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Abstract: Lignin is one of the important components of lignocellulosic cell walls, which endows plant
cell walls with rigidity and strength and protects them from microbial invasion. The presence of
lignin is thought to hinder the conversion of biomass to bioenergy, so understanding enzyme-lignin
interactions is very important in order to reduce the inhibition of lignin and improve the hydrolysis
yields. Conversion of lignocellulosic raw materials into bioethanol is divided into pretreatment,
enzymatic hydrolysis, and fermentation. In this paper, both pretreatment and enzymatic hydrolysis
of lignocellulose are described in detail. Finally, the reasons why lignin hinders enzymatic hydrolysis
efficiency, mainly from forming spatial barriers and interacting with cellulase, are discussed, and
the influencing factors and mechanisms of action of cellulase hydrolysis are explored with a view to
targeted regulation of lignin structure to improve lignocellulosic saccharification.
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1. Introduction

Industrialization and population growth have caused a significant growth in energy
consumption, which cannot be met by fossil fuel reserves. At the same time, fossil fuels
are also non-sustainable and pose many environmental pollution problems [1]. Therefore,
the focus of energy research has begun to shift to bioenergy, and bioethanol, biomethane,
and bio-oil are all clean energy alternatives to fossil fuels [2]. Among them, the production
process of bioethanol mainly includes pretreatment of lignocellulosic feedstock, enzymatic
hydrolysis, and fermentation. Lignocellulosic feedstock is a complex macromolecular
material composed of hemicellulose, cellulose, and lignin [3], which is renewable, low-cost,
and easily available. Lignocellulose can be used as raw material to produce bioethanol in
order to reduce dependence on fossil fuels and relieve energy pressure.

One of the vital components of plant cell walls is lignin, which gives rigidity and
strength to plant cell walls and protects them from microbial attack [4]. Therefore, lignocel-
lulosic raw materials are recalcitrant and pose a great challenge to subsequent enzymatic
hydrolysis and biorefining processes. The presence of lignin, which is structurally complex
and highly resistant, is considered an obstacle to the efficient conversion of biomass into
bioethanol; inhibiting cellulase hydrolysis mainly manifests as a physical barrier and non-
productive adsorption of enzymes [5]. Different sources of lignin and its structural units
make the molecular structure of lignin differential, which affects the hydrolysis process of
cellulose. In addition, functional groups such as methoxy, phenolic hydroxyl, carboxyl, and
aliphatic hydroxyl groups of lignin can influence enzymatic hydrolysis’s efficiency through
the interaction between enzymes and lignin.

On this basis, this paper reviews the research progress in the interaction mechanism be-
tween lignin and cellulase and the effects of the content, distribution, source, and structure
of lignin on enzymatic hydrolysis. The results of this series of studies may provide method-
ological and theoretical support for the efficient and targeted regulation of lignocellulose.
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2. Lignocellulose Raw Materials

Lignocellulosic materials consist mainly of 30-45% cellulose, 15-25% hemicellulose,
and 15-25% lignin, which is intricately intertwined through covalent bonds to form resistant
biocomposites [6]. Cellulose microfibrils (composed of ordered polymer chains containing
tightly dense crystalline regions) are embedded in a matrix of lignin and hemicellulose, as
in Figure 1 [7].

Figure 1. Cellulose chains surrounded by hemicellulose and lignin; adapted from [7].

Cellulose is a water-insoluble chain polymer composed of glucose groups linked by
-1,4-glycosidic, and its degree of polymerization is up to 10,000. Hydroxyl groups of
each glucose unit are more than sufficient to form interchain and intrachain hydrogen
bonds, stabilize the molecular structure itself, and connect with adjacent molecules to form
microfibrils [8]. A large number of intermolecular and intramolecular hydrogen bonds from
a very complex three-dimensional hydrogen bond network structure of cellulose, and the
intertwining of crystalline and non-crystalline regions, form the two-phase structure of cel-
lulose, where the proportion of crystalline regions in cellulose is called the crystallinity [9].
The crystallization degree of cellulose shows different enzymatic hydrolysis conversions,
and it has been shown that breaking the crystalline structure of cellulose into an amorphous
structure can significantly increase the enzymatic hydrolysis conversion of cellulose [10].

