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Abstract: Lignocellulosic feedstocks are an important resource for biorefining of renewables to
bio-based fuels, chemicals, and materials. Relevant feedstocks include energy crops, residues
from agriculture and forestry, and agro-industrial and forest-industrial residues. The feedstocks
differ with respect to their recalcitrance to bioconversion through pretreatment and enzymatic
saccharification, which will produce sugars that can be further converted to advanced biofuels and
other products through microbial fermentation processes. In analytical enzymatic saccharification,
the susceptibility of lignocellulosic samples to pretreatment and enzymatic saccharification is assessed
in analytical scale using high-throughput or semi-automated techniques. This type of analysis is
particularly relevant for screening of large collections of natural or transgenic varieties of plants
that are dedicated to production of biofuels or other bio-based chemicals. In combination with
studies of plant physiology and cell wall chemistry, analytical enzymatic saccharification can
provide information about the fundamental reasons behind lignocellulose recalcitrance as well
as about the potential of collections of plants or different fractions of plants for industrial biorefining.
This review is focused on techniques used by researchers for screening the susceptibility of plants to
pretreatment and enzymatic saccharification, and advantages and disadvantages that are associated
with different approaches.

Keywords: lignocellulose; biomass; biofuel; sugar platform; pretreatment; enzymatic saccharification;
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1. Introduction

The phase-out of fossil fuels in the transport sector is a major challenge that will require a
combination of different measures including improved fuel efficiency, electrification, and increased
production of conventional and advanced biofuels [1]. According to current assessments, production
levels of advanced biofuels are not on track and major efforts are required in this area within the
coming decade [1]. Especially with respect to long-range road transport, aviation, and marine
transport, advanced biofuels can make a significant contribution to a shift from fossil-based energy to
renewable energy.

The most wide-spread biofuel today is ethanol, with USA and Brazil being the two main producers,
and corn grain and cane sugar being the two main feedstocks [2–4]. Apart from being widely used
in fuels for Otto engines, ethanol, as ED95 fuel, is also useful for diesel engines [5]. Furthermore,
ethanol can be valorized to hydrocarbons in AtJ (alcohol-to-jet) processes [6]. Thus, processes in which
sugars are converted to ethanol, and perhaps further on to other energy carriers, are likely to play an
important role in the biofuel sector also in the future.
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Sugars derived from lignocellulosic biomass can further boost the production levels of bioethanol
and other bio-based energy carriers [7]. Lignocellulosic feedstocks include energy crops, softwood,
hardwood, and agricultural residues (straw, corn stover, sugarcane bagasse, cassava stems, etc.).
The three main constituents of dry lignocellulose are cellulose, hemicellulose, and lignin [8].
The cellulose and the hemicellulose can be hydrolyzed to monosaccharides in sugar-platform
processes. The most common concept is based on an initial diminution step, for instance wood
chipping, followed by pretreatment and enzymatic saccharification of the cellulose and residual
hemicellulose remaining after the pretreatment (Figure 1). As lignocellulose is recalcitrant to
biochemical conversion [8], the pretreatment is necessary to increase the susceptibility of the
lignocellulose to enzymatic saccharification. Reducing recalcitrance is key to high-yield cost-effective
bioconversion of lignocellulosic feedstocks. The sugar can be refined to biofuels by chemical catalysis
or microbial fermentation. The most common microorganism used to ferment sugar is baker’s yeast,
Saccharomyces cerevisiae [9], as it typically will provide high ethanol yields from hexose sugars in rapid
and robust industrial fermentation processes. Metabolic engineering can be used to further improve
the characteristics of S. cerevisiae and other microbes of interest.Energies 2018, 11, x FOR PEER REVIEW  3 of 20 
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Figure 1. Schematic depiction of typical workflow of analytical enzymatic saccharification of
lignocellulosic feedstocks.

Most scientific studies of sugar-platform processes are based on preparative saccharification
of pretreated feedstock, i.e., the aim is to generate a maximum amount of sugar for a subsequent
fermentation process while taking into account factors that affect process economy, such as enzyme
loading, yield, and productivity. However, an increasing number of scientific studies are devoted
to the concept analytical enzymatic saccharification, as outlined in Figure 1. Analytical enzymatic
saccharification is used to evaluate a set of feedstock samples, a set of pretreatment methods, or a set
of enzyme preparations. The aim is not exhaustive saccharification as in preparative studies, but rather
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to detect differences in the susceptibility to enzymatic saccharification. If, on one hand, the enzymatic
saccharification of cellulose is driven too far, it might be difficult to detect differences in susceptibility
to cellulolytic enzymes. If, on the other hand, the enzymatic saccharification is superficial and the
fraction of cellulose converted is very low, it might be difficult to correctly assess the value of the
differences, as one fraction of the cellulose is typically easy to degrade while other fractions are more
difficult for the enzymes to access and hydrolyze [10]. Thus, it is best to convert a substantial fraction
of the cellulose, but not so much that the differences between the analyzed materials become indistinct.
Since it is an analytical procedure, factors such as enzyme loading, yield, and productivity become less
important in comparison to preparative enzymatic saccharification.

The aim of this review is to compare different approaches that have been employed for analytical
enzymatic saccharification of lignocellulosic biomass, and to highlight advantages and disadvantages
with different approaches. While some scientific studies in this area have focused on sets of natural
varieties of lignocellulosic feedstocks, a growing number of studies are devoted to analysis of
engineered plants [11]. These studies demonstrate how rather small differences in constituents
such as hemicellulose, lignin, and pectin can have a major impact on the saccharification efficiency.
However, the techniques used to evaluate such plants differ substantially, for example with regard to
size fractionation, pretreatment technology, pretreatment conditions, separation of solid and liquid
phases, conditions for enzymatic saccharification, and analyses (Figure 1), and this review will pinpoint
and explain the consequences of such differences.

2. Lignocellulosic Feedstocks

The proportions of the main organic constituents of lignocellulosic feedstocks, i.e., cellulose,
hemicelluloses, and lignin, differ widely in different species of plants [12,13]. It is noteworthy that apart
from cellulose, which is a uniform component of most types of lignocellulosic biomass, the composition
of the other main constituents exhibits major quantitative and qualitative differences for lignocellulose
of different origin.

Cellulose, the structural base of the plant cells, is a polysaccharide composed of anhydroglucose
units linked by β-(1→4)-glycosidic bonds arranged linearly, and reaching a degree of polymerization
(DP) of up to 15,000. Cellulose macromolecules are organized in a compact arrangement,
where individual chains form rigid microfibrils that are stabilized by hydrogen bonds. The direct
consequence of that arrangement is a highly crystalline macromolecular structure with a low
reactivity towards most chemicals and solvents [12]. Alternating with the predominant crystalline
domains, native cellulose contains also amorphous regions, which represent a minor part of the
macromolecule, but are important targets for different reactants, including derivatization reagents as
well as hydrolyzing chemicals and enzymes [14].

