
Review

Strategies towards Reduction of Cellulases Consumption:
Debottlenecking the Economics of Lignocellulosics
Valorization Processes

Daniel Gomes * , Joana Cunha, Elisa Zanuso , José Teixeira and Lucília Domingues

����������
�������

Citation: Gomes, D.; Cunha, J.;

Zanuso, E.; Teixeira, J.; Domingues, L.

Strategies towards Reduction of

Cellulases Consumption:

Debottlenecking the Economics of

Lignocellulosics Valorization

Processes. Polysaccharides 2021, 2,

287–310. https://doi.org/10.3390/

polysaccharides2020020

Academic Editor: Cédric Delattre

Received: 25 March 2021

Accepted: 21 April 2021

Published: 2 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

CEB—Centre of Biological Engineering, Campus de Gualtar, Universidade do Minho, 4710-057 Braga, Portugal;
jcunha@ceb.uminho.pt (J.C.); elisa.zanuso@ceb.uminho.pt (E.Z.); jateixeira@deb.uminho.pt (J.T.);
luciliad@deb.uminho.pt (L.D.)
* Correspondence: danielg_gomes@ceb.uminho.pt; Tel.: +351-253-601968

Abstract: Lignocellulosic residues have been receiving growing interest as a promising source of
polysaccharides, which can be converted into a variety of compounds, ranging from biofuels to
bioplastics. Most of these can replace equivalent products traditionally originated from petroleum,
hence representing an important environmental advantage. Lignocellulosic materials are theoretically
unlimited, cheaper and may not compete with food crops. However, the conversion of these
materials to simpler sugars usually requires cellulolytic enzymes. Being still associated with a
high cost of production, cellulases are commonly considered as one of the main obstacles in the
economic valorization of lignocellulosics. This work provides a brief overview of some of the
most studied strategies that can allow an important reduction of cellulases consumption, hence
improving the economy of lignocellulosics conversion. Cellulases recycling is initially discussed
regarding the main processes to recover active enzymes and the most important factors that may
affect enzyme recyclability. Similarly, the potential of enzyme immobilization is analyzed with
a special focus on the contributions that some elements of the process can offer for prolonged
times of operation and improved enzyme stability and robustness. Finally, the emergent concept of
consolidated bioprocessing (CBP) is also described in the particular context of a potential reduction
of cellulases consumption.

Keywords: lignocellulosic materials; complex sugars; enzymatic hydrolysis; cellulases recycling;
enzyme immobilization; consolidated bioprocessing; biorefineries

1. Introduction

Important changes throughout the world’s economy and population have been im-
posing, in recent years, new significant challenges to energy supply, resulting from a
substantial growth in global energy needs [1]. Additionally, petroleum, which has been
for decades a key element in energy supply chains, faces a gradual decrease on its world-
wide reserves [2] but also a rising exposure to geo-political instability in some regions of
the globe; all combined, this led to increasingly more frequent fluctuations of its market
price [3]. In addition, the combined growth of energy demand but also of other common
necessities (e.g., plastics) that are usually produced by the petrochemical industry is creat-
ing alarming levels of greenhouse gas (GHG) emissions, which result in more and more
environmental concerns due to a growing depletion of the ozone layer [4]. This problem
demands immediate action, which may involve a transition to a bio-based economy. Such
a transition actually began several decades ago, namely with the production of bioethanol
from energy crops. As this bio-industry has grown, new concerns have been raised regard-
ing the potential of energy crops competing with arable land for food crops, which could
affect food prices.

In contrast to that, increased attention has been given to a new promising source
of sugars that could also be biologically converted into biofuels or other chemicals [5,6],
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designated as lignocellulosic materials (LCMs). Lignocellulosic materials are theoretically
unlimited, cheaper and may not compete with food crops [7]. However, because of
their recalcitrant structure, they also require more complex processes and present more
operational constraints (e.g., mass transfer limitations, high viscosities, etc.) that can affect
process productivities. A major aspect of converting lignocellulosic materials relates to the
need for cellulolytic enzymes (Figure 1), required to convert complex sugars to simpler
monomers, which still represents one of the main costs of the process.
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Figure 1. Simplified schematic on the production of bioethanol from energy crops vs lignocellulosic materials.

