly in Table 1, play a critical role in
selecting the most suitable pretreatment approach based on the
specific requirements and characteristics of the biomass feedstock, as
well as the desired outcomes of the subsequent conversion processes.
More comprehensive discussion on the relative advantages and
disadvantages of each pretreatment are analyzed elsewhere in
literature (Silveira et al., 2015; Ramos et al., 2020).

Amongst these methods, the use of ionic liquids (ILs) for
biomass pretreatment shows particular promise because they are
seen as a versatile, environmentally friendly option that is able to
selectively and efficiently degrade cellular structures, as well as
extract lignin, which leads to high bioconversion rates and
enables the formation of several value added compounds (Nanda
et al., 2014; Hou et al,, 2017; Leynaud Kieffer Curran et al., 2022).
Tonic liquids can be used in conjunction with a variety of different
methods of pretreatment to have collaborative effects on biomass
breakdown.

For context, ionic liquids are salts with melting points below
100°C that are often liquids at room temperature and are composed
of an organic cation and inorganic anion (Chiappe and Pieraccini,
20055 Lei et al,, 2017). Despite high Coulombic forces between the
ion pairs, the alkyl groups of each are often asymmetric, which
prevents ionic bonding and allows ILs to be liquid at room
temperature (Chiappe and Pieraccini, 2005). Substitution of
different anion/cation pairs can change the polarity of the IL,
and as a result, ILs can be custom designed to have specific
properties (Chiappe and Pieraccini, 2005). Pertinent to this
discussion, substitution of different alkanolammonium cations
into acetate based ionic liquids have been shown to adjust the
heat of vaporization, and different cation substitutions in acetate
based ionic liquids have been shown to affect viscosity (Fendt et al.,
2011). Many ionic liquids have an ability to enable chemical
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interactions between complex biopolymers and macromolecules
that has made their use increasingly common in modern biomass
processing and bioenergy production pathways (Das et al., 2021).

One of the principal advantages afforded by IL pretreatment is
their enhanced selectivity for extracting and fractionating specific
macromolecules in biomass (Silveira et al., 2015). For instance, ILs
with imidazolium cations have been studied as options for biomass
pretreatment due to their effectiveness at dissolving cellulose and the
ability to regenerate dissolved cellulose from solution with the
addition of antisolvent (Vitz et al, 2009), Whereas ILs such as
Cholinium lysinate ([Cho][lys]) and Ethanolamine acetate ([EOA]
[OAc]) which both have a relatively high capacity for lignin removal,
have relatively low capacity for dissolving cellulose relative to
imidazolium based ILs (Sun et al., 2017a; Barcelos et al., 2021).
By extension, the ability to tailor which ILs are used during
pretreatment presents a means to design highly customizable
address  the
composition and characteristics of different biomass feedstocks

deconstruction pathways that can specific
and enable the targeted formation of value added compounds
(Nanda et al, 2014; Hou et al,, 2017; Leynaud Kieffer Curran
et al., 2022).

Additionally, some ILs are seen as “green” alternatives to VOC’s
and other solvents used during pretreatment. One reason is that
some ILs have low vapor pressures which prevents them from
evaporating into the atmosphere and reduces air pollution and
exposure risks. ILs are seen as “recyclable” in the sense that there
many different methods of either regenerating more ILs in-situ or
recovering ILs by means of extraction, adsorption, distillation, or ion
exchange so that they can be reused in subsequent pretreatment
processes (Mai et al., 2014; Zhou et al., 2018; Achinivu et al., 2022).
Likewise, many ILs have high thermal stabilities and low
flammability which make them less susceptible to combustion
that

advantageous for processing biomass at elevated temperatures.

and decomposition at higher temperatures may be
Most importantly, many ILs are less biotoxic than their VOC

counterparts which mitigates concerns about post-process
decontamination and accidental environmental contamination
(Messali, 2014). It is important to note, however, that not all ILs
exhibit these qualities, and that there exists a plethora of ILs that are
either toxic, flammable and/or have high vapor pressures (Smiglak
et al,, 2006; Zhao et al., 2007; Meine et al., 2010; Flieger and Flieger,
2020).

With numerous combinations for ILs
cellulose

depolymerizing hemicellulose, and weakening the structure of the

comes varying

effectivenesses  at  dissolving and/or  lignin,
lignocellulosic matrix. Nevertheless, the overarching goal is to
improve conditions for downstream processes-ideally in a
manner that is both commercially scalable and economically
feasible at scale. In practice, ILs modify biomass such that
enzymes can more efficiently access lignocellulosic biopolymers
and catalyze reactions to convert biomass into simpler molecules
(Sun et al, 2014; 2016). However, the conditions necessary to
effectively deconstruct lignocellulosic matter during pretreatment
are often not conducive to the activity and long term stability of
many enzymes (Wahlstrom and Suurnékki, 2015; Pedersen et al.,
2019). Even low, residual concentrations of ionic liquids have been
demonstrated to reduce the activity and stability of enzymes

commonly used in commercial bioproduct processing. In more
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moderate concentrations, some ILs have been found to deactivate
or permanently denature enzymes (Konda et al, 2014). Enzyme
deactivation slows saccharification yields within batches and
requires that additional enzymes be added to subsequent batches
to maintain the hydrolysis rate, contributing significantly to end
product cost. Enzyme costs vary per process but contribute 10%-
49% to the total price of biofuels-making them one of the most
expensive inputs (Klein-Marcuschamer et al., 2012; Konda et al.,
2014; Baral and Shah, 2016; Davis et al., 2018; Barcelos et al., 2021).
This has in turn engendered a need to find and engineer
biocompatible ILs as well as IL-tolerant enzymes and organisms
that can work synergistically with ILs for high efficiency, low cost
biomass deconstruction and bioconversion.

In response to IL-induced inactivation of enzymes, many IL-
based pretreatment methods opt to remove ILs from the mixture
containing the pretreated biomass. This is done in a variety of
diverse ways. After ILs are introduced into biomass and allowed to
fractionate and separate the biopolymers, the resultant slurry is
washed to remove the bulk of ionic liquids. The ionic liquids are then
recovered and purified by various methods including membrane
separation, chemical extraction, and adsorption, which make ILs
reusable for subsequent batches of pretreatment (Brennan et al,
2010; Zhou et al., 2018). However, there are distinct disadvantages to
washing. For one, it often requires significant amounts of water and
secondly, large scale recovery processes tend to be energy intensive.
Both factors have a significant contribution to input cost (Klein-
Marcuschamer et al., 2011; Konda et al., 2014; Ovejero-Pérez et al.,
2021). ILs also represent a non-insignificant added cost to
pretreatment, such that a secondary goal of many IL based
pretreatment methods is to recover and reuse as much solvent as
possible in order to reduce process cost. Techno-economic
assessments of biomass pretreatments and ionic liquid recovery
processes suggest that IL losses as low as 1% can seriously alter
process economics (Xu et al.,, 2016a; Sun et al., 2017c¢).

To address substantial costs of removing ILs from biomass via
washing, methods involving in situ saccharification of cellulose in
aqueous-ionic liquid solution have been developed, whereby both
the pretreatment and saccharification process is performed in a
single vessel containing ionic liquids (Kamiya et al., 2008; Sun et al.,
2017a). This “One-Pot” method forgoes the need for an expensive
water/solvent washing and cellulose regeneration step and also
facilitates process consolidation and intensification. It could also
save energy by limiting additional heating and cooling steps between
reactors. However, the stability and performance of enzymes is often
altered by the high concentration of ILs present in one-pot solutions.
Likewise, extraction of bioproducts from solution presents
challenges of its own with regards to enzyme preservation and
reuse. Given that the “one pot” method offers a potentially viable
route for reducing the cost of the production of bioproducts at scale,
it is critical to find systems of ILs and enzymes that are compatible
(Konda et al,, 2014; Zang et al., 2020; Zhao et al., 2022). Thus efforts
have thus been made to develop biocompatible ionic liquids in
tandem with engineering new strains of IL-tolerant organisms and
enzymes that are compatible with this process (Dabirmanesh et al.,
2015; Wolski et al., 2016).

Figure 1B shows a generalized diagram of each discussed IL
recovery process and how they fit into the overall biofuel production
process seen in Figure 1A. There are clear tradeoffs in benefits and
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Hierarchical structure of cellulose with corresponding length scales.
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xylan polymers is highly variable and species dependent.

process complications presented by each method. An ideal
pretreatment process optimizes the tradeoffs between the ability
to decompose biomass components into monomeric sugars, the cost
of energy inputs and utilities, the ability to recover ionic liquids, and
the ability to retain enzyme performance over time (Vasconcelos
et al., 2020).

Key to understanding this complex problem is identifying process
parameters that affect enzyme performance in ILs and quantifying the
nature and extent of these effects. It is well known that the interaction
between ILs and enzymes is dependent on many factors including, but

Frontiers in Energy Research

not limited to: substrate, cation-anion pair, enzyme expression
method, temperature, and pH. Given the sheer number of
combinations of ILs, enzymes, and assay conditions, it is difficult
to systematically test and optimize the pretreatment effectiveness of
each combination. In this paper we focus on these interactions within
the context of the overall process of ionic liquid pretreatment and
subsequent enzymatic hydrolysis for a variety of different substrate
types and report key findings across the subject area to identify target
improvement areas that will facilitate cost reductions in future
processes.
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Three traditionally cited monolignols (hydroxycinnamyl acids)

and the lignin units they form. These units form the basis of many
lignin polymers.

2 Biomass composition

The efficacy of enzymes in breaking down lignocellulosic
biomass in the pretreatment process is not only dependent on
the chemical composition of the substrates they interact with, but
also the mechanical and crystalline structure of the biomass itself. To
this end, there exists immense diversity in the makeup of different
candidate feedstocks. In general, the compounds of interest in these
feedstocks can be sorted into several broad categories: cellulose,
hemicellulose, lignin, and extractives.