Hemicelluloses are composed of units of both hexoses and pentoses, which are arranged as
relatively short (DP ranging between 50 and 200) β-(1→4)-linked chains that are often branched. Xylose,
glucose and mannose units, and to a minor extent galactose and glucuronic acid units, constitute
the backbone of most of the hemicelluloses, whereas arabinose and rhamnose units, as well as some
non-carbohydrate moieties, form the branches. Hemicelluloses have different composition depending
on the biomass source. O-Acetyl-galactoglucomannans and arabino-4-O-methylglucurono-D-xylans
are the main hemicelluloses of softwood species, while O-acetyl-4-O-methylglucurono-D-xylans and
arabino-(O-acetyl-4-O-methylglucurono)-D-xylans are predominant, respectively, in hardwood and
herbaceous plants [12,15]. Hemicelluloses are a main contributor to the recalcitrance of lignocellulosic
biomass. Differently to cellulose, hemicelluloses are relatively reactive, and prone to undergo
hydrolysis under mild conditions.

Lignin is an aromatic polymer consisting of phenylpropanoid units linked by ether and
carbon-carbon bonds forming a complex three-dimensional network [12]. As for hemicelluloses,
the content and composition of lignin vary depending on the type of feedstock. Softwoods generally
contain more lignin than hardwoods. Softwood lignin is composed almost exclusively of guaiacyl units,
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whereas hardwood lignin also contains syringyl units. Grass lignin contains p-hydroxyphenyl units,
in addition to guaiacyl and syringyl units. Lignin binds together the components of lignocellulose,
ensuring the structural integrity of the cell wall, and at the same time contributing to its recalcitrance
to bioconversion. Therefore, lignin removal is one way of facilitating enzymatic hydrolysis of cellulose.

Other constituents of lignocellulosic feedstocks include extractives and minerals [12], both of
which are typically present in small quantities. The extractives are heterogeneous in composition and
chemical functionality, and they have in common that they can be removed by solvent extraction.
Mineral constituents are present in small amounts in wood, but some gramineous crops contain larger
quantities. A high mineral content can affect the buffering capacity of the medium, and, consequently,
the operational conditions in lignocellulose processing.

In order to become useful for processing industry, lignocellulosic feedstocks have to be
deconstructed to simpler substances that can be transformed to biofuels and other valuable bio-based
products. Biochemical conversion, with enzymatic saccharification of cellulose as the core process,
is a selective approach for deconstructing biomass to sugars that can then be channeled to the desired
end products [16]. However, biochemical conversion is hindered by the inherent recalcitrance of
lignocellulosic feedstocks. The recalcitrance to bioconversion is mainly a result of mechanisms
evolved by plant biomass for resisting attacks on its structural components, and it is based on several
features, such as the chemical composition and physical structure of the cell wall, cellulose structure,
and changes induced by the industrial processing [17].

Lignocellulose recalcitrance is to a high extent governed by compositional particularities of the
plant cell wall. The interference by lignin and hemicelluloses, which are intimately associated with
cellulose fibrils in the lignocellulosic matrix, is a major factor contributing to the biomass recalcitrance.
Although lignin content has been considered to be one of the main obstacles for cellulose enzymatic
hydrolysis, a recent report points towards a more crucial role of lignin composition, in particular the
content of syringyl and guaiacyl units and the amount of aryl ether linkages, as a key impediment for
access of enzymes to the polysaccharides [18]. The capacity of lignin and pseudo-lignin, a product of
carbohydrate degradation during thermal processing, to non-productively bind cellulases is another
factor contributing to biomass recalcitrance [19]. Together with lignin, hemicelluloses and their acetyl
groups also play an important role in retarding enzymatic conversion of cellulose. It was recently
shown that strong cellulose–hemicellulose associations formed during biomass processing at high
temperatures can reduce cellulose access more than the intrinsic hemicellulose present in the plant
cell wall [20].

However, the recalcitrance of lignocellulosic feedstocks to bioconversion cannot be explained
by looking only at chemical factors. Lignocellulose recalcitrance is also to a high extent caused
by structural features [21]. The degree of polymerization and crystallinity of cellulose, as well as
biomass porosity, specific surface area and particle size are factors contributing to the recalcitrance of
lignocellulosic biomass to enzymatic saccharification [8,17]. In a recent study, a systematic comparison
of three different wood species revealed that without pretreatment the structural factors were more
important than the chemical composition and the cellulose crystallinity for explaining the differences
in recalcitrance towards enzymatic saccharification [21].

3. Pretreatment for Enzymatic Saccharification

Pretreatment removes or weakens the barriers causing recalcitrance in such a way that the raw
feedstock turns into a substrate that is amenable for enzymatic saccharification. There are many
different pretreatment methods, and although some of them can be performed at low temperature,
as a rule the most efficient approaches include heating. In general, lignocellulose bioconversion can
be seen as a processing sequence basically including a high-temperature pretreatment step and a
low-temperature enzymatic hydrolysis step.

A technically effective pretreatment should result in a high enzymatic digestibility of the cellulose
contained in the pretreated solids, and a high recovery of hemicellulosic sugars/oligomers in the liquid
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fraction with a minimal formation of inhibitors of microbial and enzymatic processes [22]. Removal
of hemicelluloses or their acetyl groups, disrupting the lignin sheath, decreasing the crystallinity
and degree of polymerization of cellulose or increasing the porosity of the substrates are some of the
mechanisms behind the enhancement of enzymatic digestibility by different pretreatments [23]. To be
economically attractive, the pretreatment should allow handling high solids loads with minimal energy
demand and low capital and operational cost [24]. The most industrially mature pretreatment methods
are thermochemical processes, in which lignocellulosic feedstocks are mixed with an aqueous medium,
either in liquid state or as steam, alone or in the presence of an impregnating chemical, and then
subjected to a high-temperature treatment. Hydrothermal processing, either alone or with dilute
acid or reinforced by steam explosion, and mild alkaline pretreatments are among the best-known
thermochemical methods of interest for industrialization of bioconversion processes. Some methods
developed in the pulping industry also have potential for large-scale application. There are also some
pretreatment approaches that are of high academic interest, but that are still rather far from being
mature for commercial application. An overview of some of the most relevant to date methods is
presented in Table 1, and some details are discussed below.

Hydrothermal processing is an effective and technologically-mature pretreatment method,
which can be implemented following several approaches, and it has been proven for many different
lignocellulosic feedstocks. In the most basic hydrothermal pretreatment (HPT) approach, which is
known also as liquid hot water pretreatment, autohydrolysis, and hydrothermolysis [25], the raw
material is suspended in water, which by means of high pressure is forced to remain in liquid state at
temperatures around 200 ◦C for a certain time. Under those conditions, the hydronium ions resulting
from water auto-ionization and from organic acids catalyze the solubilization of hemicelluloses,
which are removed to a high extent without being largely hydrolyzed (Table 1). Simultaneously,
lignin is relocalized on the biomass surface, cellulose is hydrated, and the pore size of the fibers is
enlarged. All those phenomena result in an increase of the surface area available for enzyme penetration
and, consequently, the potential of cellulose saccharification is largely improved. Advantages include
that there is no use of chemical additives and no requirement of expensive anticorrosion materials.
The effects on hemicelluloses are, however, rather limited, and the method has been used primarily for
less recalcitrant forms of lignocellulose. Although the commercial-scale operation of HPT-based plants
is not yet a reality, the technology has been successfully demonstrated in the production of ethanol,
lignin pellets and molasses from wheat straw by the companies Inbicon and Dong Energy in their
demonstration-scale biorefinery in Kalundborg, Denmark.