1.1. Lignocellulosic Materials

Lignocellulosic materials present a complex structure, constituted mostly by complex
polysaccharides, namely cellulose, hemicellulose and lignin (Figure 2). Cellulose is com-
posed of long, linear chains of glucose molecules linked by β(1-4) glycosidic bonds. A high
crystallinity degree, resulting from hydrogen bonds between different cellulose chains,
makes it very robust and hard to digest. In comparison, hemicellulose is constituted by
shorter chains, not strictly linear, of different monomers such as xylose, glucose, mannose,
galactose, rhamnose and arabinose. Due to its amorphous structure, it also presents a less
robust structure, thus being more easily digested. Another major component of LCMs
is lignin, which is commonly associated with the rigidity and impermeability of these
materials. In contrast, lignin is not a polysaccharide but a polymer of different aromatic
compounds, such as p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol [8]. Cel-
lulose typically holds the biggest share of potential to produce high-value compounds
since its hydrolysis results only in glucose, which is easily used by traditional fermentation
organisms, such as the yeast Saccharomyces cerevisiae. In addition, hemicellulose can be
found at interesting levels, however, its hydrolysis produces different monomeric sugars,
some of which are still not efficiently metabolized by important fermentation organisms
(e.g., xylose).

Lignocellulosic materials can refer to a broad range of potential sources, the most
common of which consists of agro-forestry residues (e.g., sub-products of agriculture,
lignocellulosic parts of energy crops, residues from forest cleaning, etc.). Furthermore, they
can also consist of common wastes generated by industry, such as brewer’s spent grains
and paper sludge, or even from human daily activity as is the case with food wastes and
municipal solid waste [9].

1.2. The High Cost of Enzymes

Adding to the cost of LCMs, the cost of cellulolytic enzymes (cellulases) corresponds
to one of the other main challenges for the economic conversion of these residues. While
an exact cost estimation is difficult to find, with industrial partners frequently negotiating
individually the price of enzymes with their producers, it is commonly regarded as very
high. In an early study by Klein-Marcusschamer et al. [10], the authors reported an enzyme
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cost around $0.68 per gallon of ethanol produced. Smaller value estimations have also been
reported, with $0.32 pointed to by Dutta et al. [11], $0.3 by Lynd et al. [12] and even $0.1 by
Aden and Foust [13].
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Regardless of the exact prices, it is well recognized that cellulases still contribute to
an important part in the cost of lignocellulosic conversion. Reducing this cost has been
pursued using three main approaches: an increase of enzyme efficiency, which would
lead to less enzymes required; a reduction of the production cost of enzymes, namely by
employing more efficient cellulolytic organisms and/or less expensive feedstocks; and the
utilization of enzymes over prolonged periods [15]. Most efforts have been focused on the
first two, not only by industry (e.g., Novozymes, DSM, Dupont, etc.) but also academia.
However, the extent to which this cost can be pushed further down has a limit, which
could mean that pursuing potential ways of better enzyme usage, by re-using enzymes
several times, may be the next step on this quest.

In the context of achieving a reduction of the overall consumption of cellulases, two
main strategies have been particularly considered: the recovery of enzymes after hydrolysis
and their reutilization in a new round of hydrolysis, also known as cellulases recycling, the
immobilization of enzymes as a way for their easy recovery and/or for their prolonged
application over a continuous operation. A more recent approach that can also enable in-
teresting savings is the utilization of efficient fermentation organisms producing cellulases,
under the emergent concept of consolidated bioprocessing (CBP). While cellulases recy-
cling and enzyme immobilization can somehow seem very similar, it should be noted that
neither is enzyme immobilization always conducted for enzyme reutilization purposes nor
cellulases recycling always mediated by immobilization. Regarding CBP, its contribution
can be framed under two perspectives: the utilization of efficient fermentation organisms



Polysaccharides 2021, 2 290

capable of producing cellulases and the adoption of cell recycling schemes for organisms
with cell wall-anchored cellulases, hence also allowing the recycling of their cellulases.

2. Fundamentals of Enzymatic Conversion of LCMs

After pretreatment of the lignocellulosic material, the obtained solid is incubated with
a commercial cellulases cocktail under specific conditions. Typically, process requirements
are dependent of the source of cellulases and their optimum hydrolysis conditions. For
the case of fungal cellulases, the most employed class by industry, the temperature is
usually in the range of 45–55 ◦C and the pH between 4.5 and 5.5 [16]. An efficient enzy-
matic conversion of LCMs involves multiple classes of enzymes, such as cellulases and
hemicellulases, associated with the hydrolysis of cellulose and hemicellulose, respectively.
As cellulose hydrolysis represents a superior bio-production potential, we will especially
address this fraction in this work. The hydrolysis of cellulose chains is rather complex as
distinct types of enzymes are involved [10]. In addition to that, the same enzyme from
different origins can have distinct hydrolysis mechanisms [17]. Among some of the most
common cellulase producers are the fungus Aspergillus niger and Trichoderma reesei, but also
the bacteria Clostridium thermocellum [18].