Hemicellulose, which is closely bound to cellulose and lignin by hydrogen bonds
and van der Waals forces, is mainly composed of two or more monosaccharides as non-
homogeneous glycans, including xylose, mannose, arabinose, glucose, galactose, and their
derivatives [11]. For different plants, the structure of hemicellulose may vary somewhat;
usually hemicellulose in coniferous wood is dominated by hexosan and, in broad-leaved
wood, by pentosan. Even in the same plant, hemicellulose content and composition vary
considerably in bark, stems, roots, and branches [12]. Compared to cellulose, hemicellulose
has a low molecular weight and a more amorphous region, making it more soluble and
more susceptible to chemical attack [13].

Lignin is the only naturally renewable aromatic polymer mainly distributed in the
secondary cell walls of plants [14]. Lignin is mainly composed of three hydroxycinnamic
alcohols, cetearyl alcohol, and mustard alcohol, and each produces a corresponding type of
lignin unit: syringyl structure (S), guaiacyl structure (G), and p-hydroxyphenyl structure
(H) (as shown in Figure 2) [15]. Lignin polymers are mainly composed of these three
structural units through ether bonds, C-C bonds, e.g., 3-O-4, 3-p3, 3-5, x-O-4, 4-O-5, etc.
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Figure 2. The three monomers of lignin (p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S); adapted
from [15].

The lignin content and structure vary greatly from lignocelluloses to lignocelluloses,
e.g., coniferous wood contains 25-31% lignin and contains only G structural units. In
contrast, broadleaf wood (including G and S units) contains 16-24% lignin. For herbaceous
species, the lignin content is approximately 16-21%, and all three structural units are
included [16]. Therefore, according to the structural units contained, lignin is classified as
G-type (coniferous lignin), GS-type (broadleaf lignin), and GSH-type (graminaceous lignin).

3. Efficient Saccharification of Lignocellulosic Materials
3.1. Pretreatment of Lignocellulosic Materials

The complexity of plant cell wall microstructure, the variety of chemical composition,
and the heterogeneity of ingredient distribution constitute the resistance of lignocellulosic
biomass to biological and chemical deconstruction [17]. Therefore, an appropriate and
cost-effective pretreatment technology is essential to improve the conversion of fibrous
feedstocks into biofuels. Pretreatment, which reduces the recalcitrance of woody fibrous
feedstocks by altering their structural or chemical composition, is playing a more and
more important impact on biomass utilization with the introduction of the concept of the
biorefinery, which is capable of both improving the sugar conversion of cellulosic fractions
and recovering hemicellulose and lignin for reuse [18,19]. A variety of pretreatment
methods, including physical, chemical, biological, or a group of these methods, have been
extensively researched and developed in the last decades. The original feature of woody
biomass and the influence of the following pretreatment has a prominent effect on the
development of substrate properties, which, conversely, determine the effect of enzymatic
hydrolysis, as shown in Figure 3 [20].

Biomass
| feedstock

V

Pretreatment

Substrate Substrate
chemical physical
attributes attributes

Rate/extent
of enzymatic
hydrolysis

Figure 3. The original characteristics of woody biomass and the effect of pretreatment on enzymatic
hydrolysis; adapted from [20].
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The physical method mainly uses mechanical methods to decrease the particle size
of raw material particles, decrease the crystallinity, and increase the specific surface area
without adding any chemical or biological reagents. In order to decrease the particle
size of lignocellulose, improve the accessibility of enzymes to cellulose, and shorten the
reaction time of enzymatic hydrolysis of glucose, Wu et al. [21] used an intermittent ball
mill to pretreat the enzymatic hydrolysis slurry of lignocellulose. Later, in the research of
Silva et al. [22], they found that the degradation rate of wheat straw could be improved by
reducing the grain size of wheat straw by ball mill, and it could be an effective pretreat-
ment method because similar glucose yield could be obtained compared with steam blast
pretreatment. Sun et al. [23] treated the wheat with freeze—thaw pretreatment, which re-
sulted in the formation of transverse and longitudinal cracks, which increased the pore size
while breaking the hydrogen bonds in the crystalline region and increased the maximum
enzymatic efficiency of hemicellulose and cellulose to 57.06% and 70.66%, respectively.