Hydrothermal pretreatment with dilute acid (HPT-DA), also known as dilute-acid pretreatment
or dilute-acid prehydrolysis, is a method of uppermost relevance for industrial implementation. It is
performed by mixing biomass with a diluted acid, commonly sulfuric acid below 2% (w/w), and heating
the suspension to around 200 ◦C for a short time [23]. For some applications it is also effective to run
the process at lower temperatures combined with longer residence times. HPT-DA efficiently removes
hemicelluloses by almost complete hydrolysis to sugars. HPT-DA typically leads to some increase of
the crystallinity of the material. A small portion of the lignin is also removed, even though severe
conditions can lead to an apparent increase due to pseudo-lignin formation. In spite of the increase
of the crystallinity of cellulose, HPT-DA results in a strong improvement of cellulose convertibility
due to increased surface area and pore accessibility, hemicellulose solubilization, and shrinking of
lignin through coalescence [26]. Although HPT-DA has some weaknesses regarding the requirement
for the materials that are used for manufacture of reactors and the formation of inhibitory by-products,
its effectiveness, technical straightforwardness, and technological readiness make it one of the most
attractive choices for large-scale projects. The classical dilute-acid technology and/or other acid-based
pretreatment approaches are implemented in most of the current commercial plants and demonstration
projects for the development of cellulosic ethanol and biorefineries [27].

Another leading technology is hydrothermal pretreatment with steam explosion (HPT-SE),
which consists of heating the feedstock with superheated steam to around 200 ◦C for a certain time
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and then depressurizing the system by a rapid discharge using a quick-action valve. The operation
temperature and the holding time can vary depending on the nature of the feedstock. During the
pretreatment, in which chemical and physical effects are combined, the plant cell wall structure
is disrupted by the steam, and the hemicelluloses are solubilized/hydrolyzed to different extent
depending on the operational conditions and on the presence of chemical additives. HPT-SE can
be performed with no addition of chemicals, and in that case, as in the basic HPT, the process is
catalyzed by autohydrolysis, but it can also be assisted by impregnation with external agents, such as
SO2, H2SO4, or NaOH. When SO2 or H2SO4 are used, hemicelluloses are hydrolyzed in the same
way as in dilute-acid pretreatment, while the use of NaOH leads to solubilization of hemicellulosic
oligomers without major hydrolysis. If no chemicals are added, the pH drops due to the release
of acetic acid and uronic acids, and there is some resemblance with the acid-catalyzed process.
Lignin is only slightly removed but, due to melting and depolymerization/repolymerization reactions,
it undergoes redistribution over the cell wall leading to a higher exposure of cellulose fibres [23].
As a result of removal of hemicelluloses and redistribution of lignin, the accessibility of enzymes to
cellulose is enhanced, which leads to a high degree of saccharification using relatively low loading of
cellulases. The enzymatic convertibility can further be improved if the pretreated solids are subjected
to delignification, for instance by an alkali treatment, before the addition of cellulases. Since HPT-SE
is effective for a wide variety of bioresources ranging from herbaceous crops to highly recalcitrant
softwood feedstocks, it is an attractive option for commercial application, and there are ongoing
upscaling attempts by several companies in different countries (Table 1).

Mild alkaline pretreatment methods are performed with NaOH or other bases, which catalyze
the saponification of the ester bonds crosslinking hemicelluloses and lignin, and cellulose peeling
reactions. As a result, a large part of lignin is removed, cellulose is depolymerized and its digestibility
is improved. Hemicelluloses are partially solubilized, but to a lower degree than in acid and
autohydrolytical pretreatments (Table 1). Also some of the mild alkaline methods are modifications
of hydrothermal processing, and can be seen as hydrothermal pretreatments with alkali (HPT-Al).
In general, they require milder conditions than those used in the aforementioned HPT methods,
and in some cases they can be run at room temperature. Apart from processes using strong alkalis,
lime pretreatment, ammonia recycle percolation (ARP), and aqueous ammonia soaking (AAS) are
promising technologies [28].

In addition to ARP and AAS, which are typical mild alkaline pretreatments, ammonia can
also be used in AFEX (ammonia fiber expansion), a rather different processing approach. In AFEX,
lignocellulose is heated with liquid ammonia, and the pressure of the system is first increased as
result of ammonia volatilization, and then decreased by a sudden release in a comparable way as in
HPT-SE. The effect of the high-pressure ammonia on biomass, combined with the explosive discharge,
results in decrystallization of cellulose, prehydrolysis of hemicellulose, and modification of the lignin
structure. Neither lignin nor hemicelluloses are solubilized, but their distribution is altered after
extraction/redeposition phenomena, and that increases the porosity of the cell wall and the enzyme
accessibility (Table 1). Some strengths of AFEX are the low biomass degradation, the almost complete
recovery of the pretreatment chemical, and no requirement of washing prior to enzymatic hydrolysis
or of addition of nutrients to the fermentation [29]. The weaknesses include that it is a capital-intensive
process, it has a high energy requirement in the ammonia recovery step, and it is not effective for
feedstocks with high lignin content [28].

Based on traditional chemical pulping processes, some pretreatment methods of commercial
interest have been proposed. The BALITM (Borregaard Advanced Lignin) process and the SPORL
(Sulfite Pretreatment to Overcome Recalcitrance of Lignocellulose) process, which are both based on
sulfite pulping, are two examples. These methods remove most of the lignin and variable amounts
of hemicelluloses depending on the pH and temperature. By taking advantage of the existing
infrastructure and knowledge in the pulping industry, the sulfite-based pretreatment processes have a
great potential for commercialization [30]. The BALITM pretreatment has been verified by Borregaard
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in a demonstration plant in Sarpsborg, Norway (Table 1). Chemical pulping processes, which primarily
target lignin, result in a pretreated material that is amenable to enzymatic digestion, but drawbacks
include high capital costs and the use of large amounts of chemical additives.

Using organic solvents, such as alcohols and organic acids, was initially investigated as an
unconventional pulping alternative. It has developed into organosolv pretreatment, which relies
on penetration of the solvent into lignocellulose pores to promote physical deconstruction and thus
providing improved accessibility to the cellulose. As other chemical pulping methods, the organosolv
process causes extensive delignification. Different degrees of solubilization of hemicelluloses can
be achieved depending on the operational conditions. Cellulose is partially depolymerized and
decrystallinized, and its susceptibility to enzymatic hydrolysis is improved. To be effective, organosolv
pretreatment requires an operating temperature above 200 ◦C, but if the process is catalyzed,
for instance by an acid, it can be run at much lower temperatures. Since the cost of the solvents is an
important issue for industrial applications, recycling is required for reducing operational costs [31].
However, the possibility of producing valuable by-products from the isolated high-quality lignin can
possibly offset the high cost of the operations with solvents. The potential of organosolv pretreatment
for industrial application has been investigated in pilot plants, such as those operated by Lignol and
Chempolis (Table 1).