2.1 Cellulose

Cellulose is the most abundant polymer in lignocellulosic
biomass, and typically constitutes 40%-60% of its dry weight
(Sharma et al,, 2017). Cellulose is predominantly present in the
cellular walls and is composed of B-D-glucopyranose units linked via
B-(1,4) glycosidic bonds. Each glucopyranosyl unit of cellulose
three hydroxyl functional groups, which
hydrophilic properties and reactivity to various agents. Long,

contains impart

unbranched chains of several hundred cellulose units form
structures termed nanofibrils. Parallel chains of nanofibrils are
tightly bound to each via intermolecular hydrogen bonding to
form microfibrils (Robak and Balcerek, 2018). In bulk, these
microfibrils constitute the basis of cellular walls. A hierarchical
chart depicting the relative length scales of these constituent
structures is shown in Figure 2. Within each fibrils there can be
intervaled sections of amorphous cellulose structures (Ling et al.,
2018). The extent in which cellulose within a material forms
crystalline structures vs amorphous structures is known as the
index of crystallinity, and is well known to affect the rate of
enzymatic hydrolysis by cellulases (Yoshida et al, 2008). A
significant negative correlation between enzymatic hydrolysis
performances of various biomass sources and their crystallinity

Frontiers in Energy Research

10.3389/fenrg.2023.1212719

has been reported among literature as more crystalline regions
have stronger hydrogen bonding networks that make them less
accessible to enzymes (Li et al., 2014). Tonic liquids have been found
to more easily penetrate biomass in less crystalline regions, likely
because of the reduced energy to break inter-structural bonding
(Ling et al, 2017). Cellulose chains with higher degrees of
polymerization (DP) constrain more hydrogen bonds that
increase the difficulty of enzymatic hydrolysis. Conversely,
shorter chains of cellulose have weaker hydrogen-bond systems
making these chains more accessible for enzymes (Hallac and
Ragauskas, 2011; Meng et al., 2017). Naturally, cellulose fibrils
tend to become embedded into a lignocellulosic matrix that
provides additional barriers for enzymatic hydrolysis, as this
matrix is structurally diverse and requires several different
synergistic enzyme systems or high energy inputs to decompose
(Zoghlami and Paés, 2019). The proportion of cellulose that
depolymerizes into glucose is a key metric to determine the
effectiveness of a deconstruction process.

2.2 Hemicellulose

Hemicelluloses are heterogenous biopolymers that contain
various monosaccharide pentose and hexose subunits, most
notably, xylose. A section of an exemplar xylan polymer is
shown in Figure 3 along with common constituent hexose and
pentose subunits. Hemicellulose usually constitutes 20%-35% of
total dry weight of biomass, and tends to have the highest fractional
composition in wood substrates compared to other biomass
(Chandel et al, 2018). In general hemicelluloses have much
lower degrees of polymerization than cellulose (Rodrigues Mota
et al,, 2018). The vast majority of hemicellulose is amorphous and
forms mechanically weak structures. These weak bonding systems
allow hemicelluloses to be readily hydrolyzed by dilute acids or
bases, as well as hemicellulase enzymes (Isikgor and Becer, 2015).
Hemicelluloses cross-link with cellulose fibrils and lignin via ferulic
acid residues and in doing so create further barriers limiting the
accessibility of hydrolytic enzymes inside of the lignocellulosic
matrix (Balakshin et al., 2011). Often the addition of acids or
some species of ILs can fragment a significant portion of
hemicellulose polymers without the addition of specialized
enzymes. The proportion of hemicellulose that decomposes into
monomeric sugars is also a key metric to determine the effectiveness
of a deconstruction process.

2.3 Lignin

Lignin is the second most abundant lignocellulosic polymer,
constituting roughly 15%-40% of the dry weight of biomass
(Ragauskas et al., 2014). It forms an amorphous structure out of
phenylpropanoid building units including p-coumaryl, coniferyl,
and sinapyl alcohols, which are shown in Figure 4 (Agbor et al,
2011). Lignin is capable of binding hemicelluloses to cellulose in the
cell wall and in doing so adds rigidity to the structure of cell walls.
The high degree of heterogeneity of lignin structures typically makes
it difficult for targeted enzymatic hydrolysis although the extent that
lignin resists decay varies with species and tissue type. For example,
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Hierarchical chart of lignocellulose degrading enzymes separated by lignolytic and glycosidic mechanisms.

lignin polymers with fewer aryl-aryl bonds such as syringyl (S) lignol
are found to be more susceptible to decay vs guaiacyl (G) units, and
thus the S/G ratio is a common metric of interest when determining
the contents of biomass (Vane et al., 2006). Overall, the presence of
lignin is well known to inhibit the conversion of cellulose as it is
prevents enzyme access to cellulose, can non-specifically bind to
cellulases, and is highly recalcitrant to decomposition itself, so it is
often in the interest of biofuel processors to remove lignin from
biomass prior to introducing enzymes (Santos et al., 2012).

2.4 Extractives

Extractives are the nonstructural components of lignocellulosic
matter and include fats, proteins, phenolics, resins, waxes, along
with many other trace organic compounds (Pecha and Garcia-Perez,
2020). Inorganic trace metals are known to decrease the yield of
sugars from cellulose and change the properties of lignin products
(Pecha and Garcia-Perez, 2020). Typically extractives can be
removed by solvents, water or weak acids. They are also typically
inhibitors of biofuel processing but can be used to generate valuable
byproducts such as terpenes, proteins, triacylglycerides, and fatty
acids including stearic acid, and linoleic acid.

3 Lignocellulosic enzymes

The complete enzymatic hydrolysis of cellulose to monomeric
sugar units necessary for fermentation requires a combination of
different enzymes working synergistically. Each enzyme targets
different, and sometimes extremely specific bonds in biomass
polymers. Lignocellulose degrading enzymes fit into several broad
categories, and their hierarchical relationship is shown below in

Figure 5. Further insight on cellulases, hemicellulases and some
classes of LME’s is included in sections 3.1-3.3.
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3.1 Cellulases

Cellulases serve to break down cellulose molecules into

monosaccharides and shorter oligosaccharides. Specifically,
cellulases hydrolyze 1,4-beta-D-glycosidic linkages in cellulose
and some hemicelluloses. The hydrolysis of cellulose is typically
less thermodynamically favorable than that of starches because of
the strong hydrogen bonding systems between cellulose units. There
are several broad categories of cellulases-each differing structurally
and mechanistically. A combination of these cellulases working
synergistically can theoretically fully reduce cellulose into
(EC 3.2.1.176)

cleave the PB-1,4-glycosidic linkages of cellulose and xylan to

monosaccharides. Endoglucanases randomly
create a reducing and non-reducing end (Chen and Wang, 2017).
Reducing ends being characterized by the presence of aldehyde
groups in place of a hydroxyl group. Exoglucanases (EC 3.2.1.91),
which are also known as cellobiohydrolases and exocellulases, cleave
off cellobiose units from the reducing or nonreducing end of a
cellulose chain. B-glucosidases (EC 3.2.1.21), also known as
cellobiases, hydrolyze the released cellobiose to glucose. Figure 6
shows a simplistic overview of the reduction of a cellulose polymer
chain to glucose via these three enzymes. There are discrepancies in
the specificity of specific enzymes in each category with regards to
crystallinity,
interactions.

polymer length, and other ligno-carbohydrate

More recently, other cellulases such as oxidative cellulases, that
use radical reactions to depolymerize cellulose, and cellulose
phosphorylases that use phosphates rather than water as a
reactant, have attracted interest in the academic community.
These include (Iytic) polysaccharide monooxygenases (PMOs/
LPMOs) (EC 1.14.99.56) and cellobiose dehydrogenases (CDHs)
(EC 1.1.99.18), which use oxidative cleaving to break apart cellulose.
PMOs/LPMOs are enzymes that depend on copper ions as metal
cofactors to oxidize the carbon-hydrogen bonds of polysaccharides
(Hemsworth et al.,, 2014; Hedegard and Ryde, 2018). The enzyme
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A simplistic scheme of the main sites of actions of different
cellulases on cellulose polymer chains.

reacts with a hydrocarbon substrate by employing O, as a co-
substrate and accepting two protons and two electrons. The
copper ion aids in accepting electrons and oxygen atoms within
the mechanism to ultimately produce a water molecule and an
alcohol group attached to the previous hydrocarbon. The state of the
copper ion is dependent on the stage of the mechanism. PMOs have
varying degrees of substrate specificity which are dependent on their
primary structure (Dimarogona et al., 2012). They are useful when
using crystalline cellulose. The crystalline cellulose can help to
produce new cellulose chain ends that can then be accessed by
other enzymes. In non-crystalline cellulose, the endoglucanases can
effectively produce enough new chain ends for the exo-glucanases.

3.2 Hemicellulases

Hemicellulases are a broad category of enzymes that participate
in the breakdown and hydrolysis of galactans, xylans, mannans, and
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arabinans. Some of the most important hemicellulase categories are
xylanase (EC 3.2.1.8) which hydrolyzes B-d xylano pyranosyl
linkages of xylan to form xylo-oligosaccharides, f-mannanase
(EC 3.2.1.78), arabinofuranosidase (EC 3.2.1.55), and f-
xylosidases (EC 3.2.1.37) which also known as xylobiase, that
catalyzes the hydrolysis of xylo-oligosaccharides into D-xylose
sugars, although this is by no means an exhaustive list (Zhang
et al.,, 2019).

3.3 Lignhin modifying enzymes

Lignin modifying enzymes (LMEs) are a class of enzymes that
catalyze lignin polymer deconstruction. Unlike most cellulases and
hemicellulases, the most well-studied LMEs operate using oxidative
processes that involve the formation of radical species rather than
hydrolytic mechanisms. However, alternative reduction pathways in
LMEs do exist (Lee et al., 2019; Chan et al., 2020). Radical chain
reactions can cleave ether and carbon-carbon bonds-fracturing
lignin as well as breaking down aromatic rings (Peng et al., 2002;
Lange et al., 2013). A number of microorganisms, mainly white rot
(e.g. (e.g.
Streptomycete, Pseudomonas, Rhodococcus) naturally produce

fungi Trametes, Phanerochaete) and bacteria
enzymes capable of degrading and/or modifying lignin. Since
lignin forms complex heterogeneous macromolecular structures,
it is highly recalcitrant to degradation. In particular, its
heterologous nature and large combination of structural bonds
makes targeted reduction pathways ineffective. Among the most
prominent categories of LMEs are laccases (EC 1.10.3.2), which can
both polymerize and depolymerize lignin compounds via C-C
cleavage, C oxidation, and alkyl-aryl cleavage, lignin peroxidases
(EC 1.11.1.14), which targets the non-phenolic components of
lignin (which can constitute up to 90% of lignin), manganese
peroxidase (EC 1.11.1.13) which specifically targets phenolic
components of lignin by catalyzing the reaction 2 Mn(II) + 2 H*
+ H,0, = 2 Mn(Ill) + 2 H,O, and versatile peroxidase (EC
1.11.1.16) which, as their name suggests, can target both
phenolic and non-phenolic components of lignin (Youn et al,
1995; Martinez et al., 2005; Falade et al., 2017).

