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Integrated enzymatic catalysis for biomass
deconstruction: a partnership for a sustainable
future
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Abstract

Deconstruction of lignocellulosic biomass using enzymatic catalysis can offer several advantages as compared to
chemical catalysis in terms of product selectivity, production cost and sustainability issues. This contribution aims to
provide an account of current developments in the understanding of plant biomass microstructures and the impact
of various enzymatic processes on cellulose decrystallization. Critical problems, including biomass recalcitrance, and
operational factors, including potential solutions to improve their effectiveness as alternatives in future biorefineries,
will be also discussed.
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Plant cell walls represent a largely abundant source of re-
newable carbon in the biosphere. The inherent complexity
of fractions including cellulose and lignin requires several
deconstruction strategies to release structural polysaccha-
rides for suitable applications. Cellulose and chitin are two
highly abundant biopolymer resources with a significant
physicochemical recalcitrance, which limits their rapid
and cost-effective degradation. Plants indeed evolved con-
siderable defense mechanisms against deconstruction of
their cell wall polysaccharides into sugars, and, as such,
lignocellulosics depolymerization to various simple frac-
tions (e.g. sugars) for subsequent biological or catalytic
conversion to fuels has been the focus of intensive re-
search endeavors in past years.
Recent biocatalytic attempts to valorize lignocellulosic

biomass for the production of chemicals and biofuels
have focused on identifying enzymes with enhanced
hydrolytic capabilities [1]. In nature, many microorgan-
isms produce “free enzyme” cocktails of individual en-
zymes that work synergistically to depolymerize biomass
[2-4]. Cellulolytic and hemicellulolytic enzymes able to de-
construct celluloses and hemicelluloses into fermentable
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sugars can facilitate the use of a plentiful source of renew-
able carbon.
Enzymatic cellulose decomposition primarily relies on

glycoside hydrolases (GHs) and oxidative enzymes. GHs
catalyze the cleavage of glycosidic linkages located be-
tween adjacent carbohydrate residues. Figure 1 illustrates
the complementary actions of different cellulases (A)
and hemicellulases (B) on the enzymatic degradation of
cellulose and hemicelluloses respectively. The micro-
structure and treatment of plant biomass using different
hydrolase enzymes, as well as understating the role of
active site structures from hydrolytic and oxidative en-
zymes (and their overall impact on the biomass degrad-
ation process), is of utmost importance.
Scientists from National Renewable Energy Laboratory

(NREL), USA have significantly contributed to advances
in the field of biological conversion of lignocellulosic
feedstocks into liquid fuels in the past decades. Between
1999 and 2012, NREL conducted extensive studies to
quantify the economic implications associated with mea-
sured conversion-performance for the biochemical pro-
duction of cellulosic ethanol. A goal for pilot-scale
demonstration by 2012 of biochemical ethanol produc-
tion was set at a price competitive with petroleum
gasoline, which was successfully achieved through
NREL’s 2012 pilot plant demonstration runs.
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Figure 1 Classic models of enzymatic degradation of (A) cellulose and (B) hemicellulose show how plant polysaccharides are broken
down. [Reproduced from Ref [3] with permission, copyright AAAS, 2013].

De and Luque Sustainable Chemical Processes  (2015) 3:4 Page 2 of 6
Why enzymatic deconstruction?
Three major approaches have been widely explored in
cellulosic conversion: physical (e.g. high temperatures,
pressures and various pre-treatment/conversion tech-
nologies such as milling), chemical (e.g. strong acid
treatment) and biological procedures. Physical and
chemical processes are generally more efficient in terms
of total conversion but inherently energy consuming,
with a large generation of by-products. Comparatively,
enzyme-based biological processes can be performed
under mild conditions with high specificity for the target
product. Enzyme-assisted cellulosic conversion can there-
fore constitute an alternative green approach, which can
potentially reduce experimental costs, reduce the forma-
tion of unwanted byproducts as well as enhance reaction
efficiency (under optimum conditions) and specificity.
The use of one-pot protocols mediated by multiple en-