Other developments based on experience from the pulping industry have led to the use of oxidants,
such as ozone, oxygen, or hydrogen peroxide, for removing lignin and thus pretreat lignocellulose for
enzymatic saccharification [23]. The oxidants disrupt the lignin-carbohydrate association, cause some
solubilization of hemicelluloses, and reduce cellulose crystallinity. Oxidative methods are usually
combined with other methods, and although they are generally performed at moderate temperatures,
the range of operational conditions can be rather wide depending on the method they are combined
with, and sometimes operations close to 200 ◦C can be required.

The potential of ionic liquids (ILs), organic salts that remain in liquid state below 100 ◦C,
for pretreatment of lignocellulosic materials has been intensively investigated during the last years.
Because of their excellent dissolution performance, high chemical and thermal stability, and the fact that
they are non-flammable, ILs are considered attractive green solvents for cellulose. Upon solubilization
in ILs and further regeneration from the solution, cellulose turns into a material with high surface
area, low crystallinity, reduced interference by lignin and hemicelluloses, and consequently with
improved enzymatic hydrolysis efficiency. The capability of the IL to disorder the cell wall structure
has been found to be an important factor governing its effect on recalcitrance [32]. Analysis of mass
balances indicate that substantial fractions of the lignocellulosic feedstocks are often lost during IL
pretreatment [32,33]. Furthermore, the high cost for producing the ILs and for recovering them after
pretreatment, together with the energy required for homogenization are challenges to be faced in order
to meet the demands for large-scale application [34].

There has been a lot of discussion about physical and biological pretreatment methods,
which indeed have interesting features regarding their effects on biomass recalcitrance, but their
development as independent pretreatment methods is limited by serious drawbacks. Physical
pretreatment methods include mechanical disintegration and irradiation. They lead to structural
disruption and reduction of the particle size and crystallinity of the raw material, which results in some
improvement of the enzymatic digestibility. However, since the energy requirements for achieving
high cellulose conversion are far too high, these methods are of interest only if used in combination
with other techniques or as a preparative step before other processes are applied [35]. In biological
pretreatment, the ligninolytic enzyme system of lignin-degrading microorganisms, especially white-rot
fungi, is used to remove lignin from lignocellulose. Advantages include low energy consumption and
capital costs. However, due to the slow rate, biological pretreatment is relevant only if combined with
other methods or with storage prior to other forms of pretreatment [36].
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Table 1. Overview of common pretreatment methods.

Method Typical Temperature
and Reaction Time Chemicals Effects on

Hemi-Celluloses Effects on Lignin Effects on Cellulose Examples of Upscaling Attempts Ref.

Hydrothermal
pretreatment ~170–230 ◦C, 10–30 min None Partial

solubilization Slight removal Slight crystallinity increase Inbicon (Denmark) [25]

Hydrothermal
pretreatment with

dilute acid

~120–230 ◦C,
from a few sec to ~1 h

H2SO4, HCl,
H3PO4,

organic acids

Complete
hydrolysis

Disruption and
redistribution,
slight removal

Partial depolymerization,
slight crystallinity increase

Iogen-Raízen (Brazil), POET-DSM
(USA), Iogen (Canada),

Blue Sugars (USA)
[23,26,27]

Hydrothermal
pretreatment with
steam explosion

~160–230 ◦C,
~1–30 min

None, SO2, H2SO4,
H3PO4, NaOH

Partial to complete
solubilization,
de-acetylation

Slight removal and
modification Slight crystallinity increase

Sekab (Sweden), Abengoa (Spain),
Beta Renewables (Italy), Verenium

(USA), Greenfield (Canada)
[23,24,27]

Mild alkaline methods ~25–180 ◦C, from a few
min to several weeks

NaOH, KOH,
Ca(OH)2, NH4OH

Partial
solubilization,
deacetylation

Significant
removal

Crystallinity decrease,
depolymerization DuPont Danisco (USA) [28]

AFEX 40–100 ◦C,
5–45 min NH3 Deacetylation Structural changes Crystallinity decrease DEINOVE-MBI (USA) [28,29]

Chemical pulping
(Kraft, sulfite, soda,

or organosolv)
90–250 ◦C, 30–60 min Depends on

process Variable removal Extensive removal
No removal, but degree of

polymerization and
crystallinity affected

Borregaard (Norway), Lignol
(Canada), Chempolis (Finland) [30,31]

Oxidative methods From room temperature
to ~200 ◦C O3, O2, H2O2 Partial removal Significant

removal
Partial depolymerization,

marginal crystallinity increase BioGasol (Denmark) [23]

Ionic liquids ~80–130 ◦C Ionic liquids Solubilization Solubilization Decrystallization ? [32–34]
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4. Enzymatic Saccharification of Lignocellulosic Feedstocks

Enzyme preparations that are used for saccharification of lignocellulosic feedstocks contain a large
number of different enzymes that act in synergy to degrade cellulose to sugar [37]. The most studied
microbial producer of cellulolytic and hemicellulolytic enzymes is the ascomycete Trichoderma reesei
(teleomorph Hypocrea jecorina) [38]. Analysis using two-dimensional gel electrophoresis revealed the
identity of 52 protein spots in the extracellular medium of T. reesei, and more than 300 protein spots
were observed [39]. Another proteomics study covered the quantification of 230 extracellular T. reesei
proteins [40]. These studies exemplify the complexity of extracellular enzyme preparations used for
degradation of lignocellulose.

Enzymes that have commonly been recognized to be involved in the degradation of cellulose to
glucose include the hydrolases cellobiohydrolase, endoglucanase, and β-glucosidase (cellobiase) [37].
Cellobiohydrolases split off cellobiose from the ends of cellulose chains, whereas endoglucanases
create a larger number of cellulose chain ends by hydrolysis of glycosidic linkages in the interior
of the chains. β-Glucosidase hydrolyzes cellobiose to glucose. More recently, oxidoreductases
have also been found to play a role in enzymatic saccharification of cellulose. Although its role
in wood biodegradation is not yet fully understood, lytic polysaccharide monooxygenase (LPMO) can
assist other cellulolytic enzymes by disrupting crystalline cellulose in a reaction driven by molecular
oxygen [41,42]. Thereby the cellulose is made more accessible to other enzymes.

As xylans are typically the quantitatively most important type of hemicelluloses in agricultural
residues and in hardwood, many enzyme preparations used for saccharification of lignocellulose also
contain xylanases, xylosidases, and acetyl esterases. Xylanase-rich enzyme preparations are sometimes
added separately to boost the hydrolysis of xylan-rich feedstocks (Table 2). However, xylan is more
susceptible to acid hydrolysis than is cellulose, and it is the hemicelluloses that are the main target for
hydrothermal pretreatment under acidic conditions. If acid catalysts such as sulfuric acid and sulfur
dioxide are included in the pretreatment, the result may be almost quantitative degradation of the
hemicellulose, even for the most recalcitrant forms of lignocellulose, such as softwood [43]. Therefore,
the effects of adding hemicellulases to the reaction mixture are related to both the feedstock and the
type and the severity of the pretreatment.