4 Factors affecting enzyme activity in
ionic liquids

To develop more robust ionic liquid tolerant enzymes for
biomass deconstruction and bioprocessing, key factors such as
ionic liquid composition and concentration, temperature, pH,
enzyme source, and expression method must be optimized. In
subsequent sections we comprehensively discuss the roles of
these influences in pretreatment processes and their respective
IL-enzyme interactions that alter the properties of enzymes of
interest.

4.1 lonic liquids and relevant enzyme activity

The cation and anion structural components influence the
properties of ILs, which can have significant impacts on the
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activity and stability of enzymes when utilized as a solvent medium.
Several factors instigate different reactions from the enzymes
including but not limited to structural dynamics, hydrophilicity/
hydrophobicity, alkyl chain length of the cation, the hydrogen bond
forming capabilities of the anion, rheological properties, co-solvents,
and experimental conditions. With numerous variations in
experimental, pretreatment conditions, and enzyme origin, it may
be difficult to draw linear relationships between ionic liquid
concentration and enzyme activity. Furthermore, trends in
enzyme activity are investigated by classifying ionic liquids that
share similar physicochemical properties into comparable groups
where their deconstruction metrics are discussed below.

4.1.1 Imidazolium-based ionic liquids

As one of the most well-investigated classifications of ionic
liquids, ILs with an imidazolium cation have been host to many
experiments conducted to analyze their effects on various
lignocellulosic enzymes. Imidazolium-based ionic liquids are
synthesized starting with N-alkylimidazoles followed by the
addition of an anion by means of a metathesis reaction, with the
most common modifications being alteration of the N-alkyl
substituent or anion. Ionic liquid cations such as 1-ethyl-3-
methylimidazolium  (EMIM), 1-butyl-3-methylimidazolium
(BMIM), and 1-hexyl-3-methylimidazolium (HMIM), pictured in
Figure 7A, are among the most prevalent N-imidazole cations
studied in relevant literature. Across published works,
interchangeable nomenclature for the aforementioned ionic
liquids is utilized; for instance [EMIM]* and [C,MIM]" both
refer to 1-ethyl-3-methylimidazolium just as [MMIM]" and
[DMIM]" both refer to 1,3-dimethylimidazolium.

Several enzymes were screened for their activity and stability in
imidazolium-based ionic liquids. While imidazolium-based ionic

liquids all share similar cationic structures, the size and variability of
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their respective anions largely alter their effects on enzymes. Anions
well reported in literature include but are not limited to: acetate
([OAc] also sometimes written as [Ac]), chloride ([Cl]"), bromide
([Br]"), dimethyl phosphate ([DMP]"), diethyl phosphate ([DEP]’),
and ethyl sulfate ([EtSO4]7). We have classified imidazolium-based
ionic liquids into groups based on their anions, focusing primarily
on acetate, halide, phosphate, and sulfate-based anions, as these ILs
are commonly cited in literature and thoroughly studied relative to
lignocellulosic biomass dissolution.

4.1.1.1 Imidazolium acetate ILs

Most enzymes tend to perform better in lower concentrations of
ionic liquids, as higher concentrations destabilize or deactivate the
enzyme. At lower concentrations of ILs many enzymes benefit from
the IL-induced deconstruction of biomass that make cellulose chains
more available, while not strongly affecting the function of the
enzyme. Numerous reports of immobilized and other modified
enzymes observe higher ranges of activity in increasing
concentrations of ionic liquid, but no direct correlation between
chemical modification and enzyme activity has been proven. Across
all studies, there exists a general pattern of cellulolytic activity
retention between 60% and 95% in 10%-20% of imidazolium-
acetate based ionic liquids (see Table 2). In one study various
thermophilic cellulases in 10% 1-ethyl-3-methylimidazolium
([EMIM][OAC]) were recorded to retain above 80% activity for
most enzymes, with 70% of all enzymes being extremely tolerant to
the ionic liquid (Gladden et al., 2014). Some of these enzymes even
had activity in 40% IL ([EMIM][OAc]) greater than their activity in
aqueous solutions. This is due to the thermophilic and rigid
structure of these enzymes, and high IL concentrations can
loosen up the structure of the enzyme, increasing their activity at
lower temperatures, in lieu of higher temperatures in aqueous

buffers.
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TABLE 2 Performance of lignocellulosic enzymes in imidazolium-acetate ionic liquids.

Enzyme  Cation Organism

Performance in IL

10.3389/fenrg.2023.1212719

References

Cellulase [EMIM] Trichoderma reesei - Up to 95% activity retained in 10%-20% IL when immobilized Grewal et al. (2017)
on magnetic and silica nanoparticles
Various - > 80% activity in various concentrations Gladden et al. (2014)

Talaromyces emersonii

Aspergillus terreus

- 50% activity in 20% IL

- 95% relative activity

Wolski et al. (2016)

Gunny et al. (2014)

Trichoderma reesei

- 85% activity for 10%-40% IL after 6 h

- 67% activity for 60% IL after 6 h

- 15% activity for 80% IL after 6 h

- 4.7% activity for 100% IL after 6 h

Elgharbawy et al. (2016)

Bacillus sp. MSL2

- 88.2% activity in 0.5 M IL

- 77.7% activity in 1 M IL

Sriariyanun et al. (2016)

Paenibacillus tarimensis

Pseudoalteromonas sp.

- > 90% activity in 20% IL in 50C and 80C

- 104.7% activity in 5% IL

- > 80% activity in 15% IL

Raddadi et al. (2013)

Trivedi et al. (2013)

Trichoderma viride

- Tolerates up to 15% IL, activity loss after 15 h incubation

Datta et al. (2010)

Acidothermus cellulolyticus

- < 10% activity in 15% IL

Johnson et al. (2016)

Trichoderma reesei

Halorhabdus utahensis

- 60% activity in 20% IL

- > 100% rel. activity in 20% IL

Zhang et al. (2011)

Zhang et al. (2011)

Aspergillus niger, Trichoderma reesei

- 77% activity after preincubation in 15% IL

- 65% activity after preincubation in 20% IL

Wang et al. (2011b)

Microbial consortia CT-1

Rhodothermus marinus

Paenibacillus sp. LLZ1

- > 85.09% initial activity in 1 M IL

- Tolerant of up to 40% IL

- Inactivation in >60% IL

- 162% enhancement in activity in 5% IL

Tantayotai et al. (2016)

Manna and Ghosh (2020)

Hu et al. (2016a)

[BMIM] Aspergillus terreus

Trichoderma reesei

Paenibacillus sp. LLZ1

-~ 60% rel. activity in 10% IL

- ~400% rel. activity in 25% IL when immobilized onto modified
ReliZyme HA 403 support

- 123% enhancement in activity in 5% IL

Gunny et al. (2014)

Bilgin et al. (2016)

Hu et al. (2016a)

Laccase [EMIM] Staphylococcus arlettae S1-20

- > 90% activity in 5% IL

- 112.89% in 10% IL after 3 h incubation

Chauhan et al. (2018)

Trametes versicolor

Trametes KS-2

Thermus thermophilus

Xylanase [EMIM] Thermopolyspora flexuosa GH10

Volvariella volvacea

Trichoderma longibrachiatum GHI1

- 11% decrease in res. activity in 15% IL after 7-day incubation

- > 90% activity in 2.5% IL

- 40% activity in 7.5% IL

- > 50% activity loss in 2% IL

- 54% increase in half-life in 15% IL

- Maintained activity during 24 h incubation in 35% IL

- ~ 86% activity in 20% IL

- > 100% hydrolytic activity in 5% IL

- 70% rel. activity in 20% IL in non-incubated system

Harwardt et al. (2014)

Dong et al. (2019)

Stevens et al. (2020a), Stevens
et al. (2020b)

Anbarasan et al. (2017)

Thomas et al. (2011)

Jaeger and Pfaendtner (2013)
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TABLE 2 (Continued) Performance of lignocellulosic enzymes in imidazolium-acetate ionic liquids.

Enzyme  Cation Organism Performance in IL References

- 100% rel. activity in substrate-free incubation system in 20% IL

Thermopolyspora flexuosa GH10, - High tolerance of GH10 xylanase to 25%-35% IL but low Hebal et al. (2020)
Dictyoglomus thermophilum GH11 tolerance of GHI1 xylanases to even 15% IL
Thermoascus aurantiacus SLI6W GH10 - 47% rel. activity in 25% IL Chawachart et al. (2014)

- 375 rel. activity in 50% IL

Gunny et al. reported 95% relative activity of cellulases,  were tested in the same ionic liquid, there is an apparent disparity in the
compared to the control in 10% [EMIM][OAc] and also observe  data which can be attributed to the difference in experimental
activity retention of ~60% in 10% of [BMIM][OAc] (Gunny et al,  conditions and/or origin of the enzyme. Many of these laccases are
2014). Cellulases from Trichoderma reesei were observed to have  evaluated under wide ranges of pHs (4.5-9) and temperatures
activity maintained at 85% of its initial activity in 10%-40% [EMIM]  (28°C-85°C) and even those that operate under similar conditions
[OAc] after 6 h in the IL (Elgharbawy et al., 2016). A halophilic ~ vary greatly in activity ranges. Further, fungal enzymes and bacterial
cellulase from Paenibacillus tarimensis in 20% [EMIM][OAc] was  enzymes behave quite differently in ionic liquids as different inhibition/
found to retain above 90% of its initial activity at both 50°C and 80°C, ~ mediator mechanisms and glycosylation come into play as well as
while a Pseudoalteromonas sp. cellulase retained above 80% activity ~ possible sampling errors (Longe et al,, 2018; Zhu et al.,, 2020). Most
in 15% of the same ionic liquid (Raddadi et al., 2013; Trivedi et al,  laccases tested have been from fungal origin, although bacterial laccases
2013). Zhang et al. investigated T. reesei cellulases that only retainup ~ have recently been discovered that show promise in potentially being
to 60% of initial activity in 20% [EMIM][OAc] while more  only able to break some lignin bonds and not be able to form them as
extremophilic cellulases from Halorhabdus utahensis retain above  well (Zhu et al., 2020).