Generally speaking, a cellulolytic organism usually secrets a significant number of
cellulases, among which are two classes especially relevant for cellulose hydrolysis: en-
doglucanases (EGs), which randomly break internal β-1,4-glycosidic bonds, and exoglu-
canases, such as cellobiohydrolases (CBHs), which act on the reducing/non-reducing ends
of cellulose chains. These are complemented by a final class of β-glucosidases, catalyzing
the hydrolysis of cellobiose into glucose [19]. In an efficient hydrolysis, these enzymes act
synergistically in a concerted action that involves multiple steps: cellulases adsorption onto
the substrate, formation of the complex cellulase-substrate, cleavage of the glycosidic bond,
displacement of the enzyme over the cellulose chain and cellulases desorption (Figure 3).
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Figure 3. Simplified schematic of the action of different cellulases on cellulose chains (reproduced
from Kumar and Murthy [20] with permission from BioMed Central Ltd., 2013).

Currently regarded as the world biggest cellulases producer [8,21], T. reesei has possibly
the best studied cellulolytic system so far. Nearly 80% of the total secreted proteins
correspond to cellobiohydrolases, 60% being Cel7A and 20% Cel6A [22]. Even though
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the two act processively on the cellulose chains, Cel6A attacks non-reducing ends while
Cel7A acts on reducing ends. Furthermore, both types conduct a reversible binding to
the substrate, which is especially relevant in a context of enzyme recycling. Adding to
these, a wide range of different EGs are also secreted, such as Cel5A, Cel5B and Cel7B,
among others; these, however, are produced in much inferior amounts [23]. Finally, T. reesei
still secrets seven β-glucosidases, although these are typically produced under very low
levels; for an efficient cellulose hydrolysis this is commonly solved with the addition of an
“external” enzyme from another organism such as Aspergillus niger [24].

3. Cellulases Recycling

Recycling cellulases implies that active enzymes at the end of hydrolysis/fermentation
are efficiently recovered and posteriorly reutilized in a new round of hydrolysis. Alter-
natively, it can also rely on a direct recycling of the final hydrolyzate with no previous
separation process. According to the scheme of the base process on which enzyme recycling
would be applied, this step could be implemented at different points of the process: after
enzymatic hydrolysis, after fermentation and after final product recovery [25]. The latter
option brings an immediate advantage since enzymes would be recycled with low amounts
of sugars and/or final products. However, that would require that downstream processing
would not involve thermal-abrasive processes, such as distillation, a common operation in
industrial downstream processing.

Determining the most suitable point and approach for efficient cellulases recycling
is case-dependent and should consider distinct aspects: what is the percentage of final
enzymes that remain active after hydrolysis? What is the fraction of active enzymes that are
free and bound to the final solid? Can solid-bound enzymes be easily desorbed from the
solid? What kind of inhibitory compounds (e.g., sugars, ethanol, pretreatment inhibitors)
are present with the enzymes?

3.1. The Influence of Solid-Enzyme Interactions and the Role of Substrate Composition

A key aspect determining the potential and expected complexity for a possible cel-
lulases recycling scheme relates to the interaction between the LCM and the employed
cellulolytic enzymes. This is a rather complex aspect since different enzymes normally
present distinct affinities to a solid [15] and the same enzyme can also have different
affinities to different solids [17], inclusively to different components of the same solid
(e.g., cellulose and lignin). How efficiently cellulases will adsorb and later desorb onto the
different components of the solid will ultimately dictate their distribution after hydrolysis
and the complexity of the recovery/recycling system. Hence, while free enzymes can be
more easily/directly recovered from the final medium, solid-bound enzymes will require a
previous step of desorption from the solid, unless recovered directly with the final solid.