Enzymatic saccharification of biomass often relies on commercial enzyme preparations.
One of the commercial cellulolytic enzyme preparations that have been most used in scientific
studies, Novozymes’ Celluclast 1.5 L, is based on enzymes from T. reesei. As Celluclast 1.5 L
contains relatively low β-glucosidase activity, it has often been supplemented with Novozym 188
(Table 2), a β-glucosidase-rich enzyme preparation derived from the ascomycete Aspergillus niger.
Enzyme preparations developed more recently typically contain sufficient quantities of β-glucosidase
activity to use without further supplementation.

The enzyme dosages vary widely depending on the purpose of the enzymatic saccharification.
Enzyme loading descriptions include activity assays, such as filter paper units (FPUs) and CMCase
(carboxymethyl cellulase) activity, mg enzyme protein per g glucan or per g (DW, dry weight) biomass,
as well as simple gravimetric or volumetric loadings. With regard to gravimetric and volumetric
loadings, it is important to keep in mind that most commercial enzyme preparations are provided in
liquid form and mainly consist of solvent and additives. For example, the protein content of Celluclast
1.5 L and Novozym 188 has been reported to be 4.0 and 5.1 % (w/v), respectively [44].

The enzymatic saccharification step is typically performed for 24–72 h at a temperature of 45–50 ◦C,
at a pH of around 5, and with agitation (Table 2). Sometimes, additives such as antimicrobial agents
and surfactants are used (Table 2). As the reaction mixtures are typically not aseptic, antimicrobial
agents are used to prevent sugar consumption by bacterial contaminants. Certain surfactants, such as
Tween 20, have been found to improve enzymatic saccharification of cellulose [45].
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The increased sugar concentration resulting from enzymatic saccharification is not a linear
function of the time. Jeoh et al. recently reviewed the literature on kinetics of enzymatic saccharification
of cellulose, and concluded that further studies are needed to develop a mechanistic model that
accurately predicts the time course of the reaction [46]. Typical batchwise saccharification processes
are characterized by a three-phase curve consisting of an initial rapid phase targeting easily accessible
cellulose, an intermediate phase with moderate hydrolysis rate targeting cellulose that is more difficult
to access, and a final slow phase targeting recalcitrant cellulose [10]. By the end of the intermediate
phase, about 70% of the initial quantity of cellulose has been hydrolyzed [10]. Preparative enzymatic
saccharification typically aims at conversion of ≥70% of the glucan of the feedstock, since the sugar
yield is a critical factor in biochemical conversion. As the purpose of analytical saccharification is to
reveal differences in susceptibility rather than to achieve a high sugar yield, the reaction is often not
allowed to proceed as far as to ≥70% glucan conversion. In most cases, only the end value, the sugar
yield, is reported. To better capture the complexity of cellulose degradation, samples are sometimes
taken both during the reaction (for determination of the glucose production rate) and at the end of the
reaction (for determination of the glucose yield) e.g., [47,48].

5. Analytical-Scale Pretreatment and Enzymatic Saccharification

5.1. Pretreatment and Enzymatic Saccharification

Research laboratories with focus on assessment of lignocellulosic feedstocks for biofuel production
use analytical enzymatic saccharification to screen large sets of samples. Figure 1 and Table 2 provide
an overview of different approaches to analytical-scale saccharification [43,47–73]. The main intention
of analytical-scale studies is to use small amounts of biomass to screen many samples and parameters,
for example with regard to comparison of different feedstocks, genetic modifications, environmental
variants, different parts of plants, and different pretreatment methods. The selection of approach
depends on the type of feedstock and the cell wall composition, the recalcitrance, the amount of
material available for analysis, the number of biomass samples to be screened, the level of detailed
information emanating from the experiments, etc. Semi-automated and HTP (high-throughput)-based
methods often cover both enzymatic saccharification without pretreatment and combined pretreatment
and enzymatic saccharification (Figure 1). Some of these approaches are based on robotic platforms
starting from the diminution step and further on all the way to analysis of the products obtained after
saccharification or fermentation (Figure 1, Table 2).

The first step is particle size reduction to facilitate uniform dispersion of biomass to vials or
microplates in a reproducible manner (Figure 1). The sample size in these assays usually varies
from a few mg to several g (Table 2). Because of the small sample size even a slight variation in the
experimental process will have significant impact on the outcome. Diminution has been achieved using
Wiley knife mills (Thomas Scientific, Swedesboro, NJ, USA), ZM 200 centrifugal mills (Retsch, Haan,
Germany), and MM400 bead mills (Retsch). Robotic platforms for biomass grinding and dispersion
have also been used [62–64]. A few studies (Table 2) have included a size fractionation step (Figure 1)
that provides a defined size interval by using sieving systems, such as the AS 200 (Retsch). As the rate
of enzymatic saccharification is dependent on the surface area of the particles, it is advantageous to
utilize a well-defined material. Many studies have been performed using particle sizes in the range
0.1–1.0 mm (20–80 mesh size) (Table 2). One investigation has been based on poplar handsheets
that were punched into small disks of uniform thickness mimicking filter paper discs [65]. Pulping,
preparation of hand sheets and disks, and dispensation of the disks into microtiter plate wells is labor
intensive and time consuming, but useful for screening of enzyme mixtures. As yield calculations are
typically based on the DW, drying and moisture content analysis is typically a part of the operations.
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The next step is selection of equipment and conditions for pretreatment (Figure 1). Pretreatment
equipment that has been used for analytical enzymatic saccharification include both non-pressurized
and pressurized systems. Non-pressurized systems include water baths [64,66] and heat
blocks [62,63], and typical temperatures are in the range 80–90 ◦C (Table 2). Pressurized systems
include autoclaves [61,67], ASE 350 Accelerated Solvent Extractor (Dionex, Sunnyvale, CA, USA) [68],
Parr reactors (Parr Instrument Company, Moline, IL, USA) [65,69,70], single-mode microwave
systems [54–59] (Table 2), and partially or fully automated robotic systems for 96-well plate
format [46–50] (Table 2). One investigation has been based on transparent plastic microtiter plates for
solvation of biomass using ionic liquids where biomass dissolution was determined by measuring
scattered light [74]. Studer et al. [51,52] used a pressurized steam-chamber reactor with a Hastelloy
96-well format insert with individual metal cups with automated dispension. Selig et al. [70] used a
similar approach, with 96-well metal plates in SBS (Society for Biomolecular Screening) format instead
of individual cups, where the plates could be stacked in the reactor to handle large sets of samples in
one run. In both these cases the 96-well plates were made of metal to withstand high temperatures
and dilute-acid pretreatment.