zymes without any need for isolation steps (so-called
cascade reactions) and/or continuous flow processes can
offer significant benefits with respect to physic-chemical
conversion processes. These include decreased unit op-
erations, decreased reactor volume, increased volumetric
and space-time yields, and shortened cycle times, as well
as inherent advantages of flow reactions such as simpler
work-up and more controllable reaction conditions [5].
Multi-enzyme systems are complex in nature, but
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unique synergistic effects and the coupling of steps may
even push unfavorable equilibria towards the formation
of desired products under cascade-type processes (i.e.
continuous flow conditions). However, major problems
of cascading enzymatic reactions need to be overcome,
including a generally lower stability and recyclability of
the enzymes (as different enzymes are used under differ-
ent reaction conditions). Heterogeneous immobilization
techniques can overcome these issues, which will be dis-
cussed later.

Pretreatment of lignocellulosics
Enzymes must work directly at the solid–liquid interface
for the depolymerization of individual cellulose chains to
hydrolyze carbohydrate polymers, due to the complex
composition of rigid cell walls. The surface ablation
process proceeds in a slower reaction rate than any
freely diffusing enzymatic reactions due to limited sub-
strate accessibility [6]. Importantly, enzymatic hydrolysis
yields are typically low (~20% of glucan in feedstock) in
Figure 2 CF pretreatment of plant cell wall and models of hydrolysis
from Ref [11], copyright American Chemical Society, 2014].
the absence of pretreatment [7]. A pretreatment step is
highly essential to open up the structure of hydrolysis-
resistant lignocellulosic matrices to enzymatic or micro-
bial biocatalysts able to convert the carbohydrates into
soluble sugars. Another major concern relates to the re-
moval of the lignin fraction (cross-linked with the poly-
saccharides to make a rigid hydrophobic network) as
lignin was proved to play an important role as an inhibi-
tor in enzymatic hydrolysis, fermentation and other
downstream processes [8]. Combined steps of pretreat-
ment and enzymatic hydrolysis can easily overcome the
biomass recalcitrance during a biochemical conversion
process.
Dilute sulfuric acid pretreatment has been an exten-

sively utilized pre-treatment to break down cellulosic
structures. Recently, ionic liquids (ILs) were explored as
novel pretreatment to effectively disrupt cellulose crys-
tallinity [9]. However, a major issue in an integrated
process relates to the recovery of ILs and isolation of the
dissolved lignin-hemicellulose after pretreatment as
by free (red) and complexed (blue) enzyme systems. [Reproduced
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native cellulases are severely inhibited by trace amounts of
residual ILs. More research is consequently needed to de-
velop IL-tolerant enzymes as well as to achieve clear
knowledge about cellulase activity, stability and structure-
activity relationships in cellulose-dissolving ILs. Interest-
ingly, some relevant advances have recently been made in
discovering and developing cellulases and other glycosyl
hydrolases with increased IL-tolerance [10]. Besides,
more research on designing enzyme-compatible cellulose-
dissolving ILs and cellulose stabilization techniques have
also been the focus of recent studies.
Another efficient method for lignocellulosics pretreat-

ment is the clean fractionation (CF) technique which in-
volves an organosolv pretreatment method utilizing
water, MIBK and either acetone or ethanol with catalytic
amounts of sulfuric acid to fractionate biomass compo-
nents [11]. CF mainly concentrates the insoluble
cellulose-enriched fraction from biomass by removing
hemicellulose and lignin fractions [Figure 2] and reduces
the amount of enzyme required in depolymeriztiaon of
Figure 3 One pot conversion of cellulose over immobilized catalytic s
(EGs), cellobiohydrolases (CBHs) and beta-glucosidase (BG) in cellulosic etha
supplemented with cellobiose phosphorylase (CBP) and potato alpha-gluca
CBP on the A-NMPs, and (C) starch synthesis rate comparison based on glu
noncomplexed PGP and CBP mixture. [Reproduced from Ref [17] with perm
polysaccharides relative to deacetylated dilute acid
pretreatment.