100% relative activity in 20% of the same ionic liquid (Zhang et al., Xylanase activity in imidazolium-based ionic liquids is affected by
2011). A mixture of fungal cellulases performed well following  the nature of the enzyme as well as the substrates it acts upon. Family
preincubation in 15% and 20% [EMIM][OAc], retaining 77% and ~ GH10 and GH11 xylanases are amongst the most used xylanases in
65% activity, respectively (Wang et al., 2011b). Ultimately, over 60%  biomass hydrolysis, but behave differently in ionic liquids, due to
of initial activity is retained in lower concentrations of IL. variations in structure and thermostability. Xylanase from

In ever lower concentrations, activity is further retained in  Thermopolyspora flexuosa GHI0 was increasingly stable in high
several types of cellulases. Numerous studies of cellulase activity =~ concentrations of [EMIM][OAc], facing a 54% increase in half-life
report relative activity to surpass 90% in 5% IL. Li et al. report 90%  in 15% of the IL. The activity of the enzyme was inhibited by [EMIM]
cellulase activity in 5% 1-(2-Hydroxyethyl)-3-methyl imidazolium  [OAc], but overall the enzyme remained stable during a 24 h incubation
acetate [C,OHMIM][OACc] following a 24 h incubation, which then  period in up to 35% of the IL (Anbarasan et al, 2017). Activity of
decreased to 56% in activity in 25% IL under the same time. For a  Thermoascus aurantiacus SLI6W GHI10 xylanase was inhibited by
shorter incubation period of 1.5 h, they report 93% activity in 5% IL,  varying concentrations of [EMIM][OAc] depending on the substrate
and 72% activity in 25% IL (Li et al., 2012). Paenibacillus sp. LLZ1 ~ concentration and its access to the active site. Xylanase performed at
cellulases with improved in situ saccharification in 5% IL/DMSO  47% relative activity compared to control in 25% IL, which decreased to
systems are reported, with 162% and 123% enhancements in activity =~ 37% activity in 50% IL (Chawachart et al, 2014). Trichoderma
in [EMIM][OAc] and [BMIM][OAc], respectively (Hu et al., 2016a).  longibrachiatum family 11 xylanases performed at around 70%

Laccase activity is often maintained at a steady elevated level in  relative activity in 20% [EMIM][OAc] in a non-incubated system,
moderate concentrations of imidazolium-acetate based ionic liquids.  but above 100% relative activity in a substrate-free incubation system in
This of course cannot be used as a blanket statement for all experiments, ~ the same concentration of IL. In both cases, enzyme activity was
as varying conditions and inhibition mechanisms will cause disparities  inhibited at high concentrations of IL (up to 50%). Following
in data that are difficult to explain. Laccase SI-20LAC from  stabilization by an engineered N-terminal disulfide bridge, an
Staphylococcus arlettae S1-20 retained above 90% activity in 5% of  extremophilic xylanase from Dictyoglomus thermophilum GHI11 was
all the ILs that were tested and 112.89% activity in 10% [EMIM][OAc]  inactivated almost completely in 25% [EMIM][OAc]. However, the
after a 3 h preincubation period (Chauhan et al,, 2018). Following an ~ enzyme did perform relatively better in higher temperatures
incubation of 7 days, thermophilic Trametes versicolor laccase faced an ~ (100°C-110°C) (Li et al, 2013). Due to the difference in kinetic
11% decrease from its initial activity in 15% [EMIM][OAc], a significant ~ parameters and substrate-based inhibition, it is difficult to note
improvement compared to the 80% activity loss in buffer solution  correlation between the types of xylanase and their performance in
(Harwardt et al, 2014). Trametes KS-2 laccase retained above 90%  ionic liquids through experimentation.
activity in 2.5% [EMIM][OAc] while activity decreased to roughly 40% Structural analysis and understanding of the mechanisms by
in 7.5% IL compared to the enzyme in 0% IL (Dong et al, 2019).  which xylanases hydrolyze pretreated biomass may help gather a
Although laccase from Thermus thermophilus is extremely  more holistic understanding of the hydrolytic behavior of xylanases.
thermophilic, the enzyme experienced greater than a 50% loss in ~ An experiment in which T. flexuosa GHI10 xylanase and D.
activity in concentrations as low as 2% [EMIM][OAc] (Stevens  thermophilum GHI11 were compared in various ionic liquids
et al, 2020a; Stevens et al, 2020b). Although all the above laccases ~ demonstrated high tolerance of GHIO xylanase to 25%-35%

Frontiers in Energy Research 12 frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1212719

Wolski et al.

TABLE 3 Performance of lignocellulosic enzymes in imidazolium-halide ionic liquids.

10.3389/fenrg.2023.1212719

Cation Anion Organism Performance in IL References
Cellulase [EMIM] [Cl] Paenibacillus tarimensis - 90% activity in 20% IL at 50C and 80C Raddadi et al. (2013)
Acidothermus cellolyticus - 75% activity in 10% IL Johnson et al. (2016)
- 52% activity in 25% IL
Trichoderma reesei - Up to 60% activity in 20% IL Zhang et al. (2011)
[Br] Bacillus aquimaris - Preincubation of cellulase in IL increased activity to 155% Trivedi et al. (2011)
[BMIM] [Cl] Penicillium oxalicum GS - ~20% activity in 20% IL Xu et al. (2016¢)
Aspergillus terreus - ~60% activity in 10% IL Gunny et al. (2014)
Aspergillus niger - 70% activity in 5% IL Salvador et al. (2010)
- 65% activity in 10% IL
- 50% activity in 20% IL
Galactomyces sp. - No activity in >10% IL He et al. (2016)
Paenibacillus tarimensis - 85% activity in 20% IL at 50C Raddadi et al. (2013)
- 77% activity in 20% IL at 80C
Pseudoalteromonas sp. - 102.2% activity in 5% IL Trivedi et al. (2013)
- > 80% activity in 15% IL
Unspecified, bacterial - ~20% res. activity, active in up to 30% IL. Pottkidmper et al. (2009)
Stachybotrys microspora - 100% activity in 5% IL Ben Hmad et al. (2017)
- 80% activity in 10% IL
- 50% activity in 20% IL
Acidothermus cellolyticus - 27% activity in 25% IL Johnson et al. (2016)
Trichoderma reesei - < 20% activity in 20% IL Zhang et al. (2011)
Fusarium oxysporum BN - 17% of initial activity in IL after 12 h incubation Xu et al. (2015b)
Trichoderma aureoviride - 61% initial activity in 25% IL Xu et al. (2016b)
Aspergillus sp. - ~56% rel. activity in 30% IL after 30 min Ilmberger et al. (2013)
- 29% rel. activity in 30% IL after 63 days
Paenibacillus sp. LLZ1 - 138% enhancement of in situ saccharification in IL Hu et al. (2016a)
Trichoderma reesei - Immobilize cellulase derivative did up to Lozano et al. (2011)
41% hydrolysis in 24 h in IL
[AMIM] [cl Penicillium oxalicum GS - ~40% activity in 20% IL Xu et al. (2016¢)
Aspergillus fumigatus HY - > 90% activity in 30% IL Xu et al. (2014)
- < 50% activity in 40% IL
Trichoderma reesei - < 20% activity in 20% IL Zhang et al. (2011)
Paenibacillus sp. LLZ1 - 185% enhancement of in situ saccharification in IL Hu et al. (2016a)
Laccase [EMIM] [Br] Staphylococcus arlettae - 99.55% activity in IL after 3 h preincubation Chauhan et al. (2018)
S1-20
[c1] Bacillus HR03 - Glul88Tyr variant: ~50% remaining Dabirmanesh et al. (2015)
activity in IL during 1 h incubation
[BMIM] [Cl] Staphylococcus arlettae - 144.02% activity in IL after 3 h preincubation Chauhan et al. (2018)
S1-20
Bacillus HRO3 - Glul88Tyr variant: ~45% remaining Dabirmanesh et al. (2015)
activity in IL during 1 h incubation
[Br] Agaricus bisporus - Increase in enzyme Shipovskov et al. (2008)
activity 1.5-fold in 20% IL
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TABLE 3 (Continued) Performance of lignocellulosic enzymes in imidazolium-halide ionic liquids.

Cation Performance in IL

Organism

10.3389/fenrg.2023.1212719

References

- Complete deactivation in 60% IL

Trametes versicolor - Activity increased twofold in 10% IL

- Complete deactivation in >70% IL

Shipovskov et al. (2008)

[HMIM] [Cl] Bacillus HRO3 - Glul88Tyr variant: ~35% remaining activity in IL during 1 h incubation | Dabirmanesh et al. (2015)
[MMIM]/ [cl] Staphylococcus arlettae - 130.89% activity in IL Chauhan et al. (2018)
[DMIM] S1-20 after 3 h preincubation

Peroxidase [BMIM] [cl Horseradish - 70%-80% of initial Machado and Saraiva

activity regain in 10% IL

(2005)

- Loses 50% activity of initial activity within 24 h in IL with 5% water content

Das et al. (2007)

TABLE 4 Performance of lignocellulosic enzymes in imidazolium-dialkyl phosphate ionic liquids.

Enzyme Cation Anion Organism Performance in IL References
Cellulase [MMIM]/[DMIM] [DMP] Penicillum oxalicum GS - Over 100% relative activity in 40% IL Xu et al. (2016c)
Talaromyces emersonii - High stability in IL with increasing temperatures Wolski (2013)
Galactomyces sp. - Loses all activity in >15% IL He et al. (2016)
Trichoderma reesei - 100% activity in 10%-40% IL Elgharbawy et al. (2016)
- 80% activity in 60% IL after 2 h
[EMIM] Fusarium oxysporum - >80% activity after 60 h in IL Xu et al. (2015b)
Trichoderma aureoviride - 50% activity of free enzyme in 25% IL Xu et al. (2016b)
- ~100% activity of immobilized enzyme
Trichoderma aureoviride, strain HS | - Free enzyme loses 95% act. In 40% IL Xu et al. (2015a)
- Modified cellulases retain up to 76% activity
[DEP] Paenibacillus sp. LLZ1 - >60% CMCase activity in 25% IL Hu et al. (2016b)
- >50% MCCase activity in 25% IL
Xylanase [EMIM] [DMP] Thermopolyspora flexuosa GH10 - Low stability in 15% IL Anbarasan et al. (2017)
Volvariella volvacea - >100% hydrolytic activity in 20% IL Thomas et al. (2011)
[DEP] - 97% activity loss in 20% IL
[MMIM]/[DMIM] = [DMP] - >100% hydrolytic activity in 20% IL

[EMIM][OACc], but lower tolerance of GH11 xylanases to even 15%  4.1.1.2 Imidazolium halide ILs
of the IL (Hebal et al., 2020). GH10 xylanases generally tend to
perform better than their GHI1 counterparts, due to higher
thermostability and structural advantage. GH10 xylanases are
able to better access the xylan backbone of pretreated biomass,
while GH11 xylanases are limited in this manner due to the
influence of acetyl group substitution on the enzyme (Hu and
Saddler, 2018). Table 2 summarizes the activity of various
enzymes in imidazolium acetate-based ILs. The main interest in
acetate based ILs is twofold: First, they are usually liquid at room
temperature and second: they are generally able to dissolve cellulose
while also supporting after dilution some degree of enzyme activity
(Zhao et al.,, 2008; Du and Qian, 2011).
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Cellulase activity in imidazolium-halide ionic liquids is notably
more variable, as many studies report complete enzyme deactivation
in even low concentrations of ILs, while others report high activity in
up to 20% IL. Thermophilic cellulases from Aspergillus niger are
reported to retain up to 70% activity in 5% [BMIM][CI]. At higher
concentrations, activity steadily decreases; it demonstrates 65% and
50% activity in 10% and 20% [BMIM][CI] respectively (Salvador
etal., 2010). Stachybotrys microspora cellulases in [BMIM][CI] were
found to retain 100% and 80% activity in 5% and 10% ionic liquid,
respectively. However, the activity decreases as the concentration
increases, to 50% at 20% IL (Ben Hmad et al., 2017). Unlike other
cellulases, which tend to retain higher activity in even low
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TABLE 5 Performance of lignocellulosic enzymes in imidazolium-alkyl sulfate ionic liquids.