Most analytical-scale studies have been based on HPT using either steam, dilute acid, or dilute
alkali (Table 2). In these cases, HPT was performed in pressurized chambers including autoclaves,
robotic single-mode microwave systems, steam chambers (custom-made for quick heating and
cooling), and Parr reactors. Alkaline pretreatment with sodium hydroxide has been performed
using non-pressurized systems, such as heating blocks [62,63] and waterbaths [64]. Pretreatment
with ionic liquids has also been carried out using non-pressurized systems, and at a temperature of
100 ◦C [32,60,73]. For aqueous pretreatment systems, the conditions have varied from 4% sulfuric
acid to 0.5 N sodium hydroxide, from 80 to 200 ◦C, and from 3 to 1440 min (Table 2). Thus, the lower
temperature range used for analytical enzymatic saccharification differs considerably compared to
what is commonly used for preparative experiments and the time periods are sometimes much longer
than for normal pretreatment (Table 1). These differences can have a strong impact on the efficiency of
the pretreatment, especially with regard to solubilization and hydrolysis of hemicelluloses.

The approaches differ with regard to potential separation of the solid and liquid phases after
pretreatment (Figure 1, Table 2). In some studies, the solids have been collected by centrifugation
and thoroughly washed and neutralized with water and buffer [43,47,48,54–60,71,73], while in other
studies there has only been a neutralization step using concentrated buffer to adjust the pH prior to
the enzymatic digestion step (Table 2). Separation and washing is laborious, but the advantage is
that more detailed information can be gathered from the experiment. If the solids are separated and
washed, the subsequent enzymatic digestion becomes a direct measurement of the susceptibility of the
pretreated lignocellulose to the enzymatic digestion. Furthermore, it becomes possible to distinguish
between sugars formed during the pretreatment and during the enzymatic saccharification. If there
is no separation of the liquid and solid phases, the ionic strength will become higher through pH
adjustment using strong buffer, substances that inhibit enzymes and microorganisms are still left with
the pretreated material and can affect subsequent biocatalytic reactions, and the sugar analysis will
give the combined value for sugar formed during pretreatment and during enzymatic saccharification.
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Table 2. Examples of studies involving analytical-scale enzymatic saccharification a,b.

Approach Feedstock; Particle Size;
Loading (DW) Pretreatment Conditions Solid-Liquid Separation;

Wash
Enzymatic Saccharification

(ES) Analysis Methods Sugar Yield (Control) Ref.

Preparative PT (organosolv)
and analytical-scale ES (MTP)

Yellow poplar wood; 1.76 g
wood chips per hand sheet

(PT); 1.78 mg disk per
well (ES)

Ethanol-Organosolv at
195 ◦C for ~90‘

Yes; Washes with ethanol
(70%) and H2O

Desalted A and E separately;
0.1 M AB (WC); pH 5.0; 50 ◦C;

24 h; 600 rpm

Glu (ES)-HPLC-PAD, enzyme
coupled assay (GOX-PRX). 82% Cel⇔Glu in 24 h. [65]

With and w/o preparative PT
(AFEX). Analytical-scale

ES (MWP)

Corn stover; <0.1 mm; 1 kg
BM (PT); 1000 µl PT slurry

(0.25–1% G load, ES)

AFEX (1 kg NH3) at 90 ◦C
for 5‘ (instantaneous

pressure release)

No; dried overnight to
remove NH3

C and B; 0.05 M CB (WC); pH
4.8; 50 ◦C; 24 h; 375 rpm

Glu-HPLC-RID,
spectrophotometric assay

(Glu bio-enzymatic assay kit)

20% G⇔Glu (ES w/o PT);
90% G⇔Glu (PT+ES) [69]

Combined PT and ES + ES
w/o PT (HTDP method).
HPT with acid or PT with
alkali in micronic tubes.

Corn stover, A. thaliana;
<0.35 mm (robotic); 1.5 mg
powder per micronic tube

PT with alkali (6.25 or
62.5 mM NaOH) at 90 ◦C
for 180’, or HPT with 2%
H2SO4 at 120 ◦C for 45’

No; Neutralized with
0.03 M CB, HCl, or NaOH

G; 0.03 M CB (WC); pH 4.5;
50 ◦C; 20 h;

end-over-end rotation

Glu-GOX-PRX; Xyl-XDH;
Total Mono content-alditol

acetate/GC method.

Up to 1500 nmol (0.27 mg)
Glu/mg BM [64]

Combined PT (HPT) and ES
in Hastelloy 96-well format

Poplar (around 755 variants);
<1 mm; 5 mg per well HPT at 180 ◦C for 40‘ No; Neutralized with 1 M

CB, pH 5.0
C and B; 1 M CB (NC), pH 5.0,
40 ◦C, 72 h, static incubation

Glu-GOX-PRX; Xyl-XDH;
Mono-HPLC-RID

TSY (Glu+Xyl):
0.17–0.64 g/g BM [70]

Combined HTP-PT (HPT)
and ES + ES w/o PT

(Hastelloy 96-well format)

P. trichocarpa (47 phenotypes);
0.180–0.85 mm; 2.6 mg;

<2% solids

HPT (180 ◦C for 18’,
or 160 ◦C for 28’,

or 140 ◦C for 464’)

No; Neutralized with 1 M
CB pH 4.95

C and F; 1 M CB (NC);
pH 4.95; 50 ◦C; 72 h; 150 rpm. Mono-HPLC-RID

TSY: 0.437–0.68 g/g BM
(PT+ES); 0.05–0.40 g/g BM

(ES w/o PT)
[51–53]

Combined PT (PT with acid
or alkali) and ES

(96 MWP format).

A. thaliana, Brachypodium,
poplar, maize, barley, tobacco;

powder; 4 mg per well

PT with 0.5–4% H2SO4 or
0.5 N NaOH, 90 ◦C,

time variable depending
on plant material

Yes; 0.025 M AB wash Desalted A and B; 0.025 M
AB; pH 4.5; 50 ◦C; shaking

RS-MTBH assay; Mono
(PTL and ES)-HPAEC-ECD

Tobacco WT: 50 µmol (9 mg)
Glu/g BM [62,63]

Combined PT (HPT) and ES A. mangium (transgenic);
powder; 100 mg HPT at 120 ◦C for 3’ Yes; H2O wash

H; 0.05 M AB; pH 4.8; 0.02%
Tween-20; 45 ◦C; 48 h;

135 rpm

RS (ES)-Somogyi–
Nelson method; Glu
(ES)-GOX method

9.4 mg RS/100 mg BM,
6.8 Glu mg/100 mg. [61]

Combined PT (HPT with acid
using ASE 350) and ES.

156 different feedstocks:
corn stover, poplar, etc.;

<2 mm; 3 g

HPT with 1% H2SO4 at
110–200 ◦C for 13’

(7’ heating, 6’ static)
Yes; H2O wash D; 0.1 M CB; pH 4.8; 48 h;

5–7 days
Glu and Xyl (PTL and

ES)-HPLC-RID
Corn stover: PT+ES 0.309 g
Glu and 0.228 g Xyl/g BM. [68]

Combined PT (HPT with
alkali using Hastelloy 96-well

format) and ES.