In relation to the affinity of a given cellulase towards the LCM, a key element to
consider is the presence of cellulose-binding domains (CBDs). These are a particular class
of carbohydrate-binding modules (CBMs) consisting of small amino acid sequences with a
carbohydrate binding activity [26]. These modules, with no direct catalytic activity, have
been reported to improve the adsorption to carbohydrates and, in the specific case of CBDs,
to cellulose. Hence, the presence of these structures would not only allow an increase of
enzymes adsorbed to cellulose, but also a superior enzyme selectivity. In addition, CBMs
have been also reported to promote the disruption of crystalline regions of the substrate [27],
which would enhance enzymes’ access to cellulose. In fact, a recombinantly produced CBM
(CBM3) was recently proposed as additive for enhanced enzymatic hydrolysis of the whole
slurry from autohydrolyzed Eucalyptus globulus wood [28]. In the particular context of
cellulases recycling, the role of CBDs is equally important since it will critically influence the
distribution of free and solid-bound enzymes and, consequently, how easily the different
types will be recovered. As an example, the recovery of free enzymes through fresh
substrate addition and subsequent solid-liquid separation depends on an efficient binding
of enzymes in the beginning of hydrolysis. On the other hand, for the recovery of solid-
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bound enzymes, these would ideally have a low affinity to non-hydrolyzed components
of the LCM (e.g., lignin). While excepting for Cel12A, all major cellulases of T. reesei have
a CBD [29], this component is typically not found in β-glucosidases, which will likely
reduce its ability to bind cellulose. For example, in an early study from Tu et al. [30], the
authors reported that commercial cellulases from T. reesei (Celluclast and Spezyme CP)
presented higher substrate affinities compared to those produced from Penicillium sp.,
which according to the authors can be explained by the fact that two of the main cellulases
secreted by this organism (EG and EG b1) do not present a CBD.

In relation to the other element of this interaction, the effect of the LCM composition
can be found equally determinant for a suitable enzyme distribution. Hence, even though
enzymes have a high affinity not only for cellulose but also lignin, their behavior after
hydrolysis is very distinct. In the case of cellulose, they are usually released into the
liquid fraction once the cellulose chains are hydrolyzed. In contrast to that, cellulases
adsorbed onto lignin do not naturally desorb from it, a mechanism usually designated as
non-productive binding [31]. In a previous study by Qi et al. [32], the authors observed that,
after 48 h of hydrolysis of a residue containing 20% of lignin, nearly 30% of the enzymes
were in the supernatant, but when the lignin content of the initial solid was only 3.6% the
amount of free enzymes increased to 65%. According to Kumar et al. [33], lignin not only
competitively binds onto cellulases, decreasing their availability to adsorb on cellulose,
but also blocks their access to cellulose with the formation of a physical barrier. In this
sense, different physico-chemical treatments have already been used to decrease this lignin
barrier [34]. Regarding its effect due to competitive binding with cellulases, the extent of
it will depend on the lignin chemical structure since the interactions between lignin and
cellulases are mostly hydrophobic [35,36]; as a consequence, different types of lignin will
also bind to cellulases with different affinities. In this sense, the utilization of different
compounds such as soy protein [37], BSA [31,38] and surfactants [39], among others, have
already been successfully used to attenuate this effect. These compounds usually bind to
lignin, and by competing with cellulases, they consequently reduce cellulases adsorption
onto lignin.

Another important aspect related to the lignocellulosic material points to the cellulose
content of the final hydrolysis residue. In a previous work from Rodrigues et al. [40], the
authors observed that the efficiency of cellulases recovery from spent solids applying a
process of alkaline elution was significantly inferior when the solid consisted of cellulose, as
oppsed to lignin: an enzyme desorption test conducted over pure lignin allowed adsorbed
Cel7A enzymes to be fully recovered; when the same procedure was conducted over
Cellulose CF11, a maximum of 59% and 62% of enzymes were recovered from the solid
hydrolyzed for a period of 24 and 48 h, respectively. This particular aspect raises a
new discussion over the selection of hydrolysis conditions, since reaching high cellulose
conversions seems to get an even higher importance. In fact, the same authors also
observed that the efficiency of Cel7A recovery from the spent solid obtained after the
hydrolysis of wheat straw had a direct relation with the extension of hydrolysis, which
itself showed a high dependence on the hydrolysis temperature. According to the authors,
high temperatures resulted in an increase of enzyme denaturation, directly resulting in a
superior amount of unconverted cellulose.