Chemical pretreatment solubilized the lignocellulosic biomass by breaking the cova-
lent cross-linkage bonds and reduced the crystallinity of cellulose by breaking the lignin—
cellulose linkage. Dilute acid pretreatment is a relatively common way in which hemi-
cellulose is easily converted to soluble sugars during pretreatment, and the reduction of
hemicellulose can significantly promote the enzymatic hydrolysis of pretreated biomass. In
addition, hydrothermal pretreatment and organosolv pretreatment are also commonly used
in industry. In the study by De Oliveira et al. [24], they pretreated sugarcane with dilute
sulfuric acid to selectively remove hemicellulose, and, after pretreatment, the porosity
of the cell wall was reduced and the conversion of glucan by cellulase hydrolysis was
observed. On the other hand, in the experiment of Zhu et al. [25], they established a new
pretreatment process, sulfite pretreatment, for spruce and red pine under the conditions of
8-10% and 1.8-3.7% of sodium bisulfite and sulfuric acid addition, respectively, to achieve
nearly full hemicellulose separation, and the enzymatic hydrolysis conversion was able to
exceed 90% after 48 h of enzymatic hydrolysis. In addition, Krishnan et al. [26] pretreated
sugarcane bagasse and sugarcane leaves under alkaline conditions, and ammonia fiber
burst pretreatment (AFEX) improved enzyme accessibility to cellulose during hydrolysis
by breaking ether bonds and lignin—carbohydrate complexes, and the maximum glucan
conversion of sugarcane bagasse and sugarcane leaf bagasse after AFEX pretreatment can
reach about 85%. It is worth mentioning that hydrothermal pretreatment increases the
accessibility of cellulose and minimizes the generation of inhibition products. For example,
hydrothermal pretreatment has a great impact on the structure of biomass of Brazilian
duckweed (L. punctata) and its conversion to bioethanol [27].

Biological pretreatment is a green, safe, and inexpensive pretreatment with the ad-
vantages of low energy requirements, simple operating conditions and equipment, no
inhibitor formation, and no need to recycle chemicals after pretreatment. In the experi-
ment of Sahae et al. [28], white rot fungus was used to pretreat corn stover, and the results
showed that the pretreatment of white rot fungus could effectively improve the enzymatic
hydrolysis ability of corn stover. da Silva et al. [29] used wood-rotting fungi to pretreat
sugarcane bagasse and found that the selective white-rot fungus Ceriporiopsis subvermispora
selectively degrades lignin in lignocellulosic biomass, and was able to retain a large
proportion of the glucan fraction and augment its conversion to enzymatic hydrolysis.
In addition, Asgher et al. [30] pretreated sugarcane bagasse with ligninolytic enzymes,
and the lignin removal was up to 33%, and the yield of cellulose enzymatic hydrolysis
reached 72.9%.

3.2. Cellulase Hydrolysis

Enzymatic hydrolysis of lignocellulosic biomass is a non-homogeneous biocatalytic
process. The current enzymatic hydrolysis process focuses on the hydrolysis of cellulose
into glucose because hemicellulose contains different types of glycans and requires different
types of enzymes for hydrolysis, which is a complex procedure [31]. The degradation of
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cellulose to glucose requires the synergistic action of three cellulases (exo-glucanase CBH,
endo-glucanase EG, and cellobiose enzyme BG) [32].

Cellulases are composed of three parts: the binding domain, the catalytic domain,
and the connecting bridge [33]. The structural domain of cellulase allows cellulase to
adsorb to the surface of the substrate, and the amount of adsorption will directly affect
the efficiency of cellulase hydrolysis. After adsorption, the cellulose is hydrolyzed by the
three major components of cellulase. The mechanism of cellulase hydrolysis of cellulose
is broadly based on three theoretical hypotheses: the fragmentation theory, the primary
reaction hypothesis, and the synergistic theory [34], and, so far, researchers generally agree
that cellulase degrades the substrate through the synergistic theory. During enzymatic
hydrolysis, EG randomly breaks the 3-1,4-glycosidic bond in the internal noncrystalline
region of the cellulose polysaccharide chain, resulting in new ends; subsequently, CBH acts
on the reducing and nonreducing ends to produce cellobiose, after which BG hydrolyzes
the cellobiose to glucose [35].