Immobilized catalytic systems
A critical problem of cellulases as biocatalysts relates to
their quick deactivation by environmental factors (e.g.
temperature), which greatly hinders their practical uses
in industry. Immobilization of cellulases on suitable solid
materials (i.e. amorphous or mesoporous silica, agarose
gel etc.) has been reported to improve their stability and
reusability without significantly reducing their catalytic
activity [12-14]. Based on previous studies, mesoporous
silica materials have attracted a great deal of attention
due to their large specific surface area, high mechanical
strength and tunable surface functionalities [15]. The
cellulase activity has been shown to be largely dependent
on pore size and surface area of the support, different
immobilization methods (i.e. physical adsorption and
chemical binding), loading amount and stability of cellu-
lase after immobilization. Trichoderma reesei cellulases
ystem. (A) The enzymatic cellulose hydrolysis using endoglucanases
nol biorefinery versus the synthetic cellulose-to-amylose pathway
n phosphorylase (PGP). (B) The scheme of coimmobilized PGP and
cose formation between the coimmobilized PGP–CBP and the
ission].
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chemically bound to various supports, including silicas
and magnetic nanoparticles, exhibited excellent stability
and catalytic activity, exceeding 80% glucose yield from
biomass [16]. Recent research efforts also disclosed an
integrated sequential enzyme cascade technique to de-
construct cellulose into 5-hydroxymethylfurfural (HMF)
in high yields (46.1%).
Recently, You et al. developed a simple enzyme purifica-

tion and co-immobilization process using Avicel-containing
nanomagnetic particles (A-NMPs) [17]. Cellulose was
transformed into amylose in a one-pot reaction through
the formation of cellobiose intermediate using this immobi-
lized catalytic system [Figure 3]. The immobilized cellobio-
hydrolase (CBP)-potato alpha-glucan phosphorylase (PGP)
enzyme complex on A-NMPs exhibited comparable reac-
tion rates to those of non-complexed CBP and PGP mix-
tures which suggested a synergetic co-immobilization could
be conducted without influencing the enzymatic activity in
the biocatalytic systems. The production costs in terms of
cost per kilogram of enzyme is low as the combined
cellulose-hydrolyzing and starch-synthesizing enzymatic
mixture could easily enhance the total turnover number
Figure 4 Schematic representation of digested cellulose microfibril bun
(TON) values without involving any labile coenzymes
(e.g. CoA and NAD(P)). The proposed cascading en-
zymatic process could be highly acceptable in a poten-
tial large-scale implementation of cellulose-to-starch in
future biorefineries.
The mechanism of action of many carbohydrate-active

enzymes and their corresponding families derived from
bacteria and fungi for the degradation of plant polysac-
charides has been recently revealed [18,19]. Brunecky
et al. have showed that CelA, an unusually large se-
creted multidomain cellulase from thermophilic bac-
teria Caldicellulosiruptor bescii, could efficiently break
down recalcitrant microcrystalline cellulose at a faster
rate as compared to an enzyme mixture commonly
used in commercial biomass enzyme products [20].
Morphological studies of CelA-incubated cellulose sug-
gested that CelA not only exploits the common surface
ablation mechanism driven by general cellulase proces-
sivity, but also excavates extensive cavities into the sur-
face of the substrate [Figure 4]. Interestingly, CelA
showed higher specific activity on raw biomass (even
on its own) as compared to physicochemically
dle. [Reproduced from Ref [18] with permission, copyright AAAS, 2013].
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pretreated biomass. These studies could be a turning point
in the development of future bioconversion technologies
that will not require biomass pretreatment or the partici-
pation of a large number of enzyme components.
Despite all these advancements, the enzymatic decrys-

tallization process is still critical and poorly understood
in many cases, and thus considerable research is needed
to enhance the performance of cellulase action. The
mechanism of action of hydrolase enzymes in the con-
text of the cellulose surface must be understood at the
molecular level. Emerging technologies such as cascad-
ing techniques should be further investigated for more
efficient biocatalytic conversions. New techniques in the
microscale are also required to be developed for the
quantitative large-scale screening of enzyme libraries for
biomass hydrolysis. Numerous biopolymers and enzym-
atic processes exist in nature; we just need to find out
the most effective processes and technologies with high-
est degree of compatibility between substrates and en-
zymes in terms of enzymatic action.
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