Switchgrass, P. tremuloides;
0.180–0.85 mm; 4.5 mg

HPT with 1% NaOH at
120 ◦C for 10–1440’

No; diluted with H2O,
neutralized with 1 M CB,

pH 4.5

C and F; 1 M CB (NC); pH
4.95; 50 ◦C; 72 h; 150 rpm. Mono-HPLC-RID Poplar: 49-69% (Glu+Xyl);

Switch-grass: 85% (Glu) [72]

Combined PT (PT with acid)
and ES + ES w/o PT

P. tremula × P. alba
(green house); powder; 10 mg

PT with 1 ml of 1 N HCl
at 80 ◦C for 120’

Yes; H2O wash, 70% (v/v)
ethanol, and 100% acetone

Desalted A and B; AB pH 4.8;
50 ◦C; 48 h

Glu in ES (with and w/o
PT)-GOX-PRX assay

16–18% Cel⇔Glu [66]

HTDP: combined PT (HPT
with acid or PT with alkali)

and ES

P. tremula × P. alba
(field grown); powder; 1.5 mg

HPT with 0.4 M H2SO4
(120 ◦C, 45’), or PT with
6.25 or 62.5 mM NaOH

(90 ◦C, 180’)

No; Neutralized with acid
or base depending on PT.

Desalted A and B; AB pH 4.8;
50 ◦C; 48 h HPLC-RID 16–69% Cel⇔Glu [67]
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Table 2. Cont.

Approach Feedstock; Particle Size;
Loading (DW) Pretreatment Conditions Solid-Liquid Separation;

Wash
Enzymatic Saccharification

(ES) Analysis Methods Sugar Yield (Control) Ref.

Combined PT (HPT with acid
using robotic single-mode
microwave system) and

ES + ES w/o PT.

Hybrid aspen; 0.1–0.5 mm;
50 mg

HPT with 1% H2SO4 at
165 ◦C for 10’

Yes; H2O wash and
0.05 M CB (pH 5.2).

A and B; 0.05 M CB pH 5.2; 45
◦C; 72 h; 170 rpm

Mono (PTL and
ES)-HPAEC-ECD;

Glu (ES)-GOX; ACA
(PTL)-HPAEC-CD

Glu (g/g BM): 0.1–0.25 g (ES);
0.35–0.5 g (PT+ES) [47,48,54–58,71]

Combined PT (HTP with acid
using robotic single-mode
micro-wave system) and

ES + ES w/o PT.

Scots pine, Norway spruce;
0.1–0.5 mm; 50 mg

HPT with 2–4% H2SO4 at
180 ◦C for 5–30’

Yes; H2O wash and
0.05 M CB (pH 5.2).

A and B; 0.05 M CB; pH 5.2;
45 ◦C; 72 h; 170 rpm

Mono (PTL and
ES)-HPAEC-ECD;

Glu (ES)-GOX; ACA
(PTL)-HPAEC-CD

Glu (g/g BM): 0.03–0.10 g
(ES); 0.1–0.34 g (PT+ES) [59,60]

Combined IL-PT and
ES + ES w/o PT

Hybrid aspen, Norway
spruce; 0.1–0.5 mm; 50 mg

950 mg IL ([Bmim]
[HSO4], [Bmim][Ac],

[Bmim][Cl], or
[Amim][Ac]) at 100 ◦C

for 1200’

Yes; H2O wash and 0.05
M CB (pH 5.2).

A and B; 0.05 M CB; pH 5.2;
45 ◦C; 72 h; 170 rpm

Mono (PTL and
ES)-HPAEC-ECD; Glu-GOX;

ACA (PTL)-HPLC-RID;
furans (PTL)-HPLC-DAD.

Glu (g/g BM): aspen, 0.1 g
(ES), 0.13–0.35 g (PT+ES);
spruce, 0.03 g (ES), 0.4 g

(PT+ES)

[43,60,73]

PT (HPT) and ES + ES w/o
PT (Hastelloy 96-well format)

P. deltoides, Switch grass, Rice;
0.85–1 mm; 5 mg HPT at 180 ◦C for 17.5’ No. D; 1.0 M CB (NC); pH 5.0;

50 ◦C; 70 h; static incubation Glu-GOX-PRX; Xyl-XDH Poplar: (0.32 g Glu and 0.17 g
Xyl) /g BM [49,50,53]

a AB, acetate buffer; ACA, aliphatic carboxylic acids; BM, biomass; Cel, cellulose; CD: conductivity detector; CB, citrate buffer; DAD, Diode array detector; DW, dry weight; ECD,
electrochemical detector; ES, enzymatic saccharification; G, glucan; Glu, glucose; GOX, assay based on glucose oxidase; GOX-PRX, assay based on glucose oxidase and peroxidase;
HPT, hydrothermal pretreatment; HTP, high throughput; HTDP, High-throughput digestibility platform; HPAEC, high-performance anion-exchange chromatography; IL, ionic liquid;
Mono, monosaccharides; MTP, microtiter plate; MTBH, 3-methyl-2-benzothiazolinone hydrozone; MWP, microwell plates; NC: concentration used for neutralization; PAD, pulsed
amperometric detector; PT, pretreatment; PTL, pretreament liquid; RID, refractive index detector; RS, reducing sugar; TSY, Total sugar yields; XDH, assay based on xylose dehydrogenase;
Xyl, xylose; WC: working concentration; without, w/o. b Enzyme preparations (supplier/manufacturer): A, Celluclast 1.5L from T. reesei ATCC 26921 (Sigma-Aldrich, St. Louis, MO, USA);
B, Novozym 188 from A. niger (Sigma-Aldrich); C, Spezyme CP (Genencor International, Rochester, NY); D, Cellic CTec2 (Sigma-Aldrich); E, Cellulase from Penicillium sp (MSUBC1)
(laboratory preparation); F, Multifect xylanase (Genencor); G, Accellerase 1000 (Genencor); H, Cellulase preparation from Trichoderma viridae (Meicelase; Meiji Seika, Tokyo, Japan).
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The next step will be the enzymatic saccharification. Most analytical-scale approaches have
relied on commercially available cellulase preparations, such as Celluclast 1.5 L (from T. reesei ATCC
26921) (supplied by Sigma-Aldrich, St. Louis, MO, USA), Spezyme CP (from T. reesei) (Genencor
International, Rochester, NY, USA), Accelerase 1000 (from T. reesei) (Genencor), and Cellic CTec2
(Sigma-Aldrich), β-glucosidase preparations, such as Novozym 188 (from A. niger) (Sigma-Aldrich),
and hemicellulase preparations, such as Multifect xylanase (from T. reesei) (Genencor). As further
detailed in Table 2, a combination of two or sometimes three of the aforementioned enzyme
preparations have often been used to assure efficient degradation of the lignocellulosic biomass.
In some enzymatic saccharification assays, the enzyme preparations were desalted prior to use to
remove low-molecular-weight substances, especially sugars that could otherwise cause feedback
inhibition of enzymes [62,63,65]. As mentioned above, a separation step or at least a neutralization step
to reach a suitable pH for the enzymatic reaction is typically included. If not, very high enzyme
loadings may be required to counteract suboptimal conditions during the enzymatic digestion
step [51,52]. Some studies have included attempts to follow the reaction rate at different phases
of cellulose saccharification by taking multiple samples rather than focusing only on end-point values.
These studies have included sampling after 1, 2, 3, 6, 12, 24, 48, and 72 h [65,69], or sampling at
an early time point (2 or 4 h) and then at the end of the reaction (72 h) [21,57–60]. The sugar yield
from the different approaches listed in Table 2 ranges from as low as 9 mg of reducing sugar per
gram biomass [62,63] to as high as 0.5 g of glucose per gram biomass [48]. These yields depend
on several factors, such as type of feedstock, particle size, pretreatment severity, and conditions for
enzymatic saccharification.