Enzyme Cation Anion Organism
Laccase [EMIM] [EtSO4] Trametes versicolor, exp. In
Saccharomyces cerevisiae
Het. exp. In Aspergillus
Trametes versicolor
Aspergillus
Myceliophthora thermophila
Peroxidase [EMIM] [EtSO4] Unspecified, fungal
[MDEGSO,]
[MMIM]/ [MeSO4] Caldariomyces fumago
[DMIM]
[BMIM] Horseradish

concentrations of chloride-based ionic liquids, He et al. report a
Galactomyces sp. cellulase that loses all activity in 10% and higher
concentrations of [BMIM][CI] (He et al., 2016).

Like the enzymatic behavior exhibited by laccases imidazolium-
acetate based ionic liquids, laccases in the presence of imidazolium-
halide based ILs perform varyingly based on enzymatic origin,
expression, and experimental conditions. S1-20LAC performed
[BMIM][CI] [DMIM][CI], [EMIM][Br]
following a 3 h preincubation period, retaining activity at 144.02%,
130.89%, and 99.55%, respectively (Chauhan et al,, 2018). Laccases from
Agaricus bisporus (LAB) and Trametes versicolor (LTV) were studied for

exceptionally in and

their activity in varying concentrations of [BMIM][Br]. Enzyme activity
for LAB increased 1.5-fold at 20% of the IL but was almost completely
deactivated at 60% IL. Activity of LTV was increased twofold in 10%
[BMIM][Br] but also inactive at IL concentrations above 70%
(Shipovskov et al, 2008). A T. versicolor laccase demonstrated
inhibition of activity in both [BMIM][CI'] and [HMIM][Br'] but an
increase in long term stability compared to the control in [BMIM][CI]
(Dominguez et al,, 2011). The disparity in the data can be attributed to
differences in experimental conditions or the environmental
preferences of the enzyme. According to the literature, it remains
true that enzymes perform better in imidazolium-based ionic liquids
with an acetate anion compared to a halide anion. This is likely due to
the fact that the CH;COO™ (OAc) anion is more kosmotropic (further
discussion in section 4.1.3) in comparison to the Cl” anion, and acts as a
stabilizing agent for the enzyme (Zhao et al., 2006). Table 3 outlines the
enzymatic activity of various lignocellulosic enzymes in imidazolium
halide-based ILs.

4.1.1.3 Imidazolium dialkyl-phosphate ILs

There is much variation in the results presented by studies that
investigate cellulase activity in imidazolium-based ionic liquids with
phosphate-based anions. While some report unusually low activity,
as He and coworkers do in their study of a Galactomyces sp. cellulase,
which loses all activity in 15% and higher concentrations of [DMIM]
[DMP](He et al., 2016), others report much higher activity. For
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Performance in IL References

- Lec2 variant 3.5-4.5-fold increase in activity in
15% IL

Liu et al. (2013)

- ~25% activity loss in 50% IL Tavares et al. (2008)

- 3.4-8.4-fold increase in activity 5%-35% IL
compared to wild type

Wallraf et al. (2018)

- 60% activity in 50% IL after 2 days Tavares et al. (2013)

Fernandez-Ferndndez et al.
(2014)

- Over 50% stability in 75% IL of immobilize
laccase

- 86% activity in 5% IL after 7 days Carneiro et al. (2009)

- Inactivation at 50% IL
- 75% activity in 5% IL after 7 days

- Tolerated up to 30% IL Sanfilippo et al. (2004)

- Uncompetitive inhibition in IL Park et al. (2011)

instance, Elgharbawy et al. report cellulases that retain 100% activity
in 10%-40% [DMIM][DMP], only losing 20% activity in 60% of the
IL in the first 2 h of incubation (Elgharbawy et al., 2016). Further, a
fungal cellulase from Fusarium oxysporum retains above 80%
relative activity in two ionic liquids after 60 h [EMIM][DMP]
being one of them (Xu et al,, 2015b).

Xylanase E2 hydrolyzing p-nitrophenyl substrates maintained
~86% activity in up to 20% [EMIM][OAc] and over 100% hydrolysis
activity in low concentrations (5%) of the IL. Notably, the same
enzymes maintained above 100% hydrolytic activity in 20% of both
[DMIM][DMP] and [EMIM][DMP]. However, severe activity loss
was noted in the presence of [EMIM][DEP], with almost a 97%
activity loss in 20% of the IL (Thomas et al., 2011). Table 4 presents a
summary of cellulase and xylanase activities in imidazolium
phosphate-based ILs.

4.1.1.4 Imidazolium alkyl-sulfate ILs

Laccases are commonly evaluated in imidazolium-based ionic
liquids with an ethyl-sulfate anion. Commercially available fungal
laccases performed well in [EMIM][EtSO,], facing only up to ~25%
activity loss in 50% of the ionic liquid at pH 5 (Tavares et al., 2008).
Chemically modified laccases by various means often display higher
levels of stability in increased retention of activity compared to free
enzymes, which is explored further in section 5.

Fungal peroxidases were studied in 5% [EMIM][EtSO,] and [EMIM]
[MDEGSO,] and reported to retain 86% and 75% residual activity
following a 7-day incubation period at pH 7, respectively. Increasing
the ionic liquid content resulted in inactivation of the enzyme, at high
concentrations of 50% (Carneiro et al, 2009). Caldariomyces fumago
peroxidases tolerated up to 30% [MMIM][MeSO,] and [BMIM]
[MeSO,], but ultimately performed best in 10% [MMIM][MeSO,] in
terms of substrate conversion (Sanfilippo et al, 2004). Horseradish
peroxidases faced uncompetitive inhibition in [BMIM][MESO,],
resulting in an overall decrease in activity and measured kinetic
parameters (Park et al, 2011). Table 5 consolidates data regarding
peroxidase and laccase activity in various alkyl-sulfate based ILs.
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Commonly used cations and anions in ionic liquids, ranked according to their relative kosmotropicity/chaotropicity.

4.1.2 Other ionic liquids

Aside from the previously discussed imidazolium based ILs,
there are several other ILs that constitute different cations with
varying pretreatment properties. Among these are choline,
pyrrolidinium, pyridinium, and phosphonium based ionic liquids.
The structures of the cations of these often-used ILs are depicted
below in Figure 7B.

The chemical composition of cholinium-based ionic liquids
comprises a choline cation and an anion often from an amino
acid and can be synthesized by several methods—-most commonly by
neutralization reactions. Common choline-based ILs studied in
[Cho][OACc]
butyrate [Cho][Bu], amongst others. Generally, choline-based ILs

literature include choline acetate and choline
are successful in dissolving lignin and allowing lignocellulosic
enzymes to retain elevated levels of activity. After 6 h in [Cho]
[OAc], microbial cellulase from palm kernel cake (PKC-Cel)
retained >90% activity in 10%-20% IL, 85% activity in 40% IL,
and 80% activity in 60%-80% IL. Activity of PKC-Cel in [Cho][Bu]
after 6 h was maintained >80% in 10%-20% IL and <50% activity in
80%-100% IL. Compared to imidazolium-based ionic liquids tested
in this study [Cho][OAc] and [Cho][Bu] allowed for highest stability
of the cellulases (Elgharbawy et al., 2016). H. aswanesis lignin and
manganese peroxidases as well as laccases were investigated in
cholinium laureate based ILs, in which all three enzymes retained
433%-495% relative activity in 0.15mM IL. Increasing the IL
concentration did not further improve enzyme activity (Chauhan
and Choudhury, 2020). Laccase from T. versicolor was inhibited in
all but the lowest concentrations of cholinium lysinate, which acts as
a mixed inhibitor (Stevens et al., 2019). Other T. versicolor laccases
were deactivated by choline chloride (ChCl) based deep eutectic
solvents (DES), in which they retained below 40% residual activity in
50% DES. Comparatively, better results were obtained with laccases
in choline dihydrogen citrate (ChDHC) based DES, which increases
relative activities to over 170% at concentrations of 25% and 50%.
Toledo et al. attribute this increase in activity to the increased
number of hydroxyl groups in the ChDHC based DES compared
to the other studied solvents (Toledo et al., 2019). Based on existing
literature and the apparent properties of cholinium based ILs, they
serve as potential candidates for further use in lignocellulosic
dissolution and pretreatment processes.

Another commonly used IL is the pyrrolidinium-based [BMPL]
[OTF], or 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate.
Many reports that investigate imidazolium-based ILs also include
studies with [BMPL][OTF] due to its comparable properties.
Pseudoalteromonas sp. cellulases demonstrated 92.67% activity in
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[BMPL][OTF] and >80% in 15% of the IL (Trivedi et al, 2013).
Compared to other imidazolium-based ILs, bacterial cellulase CelA;q
was found to retain highest activity in 30% [BMPL][OTF] at roughly
1.8 U/mg, while other ILs allowed activity retention consistently below
14 U/mg (Pottkimper et al, 2009). T. versicolor laccases were
destabilized in [BMPL][OTF] compared to other ILs, especially in
higher concentrations and longer periods of time, due to its
comparative kosmotropicity (Yu et al., 2013). This brings us to the
discussion regarding the Hofmeister series, and comparative analysis of
different conformations of ionic liquids and their respective effects on
enzyme activity. An issue with using these ionic liquids for the purpose
of lignocellulose conversion is that ions like OTF are not likely going to
dissolve cellulose, as they cannot strongly accept hydrogen bonds and
disrupt the cellulose structure that has one chain bonded to another.
Regarding having functioning enzymes in the presence of cellulose
dissolving ionic liquids there is a delicate balance of having enough
hydrogen bond basicity to pretreat the cellulose, but not so much that it
denatures the enzymes required to convert the cellulose to glucose or
smaller oligomers.