3.2. Recycling Free Cellulases in the Liquid Fraction

In general terms, free cellulases refers to those that after hydrolysis, or at the moment
of the recycling process, are desorbed from LCM components and are free on the liquid
fraction, being more easily recovered [41]. It is worth noting that even the solid fraction
can comprise ranging levels of free enzymes since the spent solid also contains some
liquid retained inside its matrix. The recycling of free enzymes present in the liquid
fraction (obtained after a solid-liquid separation step) has been mostly studied following
two main approaches: re-adsorption onto a fresh substrate [17,42–45] and recovery using
membranes [46–48].
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Cellulases re-adsorption onto fresh substrate consists of exposing free cellulases to a
new batch of fresh substrate for a limited period [30] under conditions promoting enzyme
adsorption [43], specifically in terms of temperature and agitation. Based on their retained
high affinity for the lignocellulosic solid [40], partially due to the presence of CBMs, most
of the enzymes are expected to be bound to the solid after this short period, and thus
separated from the previous product of hydrolysis/fermentation [49]. A prolonged contact
period would be undesirable, especially if the enzymes to be recovered are present in a
final medium after fermentation, with high concentrations of final product and minimum
levels of residual sugars. In these circumstances, allowing an extended contact of enzymes
will result in a considerable amount of sugars in the final product stream, which if not
further converted/recovered would not have a value. Furthermore, as hydrolysis proceeds
it also increases the probability of enzymes being released into the liquid fraction, thus not
being recovered.

After the incubation period, the solid (together with, expectedly, a considerable
amount of adsorbed enzymes) is separated from the liquid, ideally only containing the
product of hydrolysis/fermentation [45,50]. This solid is finally resuspended in fresh
buffer/water for the desirable level of solids consistency and a new round of hydrolysis
begins. A particular disadvantage of this technique is that it usually requires the addition of
fresh β-glucosidases; this occurs because, as discussed above, this class of enzymes typically
has a very low binding affinity to the solid, hindering their recovery via re-adsorption onto
fresh substrate [51]. This approach, which has already been studied in several works, has
been showing some interesting results. In an early study from Tu et al. [17] the authors
observed that 88% of the free cellulases were recovered via re-adsorption onto a fresh
solid. Using the same method, Shang et al. [45] verified that a second round of hydrolysis
still presented nearly 46.7% of the hydrolysis yield achieved on the initial round. Mesa
et al. [52] reported that after the hydrolysis of sugarcane bagasse, approximately 77% of the
enzymes were recovered via re-adsorption onto fresh substrate. Qi et al. [32] conducted four
consecutive rounds of hydrolysis of alkaline pretreated wheat straw, and after hydrolysis,
free enzymes were recovered via adsorption onto fresh substrate; after four rounds with
only the addition of fresh β-glucosidase and solid substrate, a hydrolysis yield of 75% was
still achieved.

Concerning the potential need for β-glucosidases supplementation, some attempts
have been made to reduce the levels of freshly added enzymes. In a recent work from
Guo et al. [53] the authors were able to considerably reduce the levels of added enzymes
using a β-glucosidase secreting yeast. In a different approach, Waeonukul et al. [54] fused
the initial β-glucosidases with a CBM3, enabling them to bind to the new solid and be
recovered in a similar way to what occurs to the other enzymes.

A possible alternative to re-adsorption onto fresh substrate may include the utilization
of membranes that could enable the separation of enzymes (larger and more complex
molecules) from fermentable sugars/fermentation products. This is commonly conducted
with an ultrafiltration process, employing a membrane with a small cutoff, usually around
5–10 kDa [32,47]; it is worth mentioning that the dimensions of common enzymes found
on cellulase cocktails are typically superior to 20 kDa [15]. Thus, this process would
generate a permeate stream with the final product, and ideally no enzymes, and a concen-
trate/retentate stream with most of the enzymes, which can then be added to fresh solid
in a new round of hydrolysis. In a previous work from Lu et al. [46] free cellulases from
the liquid fraction were recovered using ultrafiltration and subsequently used in a new
round of hydrolysis. According to the authors, saccharification efficiency only decreased
25% after the third round of hydrolysis (hence, two recycling rounds). In another study
Rodrigues et al. [55] conducted three consecutive rounds of hydrolysis and fermentation of
pretreated wheat straw, where free cellulases at the end of each round were recovered via
ultrafiltration and re-used in the subsequent round, together with 20% of fresh enzymes.
Using this recycling strategy and specific operation conditions consisting of a hydrolysis
temperature of 37 ◦C and an enzyme dosage of 40 FPU/gcellulose, the authors observed that
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cellulose hydrolysis after 48 h decreased from 100% in the first round to 89% in the second
round, and still 81% in the 3rd round. Similar results were previously obtained by our
research when four consecutive rounds of hydrolysis and fermentation were successively
conducted with the addition of only 20–30% of fresh enzymes [24]. Differently, in this case,
also enzymes that were desorbed from the spent solid were recovered via ultrafiltration.
The addition of 30% of fresh enzymes was shown to be efficient to compensate moderate
activity losses during hydrolysis and fermentation, but also during the ultrafiltration pro-
cess. Comparatively to the first round of hydrolysis, with 94% of glucan conversion, the
second and third rounds still allowed glucan conversions of 92 and 83%, respectively.