4. Factors Influencing the Hydrolysis of Cellulase

The enzymatic effect of lignocellulose is usually influenced by many factors of the
hydrolysis process, such as enzymatic conditions, cellulose accessibility, and the coating of
cellulose by lignin.

The effect of enzymatic hydrolysis conditions on cellulose sugar conversion is mainly
reflected in the hydrolysis temperature, hydrolysis concentration, pH, etc. In terms of
hydrolysis temperature, Ooshima et al. [36] adsorbed cellulase onto microcrystalline cel-
lulose under different temperature conditions, and the results showed that cellulose and
cellulase showed different binding capacities at different temperatures, and the adsorption
of cellulase decreased with the increase in temperature. In terms of hydrolysis concentra-
tion, Kinnarinen et al. [37] found in their study that the enzymatic hydrolysis conversion
increases with increasing cellulase concentration, but when the concentration reaches a
certain level, the hydrolysis rate stops increasing. In addition to the above two aspects,
pH also affects the adsorption between substrate components and cellulase by changing
the surface charge. Du et al. [38] studied the adsorption of cellulase on the substrate
corn cob under different pH conditions and found that cellulase adsorbed more readily
at pH < 4.8, i.e., under acidic conditions, and desorbed more readily under alkaline or
neutral conditions.

Hydrolysis of cellulose occurs only when cellulase is adsorbed on the cellulose [39].
Therefore, enhancing the affinity of cellulase on cellulose substrates plays an important
role in increasing the efficiency of cellulase hydrolysis, and the accessible surface district of
cellulose is a momentous factor in determining the rate and extent of cellulose—cellulase ad-
sorption. To increase the accessibility of the substrate to cellulase, Hou et al. [40] pretreated
rice straw feedstock with a renewable lysine ionic liquid-water mixture, and the pretreated
rice straw showed a significant increase in its surface area and pore volume, with glucose
yields of up to 81% after enzymatic hydrolysis. It was also found that the surface area of
corn straw increased 26.6-fold and the pore volume increased 30-fold after pretreatment
with ionic liquid, and the enzymatic hydrolysis rate and the sugar yield of the treated corn
straw were increased [41].

In addition, cellulase hydrolysis is also affected by substrates, such as the crystallinity
of cellulose and the spatial hindrance of lignin and hemicellulose. Crystallinity is consid-
ered an important substrate characteristic that affects enzyme hydrolysis. The structure
of cellulose macromolecules has both amorphous and crystalline regions, and the strong
hydrogen bonding makes the enzymatic hydrolysis rate in the crystalline region 3-30 times
lower than in the amorphous region [42]. Several studies have shown that high crys-
tallinity is not favorable for the enzymatic hydrolysis of cellulose [43]. For example, in
the experiment of Cheng et al. [44], they prepared cellulose from potato pulp and corn
stover to contrast their enzymatic hydrolysis and physicochemical properties performance.
The cellulose from potato pulp had lower crystallinity and was able to provide higher
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enzymatic accessibility compared to cellulose from corn stover. Similarly, Satari et al. [45]
pretreated different types of wood (elm and pine) with NMMO solution, related their
structural properties to the degree of enzymatic transformation, and found that cellulose
with lower crystallinity was more conducive to enzymatic hydrolysis.

4.1. Mechanism of Lignin—-Enzyme Interactions

Lignin restricts the enzymatic hydrolysis of lignocellulosic raw materials in the fol-
lowing two main ways: on the one hand, it forms a spatial barrier to limit the accessibility
of cellulose; on the other hand, it interacts with cellulase, and ineffective adsorption
occurs [46,47].

The unproductive adsorption between lignin and cellulase relies on three main driving
forces: hydrophobic, hydrogen bonding interactions, and electrostatic.

Lignin is naturally hydrophobic, while the structure of cellulase also contains hy-
drophobic groups such as tyrosine and tryptophan, and cellulase is adsorbed to lignin due
to hydrophobic interaction once it is dispersed in water. Lignin can adsorb cellulase, and
hydrophobic interaction is considered to be the primary driving force [48]. For example,
the cellulose binding domain in Cel7B has a higher hydrophobicity compared to Cel7A, so
Cel7B is more likely to adsorb on lignin [49]. In this area of research, Hodgson et al. [50]
compared the contact angles of lignin and cellulose and found that when both are present,
cellulase is preferentially adsorbed by lignin due to its higher hydrophobicity.