4.1.3 Conformational changes of the ionic liquids

The ability to dissolve cellulose is mostly attributed to IL’s
anions’ high H-bond basicity that allows them to bond strongly
with the equatorial hydroxyl groups in cellulose (Remsing et al.,
2008). Typically small anions with high H-bond basicities have been
shown to be effective at dissolving cellulose, whereas aromatic
cations with lower enzyme-interaction strengths have been shown
to be the best for dissolving cellulose (Casas et al., 2012; Nordwald
etal, 2014; Wahlstrom and Suurnikki, 2015). While enzyme activity
in ionic liquids is governed by a multitude of factors, conformational
changes of the ionic liquids directly affect their ability to interact
with the enzymes due to differences in kosmotropicity and
chaotropicity. Kosmotropes are defined as ions that interact
strongly with water, favoring its structure, while chaotropes break
the structure of water through interactions (Zhao, 2006). Figure 8
orders both common cations and anions based on their relative
kosmotropicity. Yang details the effects of kosmotropic versus
chaotropic anions and cations on protein stability, in reference to
their ranking in the Hofmeister series. They note that generally,
enzymes tend to favor ionic liquids with chaotropic cations and
kosmotropic anions due to their ability to interact strongly with
water and stabilize the enzyme (Yang, 2009). As they experience
increased hydrophobic hydration, cations with longer alkyl chains
tend to be more kosmotropic, and thus more destabilizing towards
the enzymes (Zhao, 2006). Generally, anions present dominating
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Hofmeister effects compared to cations, due to their greater
polarizability in water (Yang, 2009). Across the reviewed
literature, we note that the enzymes tend to follow this pattern
and act in accordance with the Hofmeister series.

A notable trend amongst ILs with halide-based anions is the
discernible increase in activity retention of cellulases in [EMIM][CI]
in comparison to [BMIM][CI]. Zhang et al. report T. reesei cellulases
that retain up to 60% activity in 20% [EMIM][CI], but below 20%
activity in the same concentration of [BMIM][CI] and [AMIM][CI]
(Zhang et al, 2011). Johnson et al. reports higher activity of
supercharged cellulases, with a positive surface charge, in 10%
[EMIM][CI]- around 75%- compared to activity in [BMIM][CI]
(Johnson et al., 2016). Raddadi et al. extensively investigated the
performance of a halophilic Paenibacillus tarimensis cellulase in
[BMIM][CI] and [EMIM][CI]. They reported the highest activity,
nearly 90%, in 20% [EMIM][CI] at two different temperatures and
85% activity in 20% [BMIM][CI]. As the concentration of both ILs
was increased, the activity decreased correspondingly (Raddadi
et al, 2013). The larger alkylic substitute attributed to the
[BMIM][CI] cation is probable cause for the corresponding
decrease in cellulase activity.

Similarly, a study done on fungal laccase activity in three ILs
[C4mim][Cl] [Cgmim][Cl], and [C,;omim][Cl], demonstrated an
inverse relationship between enzyme activity and alkyl chain
length of the ionic liquid (Rodriguez et al, 2011). Feder-Kubis
and Bryjak report a fungal laccase’s activity in five menthol based
ionic liquids, finding that they ultimately performed better in 3-
butyll-[(1R,2S,5R)-(-)-menthoxymethyl]imidazolium and heptyl
[(IR,2S,5R)-(—)-menthoxymethyl]dimethylammonium compared
to 1-[(1R,2S,5R)-(—)-menthoxymethyl]-3-heptylimidazolium and
decyl [(1R,2S,5R)-(—)-menthoxy-methyl]dimethylammonium,
presumably due to their lengthened alkyl chains (Feder-Kubis
2013). An engineered Bacillus HRO03
experienced destabilizing effects in ionic liquids with increasingly

and Bryjak, laccase
kosmotropic cations, as it retained highest activity in [EMIM][CI],
followed by [BMIM][CI] and [HMIM][CI] (Dabirmanesh et al,
2015). Trametes versicolor laccase, although was fairly stable at low
concentrations of [EMIM][EtSO,], was inhibited by the ionic
liquid. However, it is worth noting that about 10 times the
amount of its halide-based counterpart was required of this ionic
liquid to achieve the same level of inhibition. Because EtSO, is a
more kosmotropic anion compared to CI', the laccase has a higher
biocompatibility with the ionic liquid (Dominguez et al., 2011; Sun
et al., 2017b).

While there are many potential inhibitors that could be derived
from the biomass, various studies have shown ionic liquids acting as
potential inhibitors for certain enzymes (Stock et al, 2004;
Nascimento et al.,, 2019; Hebal et al,, 2020). The conformation of
an ionic liquid can potentially result in inhibition of activity by
means of unfavorable structural interactions, also generally
following the Hofmeister series. This is because interactions of
the enzymes with the solvent on a molecular level may negatively
affect substrate binding, reaction rates, and the structure of the active
site of the enzyme. Competitive inhibition commonly affects the
activity of pretreated lignocellulosic enzymes and occurs when
inhibitors occupy the active site of the enzymes, -effectively
preventing the formation of an enzyme-substrate complex. An
enzyme’s high affinity toward a substrate could potentially cause
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lower competitive inhibition, which is demonstrated in a study with
Thermopolyspora flexuosa GH10 xylanase. The enzyme was
inhibited less by [EMIM][OAc] compared to [EMIM][DMP] and
[DBNH][OAc], probably due to the acetate anion’s inability to
strongly bind to the active site (Anbarasan et al., 2017). Cations
of the ionic liquid [EMIM][OAc] performed as a competitive
inhibitor

concentrations of IL greater than 10% (v/v) (Jaeger and

for Trichoderma longibrachiatum xylanase at
Pfaendtner, 2013). Thermoascus aurantiacus GH10 xylanase was
also competitively inhibited by [EMIM][OAc], because of the
competition between the substrate and the [EMIM] cation for
2014). While

lignocellulosic

the enzyme’s active site (Chawachart et al,

competitive inhibition is prevalent amongst
enzymes by ILs, other interactions with the enzymes can result in
diverse types and varying degrees of inhibition.

Another type of inhibition that can occur is noncompetitive
inhibition, which does not affect the enzyme-substrate complex, but
rather decreases the efficacy of the enzyme and affects the overall
reaction rate. For example, Carneiro ef al. investigated the effect of
[EMIM][EtSO,4] and [EMIM][MDEGSO,] on peroxidase activity,
and while both ILs functioned as noncompetitive inhibitors [EMIM]
[ETSO,] had a larger effect. It is suggested that the electrostatic
interaction between the charged enzymes and the ILs potentially
caused the conformational change, which then resulted in the
inhibitory behavior (Carneiro et al., 2009). Hong et al.‘s study on
the catalysis of horseradish peroxidase demonstrates [BMIM][BF4]
acting as a weak non-competitive inhibitor on the enzyme (Hong
etal., 2008). It is important to note that particular ILs do not always
result in the same type of inhibition, as the experimental conditions
play a role in determining the structural interactions between

enzymes and ILs.

4.2 Effect of temperature on enzyme activity

Changes in temperature can have a direct impact on kinetic
energy, which can alter the activation energy and affect the
likelihood of molecular collisions occurring—both factors that
can be engineered to improve the likelihood of enzyme binding
(Peterson et al., 2007). However, enzymes are also susceptible to
structural changes induced by variations in temperature (Peterson
et al, 2007). These effects occur regardless of whether ILs are
2018).
sufficiently high temperature can permanently unfold enzymes

introduced (Brogan et al, Heating enzymes to a
and conversely, at too low of temperatures, the likelihood of
enzyme-substrate interactions with sufficient activation energy for
catalysis can be low enough so that virtually no activity occurs. This
range of temperatures wherein the enzyme is active is unique to each
enzyme. Improvements in enzyme activity and stability from
changes in temperature compete with deconstructive effects of
ionic liquids on the biomass substrate. Therefore, the reaction
temperature needs to be adequately optimized to balance these
effects and produce the desired enzymatic activity and product
yields.

One important method concerning biofuel production is the
temperature at which enzymes of interest have the highest activity.
Most procedures to measure the optimal temperature and pH of an

enzyme occur before adding ILs-effectively assuming that these
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TABLE 6 Unfolding temperatures of cellulase variants in varying concentrations of ionic liquids

lonic liquid % concentration IL (v/v) Unfolding temperature (°C) References

T. viride cellulase [EMIM][OACc] 0 64.2 Datta et al. (2010)
5 57
10 52.4
15 49.4
20 47.5

T. maritima endoglucanase [EMIM][OAc] 0 92 Datta et al. (2010)
5 89.8
10 89.3
15 88.5
20 87.2
50 67

P. horikoshii endoglucanase [EMIM][OACc] 0 102.3 Datta et al. (2010)
5 99.3
10 97.5
15 94.9
20 91.8
50 66.1

T. emersonii Cel7A [DMIM][DMP] 0 64 Wolski et al. (2016)
10 62.1
20 60.8
30 52.1
43 46

T. emersonii Cel7A 1M10 [DMIM][DMP] 0 66.3 Wolski et al. (2016)
10 65.1
20 62.5
30 55.8
43 50.1

parameters are decoupled from IL concentration. Kodou et al. found
that within the range of 0-500 mM of added [BMIM][OAc], the
optimal temperature of p-glucosidase from Themotoga maritima
remained constant, which substantiates this assumption for small
concentrations of ILs (Kudou et al., 2014). However, results from
Campen et al, which includes data at much higher IL
concentrations, shows a small negative correlation of IL
concentration on optimal activity temperature of A. niger
AS5IL97 between 0% and 30% (v/v) [EMIM][OAc] (Amaike
Campen et al, 2017). Finding an optimal temperature becomes
less straightforward in multi-enzyme systems where each enzyme
can have different temperature-reaction rate dependencies.
Sufficient evidence does exist to suggest that the presence of even
small amounts of ILs can substantially modify the unfolding
temperature of different cellulases (Turner et al., 2003). For the

majority of studied IL-enzyme pairs, the addition of ILs decreases
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the unfolding temperature of the enzyme. Table 6 shows several
examples of cellulases across multiple studies that directly measured
the effects of increasing temperature of denaturing enzymes in IL
solutions. A clear negative correlation (.25°C-1°C/% concentration
(v/v) IL) between the denaturing temperature and IL concentration
is observed for the listed enzymes.