5.2. Analysis of Reaction Mixtures

After the enzymatic reaction, or possibly after the fermentation step if that is included
in the procedure, the liquid samples generated after pretreatment, enzymatic saccharification,
combined pretreatment and enzymatic saccharification, and/or fermentation are analyzed using
one or several analytical methods (Figure 1). The analytical methods that are used vary from
simple spectrophotometric methods (for reducing sugars, and most enzyme-based assays) to
more sophisticated methods, such as high-performance liquid or anion-exchange chromatography
(HPLC and HPAEC), mass spectrometry (MS), and capillary electrophoresis (CE) (Figure 1).
As indicated in Table 2, monosaccharide sugars (typically arabinose, galactose, glucose, xylose,
and mannose), aliphatic acids (acetic acid, formic acid, and levulinic acid), and furan aldehydes
(furfural and 5-hydroxymethyl furfural) are the most common analytes. Most HTP procedures rely
on spectrophotometric enzyme-linked analysis methods (Table 2), as they are simpler to automate.
However, they provide less detailed information than the more sophisticated methods.

Spectrophotometric assays can be chemical based or enzyme based. Chemical-based
assays for determination of reducing sugar include the dinitrosalicylic acid
(DNS) [75,76], the Nelson–Somogyi [77], the bicinchoninic acid (BCA) [78], and the
3-methyl-2-benzothiazolinonehydrazone (MBTH) methods [79]. The DNS method, especially,
is widely used for this purpose. The carbonyl group at the reducing end of the sugars reduces
3,5-dinitrosalicylic acid to 3-amino-5-nitrosalicylic acid with a concomitant increase in absorbance
at 540 nm. The DNS assay has low sensitivity and requires alkaline pH and temperatures around
100 ◦C for color development. The BCA method (562 nm) and the Nelson-Somogyi method (660 nm),
which are more sensitive than the DNS assay, are based on the reduction of cupric ions to cuprous
ions by the reducing groups of the sugars. The main drawback of these methods is the interference of
protein with the reaction. The MBTH method (620 nm), which is also more sensitive than the DNS
method, can be carried out under acidic conditions. Due to the higher sensitivity, lower concentration
samples can be used for the analysis. The main disadvantage is interference of oligomeric sugars from
the PTL (pretreatment liquid) and the enzymatic hydrolysate, especially if the β-glucosidase and



Energies 2018, 11, 2936 15 of 20

xylosidase activities are low. Gomez et al. downscaled this assay for use in a 96-well format HTP
platform [62,63].

The enzyme-based assays, which are also based on redox reactions, are more sensitive than the
reducing sugar assays, as they are specific for the target sugar detected. Glucose is analyzed by using
(i) glucose oxidase (GOX), (ii) the coupled glucose oxidase and peroxidase method (GOX-PRX) [80],
and (iii) the hexokinase and glucose-6-phosphate dehydrogenase method or glucose bio-enzymatic
method [81]. Many researchers have used the GOX-based glucometer-strip method as an initial
check point for the release of glucose in the enzymatic reaction mixture (Table 2). This is a quick and
simple method for estimating glucose concentrations. In the GOX-PRX assay, GOX oxidizes glucose to
gluconic acid while peroxidase oxidizes O-dianisidine. The reaction is stopped by adding hydrochloric
or sulfuric acid, and the formation of red color is monitored at 510 nm. The glucose-6 phosphate
dehydrogenase (GDH) and xylose dehydrogenase (XDH) methods are coupled assays that are typically
performed at room temperature for 5–30 min. NAD+ (nicotinamide adenine dinucleotide, oxidized
form) is reduced to NADH (nicotinamide adenine dinucleotide, reduced form), which is monitored
at 340 nm. Although these enzyme-linked assays are widely used in HTP platforms, disadvantages
include that they are typically more expensive than assays based only on chemicals, that the enzymes
are sensitive to deactivation by inhibitors in the PTL, and that they are sensitive to interference caused
by oligomeric sugar. In addition to the above-mentioned widely used assays, some researchers have
also used immobilized enzymes to analyze glucose and xylose [82–85].

Analyses of reaction mixtures using sophisticated instrumental analysis are more sensitive
and precise and can be used for analysis of multiple sugars, aliphatic acids, and furan aldehydes.
Chromatographic separation methods, such as HPLC and HPAEC, combined with refractometric,
pulsed amperometric, electrochemical, and conductivity detection have been widely used by many
researchers to analyze monosaccharides, such as glucose, xylose, galactose, arabinose, and mannose,
disaccharides, such as cellobiose, aliphatic acids, such as acetic acid, formic acid, and levulinic acid,
and furan aldehydes, such as furfural and 5-hydroxymethyl furfural (Table 2). In addition, tandem
mass spectrometry (MS-MS) [86], gas chromatography-mass spectrometry (GC-MS), and capillary
electrophoresis (CE) [87] with electrochemical detection have also been used. The main drawbacks of
these methods, at least with regard to the HTP format, is the requirement of sample preparation by
filtration and sometimes neutralization and derivatization, and the long retention times, which typically
amount to more than 20 min per sample. In addition, purchase of instruments, columns, and detectors,
and operational costs, such as consumables (carrier gas, sample vials, filters, solvents, standards,
and derivatization reagents) and maintenance, contribute to making these methods expensive.
Nevertheless, due to that these methods offer high precision and accuracy and are less prone to
interference by inhibitors, they have been widely used in analytical-scale saccharification studies.

6. Conclusions

As a result of increased efforts to commercialize bioconversion of lignocellulosic feedstocks to
advanced biofuels, semi-automated or HTP-based assessment of the susceptibility of the feedstocks
to pretreatment and enzymatic saccharification have undergone a rapid development during the
past decade. This technology development has occurred concomitantly with the first attempts to
launch cellulose-to-ethanol processes on a commercial scale. Several different approaches to analytical
enzymatic saccharification have been developed. Some of these have emphasis on HTP screening of
large numbers of samples, whereas others have emphasis on industrial-like pretreatment conditions
and detailed analysis of reaction mixtures. Analytical enzymatic saccharification has proved to
be especially useful for achieving a better understanding of the factors behind the recalcitrance of
lignocellulosic feedstocks, a key issue for continued progress in making production of advanced
biofuels more efficient and cost competitive.
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