Even though this may bring an immediate economic advantage when comparing to
the previous approach, since β-glucosidase supplementation is no longer required, the ad-
ditional cost from a more complex process involving industrial-scale ultrafiltration should
also be considered. In a recent study from our group, an economic analysis was performed
to assess the viability of a cellulases recycling system employing an ultrafiltration process
to recover free enzymes. Even though the overall recycling process was shown to be
economically attractive, a sensitive analysis suggested that its economic output is exposed
in some extent to some variables, namely the cost of ultrafiltration membrane and the price
of cellulases cocktail [56].

3.3. Recycling Cellulases Adsorbed to the Spent Solid

Depending on the specific cellulases-solid interactions of each case, a significant
fraction of initial enzymes can still be found bound to the solid after hydrolysis, especially
when this is incomplete, and thus should also be considered for recovery. Indeed, in a
recent study from our group, Gomes et al. [57] observed that after the hydrolysis of an 18%
(w/v) suspension of recycled paper sludge using Cellic CTec2, nearly 60% of final Cel7A
activity was on the solid fraction. As for the free enzymes on the liquid fraction, these
enzymes still retain their capacity to bind and hydrolyze fresh substrate [40].

A possible and very simple way to recover this fraction would be by recycling the
final solid itself with the adsorbed enzymes. While this could represent an interesting
option in some cases, especially when considerable fractions of unconverted cellulose
would thus be recycled for a new batch of hydrolysis (somehow working as an alternative
fed-batch), one should also consider the accumulation of other components that could
interfere with the process. The most relevant of these would be lignin, which would be
gradually accumulating (as an inert element) and affecting the hydrolysis of cellulose,
either because of its non-productive binding or its barrier effect [32,51]. In a previous work
from Weiss et al. [58] the authors reported that by recycling 50% of the residual solids,
together with the addition of 67% of new enzymes, it was possible to obtain a hydrolysis
yield above 60%. However, and as the authors pointed out, there was a clear increase of
lignin content as the operation runs increased.

A more viable option to recover this fraction of enzymes may require their initial
desorption from the solid, being posteriorly recycled employing the same methods used
for free enzymes fraction. When referring to the desorption of cellulases from the spent
solid one should consider two very distinct types of interactions. On the one hand there is
a strong binding of cellulases to cellulose, which is typically mediated by cellulose-binding
domains. On the other hand, cellulases usually bind to lignin in a non-specific way, mostly
depending on hydrophobic interactions between specific regions of enzymes and lignin.
One common method to desorb enzymes relies on a change of the medium pH [25]. This
is based on the fact that, as for other types of proteins, cellulases present many amino
acids with a side chain with a pH titratable group. Hence, a pH change may result in
modifications of their structure, which itself can result in alterations in the way they interact
with other elements, such as lignin and cellulose. In fact, this inclusively explains the need
for a highly controlled pH during enzymatic hydrolysis, typically conducted in a very
narrow range of pH values (4.5–5).
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Indeed, early studies from Otter et al. [59,60] showed that a change to an alkaline pH
allowed a partial recovery of solid-bound cellulases; however, activity levels decreased
beyond specific pH values. According to Otter et al. [59], it was possible to desorb nearly
40–45% of solid-bound Avicelase when the pH was raised to 10, while a further increase
could even result in a higher desorption but, on the other hand, also a drastic reduction
in enzyme activity. In a previous study by Rodrigues et al. [40] the authors conducted
an analysis of Intrinsic Tryptophan Fluorescence (ITF) and Circular Dichroism (CD) over
Cel7A when subjected to a pH increase from 4.8 to 9–10. The results suggested that while
significant conformational changes seemed to occur over the Cel7A structure, these were
reversed when the pH was restored to 4.8. Still according to the authors, the activity towards
the hydrolysis of low-molecular weight substrates, such as MUC (4-methylumbelliferyl-
β-D-cellobioside), was not affected. Similar indications were obtained from a previous
work from our group, where solid-bound enzymes were desorbed applying an alkaline
elution step [24]. The activity of Cel7A reported on the solid fraction after hydrolysis was
0.79 ± 0.01 IU/mL and after alkaline elution 0.76 ± 0.06 IU/mL, which does not constitute
a statistically significant change. Additionally, it was also observed that approximately 82%
of bound enzymes were desorbed from the solid, becoming available to an easy recycling.