Notable counterexamples do exist. In one study, Bose et al.
found that GC 220 cellulase from Tricoderma reesei was stabilized in
solutions  containing  tris-(2-hydroxyethyl)methylammonium
methylsulfate (HEMA) at temperatures close to 100°C, whereas it
HEMA temperatures
approximately 50°C (Bose et al.,, 2010). Brogan et al. found that

denatured in solutions without at
B-Glucosidase with surface modifications could be stabilized in 1-
butyl-1-methylpyrrolidinium  ([BMPL]) based ionic liquids
([BMPL][OAc] [BMPL][OT{] [BMPL][NTf,]) to temperatures up

exceeding 130°C- a temperature nearly 80°C warmer than in aqueous
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media alone (Brogan et al, 2018). In doing so, the enzymatic
capability of glucosidase, which is indispensable in biomass
processing, increased by over 30-fold.

While seemingly promising, HEMA has shown relatively low
potential for dissolving cellulose and its high viscosity reduces
diffusion of enzymes to substrate making it a poor candidate for
practical biomass systems by itself (Bose et al., 2012). Combined
with another IL with a better ability to solubilize biomass
components, a multi-IL cocktail might be able to best utilize the
stabilization properties of HEMA (or another IL with analogous
stabilization properties) while being able to effectively dissolve and
degrade cellulose and hemicellulose. Indeed, Bose et al. found that
the combination of HEMA and [BMIM][CIl] enhanced the process
of glucose production from cellulose (Bose et al., 2012). The exact
nature of the effect of ILs on temperature related parameters is
variable on the specific IL-enzyme system. For instance, HEMA
proved to be detrimental for other enzymes, such as penicillin G
amidase (Cantone et al., 2007), and Cal B (Madeira Lau et al., 2004),
but of
multicomponent systems might be able to be exploited to create

for future experimentation, beneficial properties
more cost effective biorefinery production processes.
Temperature also has an effect on swelling and dissolution rates
of lignocellulose in ILs (Sun et al., 2009). In part this is attributed to
the destabilizing effects of higher temperatures on hydrogen bonds
in the 3-D structure of cellulose (Zavrel et al., 2009). Swelling can
fragment cellulose fibers as well as free cellulose fibers from the
lignocellulosic matrix via applied inter and intra structural stresses.
As solvating molecules have increased accessibility within the fiber
structure after fragmentation they are able to better approach
cellulose chains and dissolve them into solution (Cuissinat et al.,
2008). Dissolved cellulose is in turn easier for enzymes to access,
allowing for increased enzymatic activity. Wang et al. found that in
wood chips treated with [AMIM][CI], swelling did not begin until
70°C and cellulose did not begin being substantially dissolved until
100°C (Wang et al, 2011a). These temperatures are above
temperatures that some enzymes are active, potentially limiting
the practical application of these temperature induced -effects.
Hemicellulose is found to dissolve at lower temperatures in ionic
liquids than cellulose. Labbé et al. reported that at temperatures
60°C-80°C [EMIM][OAC] is capable of cleaving the acetyl groups
covalently attached to hemicellulose components in poplar wood
(Labbé et al., 2012). This result suggests that at these more moderate
ILs the

carbohydrate-lignin linkages and in turn, release hemicellulose

temperatures could more effectively disrupt
from the lignocellulosic matrix and make it more accessible to
xylanases. Another interesting effect of increasing temperature
during the IL pretreatment process is that lignin polymers are
susceptible to self-condensation reactions. Self-condensation
results in increased molecular weight of lignin which can
precipitate lignin. By disabling precipitated lignin from reentering
lignocellulosic structures, it decreases the heterogeneity of the
structure, and limits the recalcitrant effects that lignin usually
applies (El Hage et al., 2010). However, these effects are observed
at temperatures usually >150°C- well beyond the unfolding
temperature of known lignocellulose degrading enzymes.

Some physicochemical properties of ILs such as viscosity are
temperature dependent and have the ability to affect the reaction

kinetics by causing changes in mass transfer and diffusivity, which
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plays a role in both the activity and stability of enzymes (Naushad
et al,, 2012). By extension, one might expect that viscosity of the IL
solvent may play a deterministic role in process efficiency and cost.
Indeed, some authors, such as Bose et al. attributed lower observed
activities of cellulase in HEMA to the solvent’s high viscosity (Bose
et al, 2010). Other authors, such as Zhao et al., investigated over
25 ILs and the relation between their viscosity and enzymatic
reaction and suggested that IL viscosity played only a minor
factor in enzymatic reaction rates (Zhao et al, 2009). For
instance, some highly viscous ILs such as quaternary ammonium
chloride, which has a viscosity of 512mPas at 25°C (roughly
500 times more viscous than water), did not have significantly
lower reaction rates than other tested ILs. It should also be noted
that ILs often appear at low concentrations mixed with water or
organic solvents. These results, although by no means exhaustive,
suggest that temperature dependent effects on IL viscosity do not
play a completely deterministic role on enzyme function.

4.3 Effect of pH on enzyme activity

The acidity of the medium containing an enzyme not only
affects the activity and shape of the enzyme, but also the shape and
charge of the substrate. Specifically, pH can affect the ionization state
of both acidic and alkaline amino acids that are present in the
enzyme. This includes carboxyl functional groups on the side chains
of acidic amino acids and amine-containing functional groups of
basic amino acids. Changes in the chemical state of these amino
acids can substantially alter the 3-dimensional geometry of an
enzyme, thus changing the shape of the active site to be more or
less effective at binding with a substrate of interest, or altogether
inactivating the enzyme. Additionally, for the enzymatic reaction to
occur, these functional groups often must be in a particular
protonation state (Koshland, 1953). Typically, there is a range of
pH at which enzymatic activity with a particular substrate is optimal.
However, broad evidence suggests that this optimal pH range is a
function of other factors such as temperature, salinity, IL
concentration, and is highly dependent on enzymes and substrates
in the system. It should be noted that ILs can be mildly acidic or basic
and are able to alter the acidity of their local environment. The acidity
of non-aqueous systems can be measured in many different ways, but
perhaps the most well-established of these is the Hammett method
which uses a range of closely related UV-vis probes to generate the
Hammett acidity (Grésvik et al., 2014). In practice, most ILs are mixed
with water whereby more conventional methods of measuring their
effects on pH can be utilized.

Differences in pH caused by the addition of ILs may have
several different effects on enzymes. Most cellulases and some
xylanases are glycoside hydrolases (GH) which function using
acid-base mechanisms. Most GHs use a two-step double
displacement mechanism whereby acid/base residue on a
carbohydrate and a nucleophilic residue on the enzyme are
produced (Knott et al, 2014). The first step requires proton
transfer from the acid base residue. This mechanism is illustrated
in Figure 9. Changes in pH caused by addition of ILs should in
theory have some effect on this step by affecting the availability of
protons, although their availability competes with the structural
changes they induce.
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The pH of a pretreatment process can also affect the way in
which a substrate decomposes. In more acidic pretreatment
environments, cellulose polymers have a tendency to stay
intact, while hemicellulose hydrolyzes into monomeric sugars
can form biotoxic compounds such as furfurals, HMF, and
levulinic acid that inhibit downstream fermentation processes
(Carvalheiro et al.,, 2008; Binder and Raines, 2010). At more
neutral pHs, there tends to only be partial hydrolysis of the
hemicelluloses. Often this is a result of autohydrolysis from
organic acids within the lignocellulosic material. Since these
conditions are not acidic enough, hemicelluloses tend to stay
in polymeric or oligomeric form. In this regime, solubility of
hemicelluloses is proportional to the concentration of organic
acids available in biomass-meaning feedstocks such as softwoods
typically have low solubilisation of hemicellulose. In more
alkaline conditions lignin polymers tend to fractionalize and
dissolve in solution, while hemicelluloses tend to remain in
solid states. It may be of potential interest to factor inhibitory
effects of biotoxic compound production during pretreatment on
fermentation yields and cost.

Recent work by Pham et al. has reported that pH affects the ratio
of products from the decomposition of lignin by lignin peroxidases
isozyme H8 (Pham et al,, 2021). This author suggests that pH is a key
factor for efficient and selective depolymerization of lignin dimers
(specifically guaiacyl glycerol beta-guaiacyl ether) and that
engineering processes by altering pH could lead to improvements
in bioprocessing in the future. How valuable this effect is for
industrial processes is still to be determined.

4.4 Other factors (substrate, analysis
method, quantification approach)

Varying origin or expression methods of the enzymes are also

factors in potential IL-tolerance. The expression system of cell
cultures has had an impact on enzyme quality, functionality,
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production speed, as well as yield. Natively expressed enzymes,
enzymes produced in the organism of its origin, are often limited by
demanding growth conditions to replicate the organisms’ native
environment. For instance, fungal organisms are commonly
cultured for cellulase production, but are limited by their need
for special culturing and induction conditions. Additionally, enzyme
yields are often limited and non-tailorable to different substrates due
to substrate specificity of their metabolism. Heterologously
produced enzymes currently suffer from their own drawbacks
including low yields, poor secretion, and high costs (Lambertz
et al,, 2014). Specific modifications have been made to overcome
these limitations in order to lower production costs and optimize
expression systems, which differ among research labs and protocols.

At present a standard procedure across literature to quantify
lignocellulosic enzyme activity in ionic liquids has not been fully
realized. This comes despite the Commission on Biotechnology of
Pure and Applied chemistry proposed a number of standard
procedures for measuring cellulase activity in 1984 and the
National Renewable Energy Laboratory (NREL) developing
standardized procedures for different measurements in biomass
processing in the early 2000s (Dowe, 2001; Dashtban et al,
2010). Variability in factors such as enzyme type, conditions in
which they are active, substrate of interest, desired product, access to
equipment, improvement of sensor technology and computational
abilities, and even the deconstruction process itself, have all
engendered the need to conduct alternative methods of analyzing
deconstruction metrics (Fapyane and Ferapontova, 2017; Kwon
et al.,, 2018).

Some studies opt to use “real” substrates, as opposed to model
compounds for processing. In this case, real substrates are naturally
occurring samples of organic compounds that are taken from
biomass. Model compounds by contrast are typically synthetically
produced chemicals or polymers of high purity. Oftentimes
carboxymethyl cellulose (CMC), p-nitrophenol based compounds,
or varieties of highly crystalline cellulose such as Avicel” are used to
measure cellulase activity (Dashtban et al., 2010). Model compounds
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provide a more chemically simple system that can be specific to a
single type of enzyme and give better insight on individual enzyme
2010). Model
compounds also lack impurities such as lignin that would

reaction pathway kinetics (Dashtban et al,
typically be present at different concentrations in different
biomass sources and create variations in enzyme activity across
substrates (Ladeira Azar et al., 2020). However, their use does not
come without valid concerns. For one, model compounds do not
chemically represent real substrates, and their reaction kinetics are
not always directly comparable (Dashtban et al., 2011; Monschein
et al, 2013). Additionally, the results from some model compounds
have been reported to be notoriously non-reproducible for a variety
of reasons specific to each compound (Percival Zhang et al., 2006).
Despite their drawbacks, they remain popular options as measuring
individual reaction pathways in enzyme assays from more complex
substrates has proven difficult.