Electrostatic interaction has a significant impact on the adsorption of lignin and
cellulase. Lu et al. [51] investigated the adsorption of cellulase through liquid hot water
pretreatment of corn stover lignin and its mechanism and found that lignin from pretreated
corn stover exhibited a higher surface charge compared to lignin from untreated corn stover
due to electrostatic gravitational forces that enhanced the cellulase and lignin interaction
forces. In addition, it has been shown that changes in pH also affect the surface charge.
In the study by Lou et al. [52], they found, through their study, that the surface charge of
lignin increases with increasing pH, leading to a significant increase in its hydrophilicity
and reducing the ineffective adsorption of cellulase. They investigated the mechanism by
which the enzymatic saccharification of lignocellulose is significantly enhanced at elevated
pH values of 5.5-6.0. As shown in Figure 4, the increase in pH value significantly increases
the surface charge of lignin, which becomes more hydrophilic and promotes electrostatic
interactions between cellulase and lignin.
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Figure 4. Correlations between lignin surface charge (Zeta potential, Z) and nonspecific CTec2
binding to the four hydrolysis lignin residues at different pH. = DA; a SP-B2; ¢ SP-B4; ¢ SP-B6; pH 4.5
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Hydrogen bonding refers to the interaction between hydrogen atoms on the surface
functional groups of lignin with enzymes. To some extent, it has been hypothesized and
confirmed that the phenolic hydroxyl groups of lignin are the main causes of enzyme
adsorption [53]. Amination modification of lignin can decrease the content of phenolic
hydroxyl groups in lignin and alleviate the negative effect of lignin on enzymatic hydrolysis.

In the experiments of Mou et al. [54], by aminating lignin with dimethylamine and
diethylenetriamine, they proved that the introduction of a certain amount of amine groups
can reduce the surface charge and hydrophobicity of lignin, and can also greatly reduce
the adsorption of cellulase by lignin. Under optimal conditions, the adsorption reduction
is 96.32% (Figure 5). In addition, adding surfactants can alleviate the inhibition of lignin
on cellulase hydrolysis. Zhang et al. [55] found, in their study, that the addition of the
surfactant polyethylene glycol can have a facilitating effect on cellulase hydrolysis due to
the formation of hydrogen bonds between the ether—oxygen bond in polyethylene glycol
and the phenolic hydroxyl group of lignin, thereby reducing the interaction of lignin
with cellulase. However, the relative contribution of hydrogen bonding in lignin—enzyme
interactions is unclear on account of the lack of studies. Due to the interaction of individual
factors, further studies are needed.
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Figure 5. Using eucalyptus lignin as raw material, the dynamic adsorption differences in different
enzymes and enzyme components were studied, and the effect of lignin on the enzymatic activities
of different enzymes and enzyme components was determined; adapted from [54].

Spatial site hindrance of lignin is another important factor that impedes cellulase
hydrolysis in addition to non-productive adsorption. Djajadi et al. [56] showed that hy-
drothermal pretreatment of gram lignin impeded cellulase hydrolysis because lignin acted
as a physical barrier that prevented the cellulose from being entered by enzymes, rather
than through non-productive adsorption to the enzyme. Moreover, Donaldson et al. [57]
found that alkali pretreatment affected the redistribution of lignin in the fiber cell wall to
the fiber surface, creating a physical barrier to the linking of cellulose and cellulase, thus
negatively affecting cellulase hydrolysis.

4.2. Effect of Lignin Functional Groups on Cellulase Hydrolysis

The lower the lignin content, the higher the enzymatic hydrolysis efficiency, as shown
in Figure 6. Lignin contains a number of functional groups, such as aliphatic hydroxyl
groups, phenolic hydroxyl groups, carboxyl groups, and methoxy groups. The combina-
tion of enzymes and lignin cannot produce products, which is largely attributed to the
interaction between these functional groups and cellulase.



Biomass 2023, 3

103

33min 2 ?ﬂ'ﬂ

Distinct organizations

CNF CNF-L10 CNF-L40

560 min 545 min

Hydrolysis efficiency B s = e =

Figure 6. Schematic representation of the main conclusions regarding Cellic CTec 2 efficiency towards
substrate with increasing lignin content and distinct structural organization; adapted from [58].