Due to the complexity of cellulose—cellulase systems and
differences between kinetic characteristics of hydrolysis reaction
and time, cellulase activity assays are often expressed by either their
initial hydrolysis rate or by their end point hydrolysis yield. Initial
hydrolysis rate measurements are preferred when measuring
individual cellulase activity over a short time, whereas hydrolysis
yields are used to measure total enzyme activity over a longer
duration (Wu et al, 2006). Initial hydrolysis reactions are
relatively free from complications such as back-reaction and
enzyme degradation and product inhibition. Specific to cellulose-
cellulase systems it should be noted that the rate of enzymatic
hydrolysis of amorphous regions of cellulose are significantly higher
than crystalline regions (Hall et al., 2010). Initial hydrolysis reaction
rates are measured when the bulk of amorphous cellulose is still
present and before their availability significantly alters enzyme
velocity. End point measurements on the other hand account for
enzyme deactivation caused by ILs, and feedback inhibition that
occurs temporally. Reactions will significantly slow down by the end
of the experiment as amorphous regions become scarcer, and
cellulase activity becomes primarily a function of crystalline
cellulose hydrolysis. It is sometimes indeterminate to what extent
IL based deactivation occurs relative to feedback inhibition, so half-
life studies in ILs are also conducted and first order deactivation
models are applied (Schindl et al., 2019). As such, enzyme studies
utilizing different assay methods are not always easily comparable
and care must be taken when building datasets from multiple papers.

5 Mechanisms for improving enzyme
activity

There exist various mechanisms for improving enzyme activity
and stability in pretreatment and saccharification processes. Of these
mechanisms, immobilization of enzymes on carriers and other
stabilizing materials are often utilized to amplify the activity of
the lignocellulosic enzymes. Immobilization allows for enhancing
the biocatalytic properties of enzymes, making them more robust
and chemically stable (Grewal et al, 2017). Other methods of
modifying enzymes for enhanced performance include directed
evolution, protein engineering, and enzyme-mediator complexes.

Numerous studies note that activity is drastically different, and

oftentimes better for modified cellulases. Trichoderma reesei
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cellulases immobilized on magnetic and silica nanoparticles
retain up to 95% activity in 10%-20% [EMIM][OAc]. Even in
higher of the the
consistently retain above 50% activity (Grewal et al., 2017). Other
T.
HA403 support and Sepabeads EC-EP support possessed high

concentrations ionic liquid, enzymes

reesei cellulases immobilized onto a modified ReliZyme

reusability after 5 uses, and retained 57% and 32% activity,
respectively (Bilgin et al, 2016). Crosslinking enzymes are an
alternative method of immobilization compared to covalently
bound immobilized cellulases. Crosslinked cellulase aggregates
performed well in ~43% [BMIM][OAc] and retained roughly
40% higher activity than in water, and also possessed high
reusability, at 12 cycles with cellulose hydrolysis rates maintained
above 50% relative to control (Jamwal et al., 2016). Xu et al
investigate cellulase activity in 25% [EMIM][DMP] and report
around 50% relative activity of free cellulase, which increased to
nearly 100% activity when immobilized on PEGylated graphene
oxide nanosheets (Xu et al., 2016b). In a different study, it was found
that while free cellulases lost nearly 95% activity in 40% [EMIM]
[DMP], modified cellulases by means of encapsulation in alginate
beads retained up to 76% activity (Xu et al., 2015a).

Chemically modified laccases by various means often display
higher levels of stability in increased retention of activity compared
to free enzymes. Aspergillus laccase immobilized on modified silica
carriers demonstrated greater stability in 50% [EMIM][EtSO,] after
2 days of incubation, maintaining 60% of its original activity
compared to 50% maintained by the free enzyme (Tavares et al,
2013). Myceliophthora thermophilia laccase immobilized on glyoxyl-
agarose beads by means of covalent binding allowed laccases to
withstand stability of over 50% in 75% [EMIM][EtSO,] while free
laccases were completely inactivated (Fernandez-Fernandez et al,
2014). No single means of modification is expected to produce
exceptional results, but methods of immobilization and evolution
generally support the enzyme in tolerating ionic liquid solvent
media.

Directed evolution is a technique successfully used to
improve enzyme activity in ionic liquids, which directly
evolves biomolecules in desired conditions. More specifically,
mimicking natural evolution in the lab with a gene library for
diversification, followed by screening for certain mutated
variants that function under the conditions desired. This
process until the
biomolecule variant tests successfully to desired traits and

continues over a number of cycles
conditions at a faster rate than what would naturally occur
(Packer and Liu, 2015). Directed evolution has successfully
been used for developing ionic liquid tolerant cellulases
(Wolski 2016), laccases (Liu 2013), and

peroxidases (Cherry et al, 1999; Ryu et al., 2008; Gonzalez-

et al, et al,
Perez and Alcalde, 2017). For instance, after 2 generations of
directed evolution, Trametes versicolor laccases expressed in
Saccharomyces cerevisiae resulted in a lcc2 variant with
improved tolerance to [EMIM][EtSO,], with a 3.5 to 4.5-fold
increase in activity compared to the lcc2 wild type in 15% IL (Liu
et al,, 2013). Protein engineered laccase variants demonstrated
3.4-fold-8.4-fold activity increase in 5%-35% [EMIM][EtSO,]
compared to the wild type lcc2 enzyme (Wallraf et al,, 2018). A
cellulase from Talaromyces emersonii was also directly evolved

over 2 generations to improve ionic liquid tolerance, yielding an
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increase in activity and stability within aqueous-IL solutions of
43% (w/w) [MMIM][DMP] and 20% (w/w) [EMIM][OAc]
(Wolski et al.,, 2016). Despite the numerous instances in which
directed evolution has been successful in making ionic liquid-
tolerant enzymes, there are limitations to this method. In using
directed evolution, evolving against a model compound substrate
such as model lignin or cellulose would not always necessarily be
an adequate representation of lignocellulosic biomass. The actual
composition and structure of lignocellulosic biomass is
unpredictable and has a lot of variability, which cannot be
predicted or considered with the model biomass substrates
used to screen for enzyme variants.

Enzyme-mediator complexes are also another method with
potential in improving enzyme activity. Mediators are artificial
electron acceptors, also often referred to as “redox mediators,” which
carry the radical from the enzyme to the substrate in redox reactions.
This helps the oxidative reaction take place without the enzyme needing
to be directly touching the substrate. Working in conjunction with
oxidative enzymes, mediator systems are especially of interest for
laccases and peroxidases and have been extensively studied. These
mediators can be added to a reaction but can also occur in nature. These
naturally occurring mediators may be metabolites of certain organisms.
Some lignin-consuming organisms, for instance, have some phenolic
metabolites that act as naturally occurring mediators such as
syringaldehyde, acetosyringone, vanillin, acetovanillone,
vanillate and p-coumaric acid (Caias and Camarero, 2010). Several
articles within literature found 2,2’ -azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid (ABTS) and 1-hydroxybenzotriazole (HBT) to be popular
and effective mediators for lignin-degrading enzymes such as laccase

methyl

and peroxidases. Although not directly tested with ionic liquids in
particular, unsaturated fatty acids and HBT were shown to be effective
mediators for manganese peroxidase oxidative conservation of several
environmental pollutants in organic solvents, increasing conversion
rates 3-fold (Michizoe et al., 2004). However, their effectiveness in ILs
may possibly be difficult to determine, as the ions of the IL have the
potential to react with the radicals carried by the mediators due to their
charge, which could also contribute to why enzyme-mediator
complexes have mostly been investigated within organic solvents
rather than ILs.

6 Conclusion

Tonic liquids (ILs) are popular solvents used for the pretreatment
and dissolution of lignocellulosic biomass. As an eco-friendly
solution, IL pretreatment processes are commonly utilized and
have demonstrated high sugar yields and efficient recovery of
desired material. Because of the notably harsh conditions that
enzymes undergo during the IL pretreatment process, enzymatic
activity and stability is often inhibited or notably reduced, and for
this reason the pretreatment and enzyme hydrolysis steps are kept
separate. The need to engineer IL-tolerant enzymes is increasingly
prevalent for more efficient biofuel hydrolysis. We have reviewed a
number of the factors that influence enzyme stability and activity in
ILs and outline trends that allow for better understanding of which
areas to target to improve these processes. While there is no
blueprint or platform approach to apply uniform conditions for
biofuel production processes due to the vast variety of ILs and
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solvents available, identifying such trends will play a hand in taking a
step forward towards developing more productive techniques.
Experimental studies investigating potential enzyme
cocktails to produce synergistic effects is a promising next
step. Classifying enzymes by the optimum conditions under
which they work and running computational analysis or
designing a machine learning problem may be a more efficient
method of optimizing enzyme activity and biomass dissolution.
While this review provides a comprehensive understanding of the
fundamentals of pretreatment and enzymatic activity, more work
needs to be done to design robust enzymes and develop optimal

processes.
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Glossary

Cations
AMIM
BMIM
BMPL
C,OHMIM
Cho
DBNH
DMIM
EMIM
EOA
HEMA
HMIM
Anions
BF,

Br

Bu

Cl

DCA

DEP

DMP
EtSO,

Lys

MeSO,
MDEGSO,
NTF,
OAc/CH;CO0"~
OTF
Other

DES

LME
PMO/LPMO

VoC

1-allyl-3-methylimidazolium
1-butyl-3-methylimidazolium
1-butyl-1-methylpyrrolidinium
1-(2-Hydroxyethyl)-3-methyl imidazolium
cholinium

1,5-diazabicyclo [4.3.0]non-5-ene

1,3-dimethylimidazolium (also called MMIM)

1-ethyl-3-methylimidazolium
ethanolamine
tris-(2-hydroxyethyl)methylammonium

1-hexyl-3-methylimidazolium

tetrafluoroborate

bromide

utyrate

chloride

dicyanamide

diethyl phosphate

dimethyl phosphate

ethyl sulfate

ysinate

methyl sulfate
diethyleneglycolmonomethylethersulfate
bis (trifluoromethylsulfonyl)amide
acetate (also called Ac)

trifluoromethanesulfonate

deep eutectic solvent
lignin modifying enzyme
(Iytic) polysaccharide monooxygenase

volatile organic compound
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