The phenolic and aliphatic hydroxyl groups in lignin promote the adsorption between
lignin and cellulase by forming hydrogen bonds with hydroxyl and carbonyl groups in
cellulase, and in the study of Huang et al. [59], it can be observed that the higher the content
of the phenolic hydrocarbon group, the stronger the adsorption affinity and binding force.
In a modification of lignin, hydroxypropylation inhibits the free phenolic hydroxyl group
in lignin, thus significantly reducing its inhibitory effect during the process of enzymatic
hydrolysis [60]. Pan et al. [61] found that chemical blockage of free phenolic hydroxyl
groups by hydroxypropylation greatly removed the inhibitory effect of lignin, and that
interference caused by phenolic hydroxyl groups is probably more important than physical
barriers and nonspecific adsorption in the inhibition of cellulase digestion by lignin.

Carboxyl groups were able to lower the inhibitory influence of lignin on substrate
enzyme hydrolysis by improving the hydrophilic and negative charge effects of lignin.
Palonen et al. [62] demonstrated that an increase in carboxyl group content in lignin can
lead to a decrease in its non-specific adsorption by cellulase. Subsequently, Ying et al. [63],
in their study on the influence of modified alkali lignin on cellulase-lignin interactions and
enzyme hydrolysis efficiency, found that alkali pretreatment combined with carboxylation
treatment increased the carboxyl content of lignin and was able to significantly enhance the
efficiency of cellulase hydrolysis.

The sulfonic acid group of sulfonated lignin could increase the hydrophilicity of lignin
and decrease the non-specific binding of cellulase to lignin [64]. In the experiment of
Wu et al. [65], it can be found that the introduction of the sulfonic acid group in lignin was
able to enhance the hydrophilicity of lignin and reduce the degree of binding to the enzyme
while enhancing the hydrolysis of cellulose. It has proved that the addition of sulfonated
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lignin (SL) to the enzymatic hydrolysis system results in the formation of SL—cellulase
complexes between SL and cellulase, which enhances the electrostatic repulsion among the
substrate lignin and cellulase and hinders its adsorption by cellulase [66]. Del Rio et al. [67]
found, through a study, that the substrate sulfonation weakened the ineffective adsorption
of lignin from the substrate to the enzyme during enzymatic hydrolysis, thus increasing
the yield of cellulase hydrolysis.

5. Conclusions and Outlook

Lignin has a highly polymeric and complex structure whose presence imparts rigidity
to lignocellulose, thus preventing the degradation of polysaccharides in the structure by
microorganisms and enzymes. Because of the complex physicochemical properties of
lignin and enzymes, the underlying principles involving the interaction between lignin
and enzymatic transformation are uncertain. In addition, the added value of lignin is of
great value for the comprehensive utilization of biomass, carbohydrates, and other lignin
components. However, its comprehensive utilization needs to eliminate the interference
of non-lignin factors, which still needs to be further explored. This paper summarizes in
detail the methods of lignin modification and the mechanism of its enzymatic conversion of
biomass. In summary, the modification of lignin to obtain lignin with specific properties has
become an important means to improve the adsorption capacity of cellulase and cellulose
and enhance the hydrolysis of cellulose.

Future work can consider the preparation of lignin samples with different unit com-
positions and the use of advanced techniques, such as dissipative quartz crystal microan-
alytical balances, to perform in situ, real-time studies of lignin with different structural
units, and the dynamic behavior of cellulose complexes in enzymatic adsorption and/or
enzymatic hydrolysis, under the exclusion of other interfering factors (i.e., identical condi-
tions except for the different lignin structures), to gain insight into the internal relationship
between lignin structure and the lignin—cellulase interaction. This paper provides technical
and theoretical support for the improvement of existing pretreatment methods and the
growth of fresh efficient pretreatment methods, and helps to enhance the efficiency of
lignocellulosic enzymatic digestion and realize the industrialization of lignocellulose-based
bioethanol conversion. It also helps to enhance the enzymatic efficiency of lignocellulose
and realize the industrial production of bioethanol from lignocellulose.
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