Another common approach to facilitate the recovery of this fraction of enzymes relies
on the action of some compounds widely recognized to interfere and affect the binding of
enzymes to the solid. While they cannot be directly associated to the recycling step itself,
they will promote the desorption of enzymes from the solid. In the early studies from
Otter et al. [60], the authors reported that the utilization of detergents generally improved
the desorption of Avicelase from Avicel, with the only exception being sodium dodecyl
sulfate. The best option consisted of Tween 80, for which 67% of bound cellulases were
desorbed. In a previous study from Tu et al. [30], the authors also found that the addition
of Tween 80 in the hydrolysis medium resulted in a higher amount of free enzymes during
hydrolysis, but also in the protein fraction desorbed after hydrolysis. The effects from this
class of compounds can be attributed to a possible competition with cellulases for lignin-
binding sites, which would reduce the extent of non-productive enzymes binding [39].
Another relevant class of compounds may correspond to polyhydric alcohols. An early
study from Zhu et al. [61] showed that both glycerol and ethylene glycol had a superior
effect on cellulases desorption compared to surfactants (e.g., Triton X-100), where the
utilization of 72% ethylene glycol allowed 76% of enzymes adsorbed on a corn stover solid
to be recovered.

3.4. Whole Slurry Recycling

As an alternative to exclusively recycle a specific fraction of final active enzymes
(free or solid-bound), a much simpler option is the recycling of the whole solids slurry,
which would enable both fractions to be recovered. Consequently, and since this does
not require any separation of the different fractions, it represents the simplest recycling
method [25]. Nonetheless, and recalling many of the previously described limitations
of solid-bound enzymes recycling, this technique has a very strict range of applicability.
Even not considering the gradual accumulation of final product (sugars/fermentation
product), which can be critical or not depending on the production levels and the rate of
slurry recycling, a relevant issue to consider is the accumulation of insoluble solids over
operational rounds. The consequences of that would not only be an increase of rheological
issues and mass transfer limitations but also a superior inhibition of cellulases due to non-
productive binding. Because of that, whole slurry recycling can be considered an option
with limited applicability, which would depend on the operation conditions (e.g., level of
solids consistency) and intrinsic rheological properties of the lignocellulosic material. On
the other hand, recycling the whole slurry would imply that a fraction of the final product
is also transferred to the new production cycle, hence resulting in a superior concentration
of final product, which would equally allow it to operate with inferior solid loadings [25].
Possibly because many of the technical constraints mentioned above, and even despite
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its low cost and easy implementation, whole slurry recycling has barely been reported
so far. One of the few examples is the work reported by Haven et al. [62] relatively to a
demonstration-scale study performed by Inbicon consisting of the hydrolysis of pretreated
wheat straw. According to the authors, by recycling 20% of the fermentation broth, it was
possible to reduce the amount of fresh enzymes required by 5%, which although may seem
very low, on an industrial level can represent a significant saving.

4. Cellulases Immobilization
4.1. Immobilization Fundamentals

Enzyme immobilization is a procedure widely used in a variety of industrial, medical
and analytical processes [63]. The use of immobilized enzymes in any bioprocess leads to an
easy handling, separation and reuse of the enzyme. In addition, the storage and operational
stability of the enzymes is usually increased, enabling their use in different operation
modes such as semi-continuous or continuous operations [64]. Enzyme immobilization
can be divided into three main categories: entrapment/encapsulation, cross-linking and
binding to a support (Figure 4). Entrapment and encapsulation are low-cost techniques
(mainly due to the use of polymers) in which enzymes are either trapped or retained
inside a capsule, separated from the reaction medium [65]. Cross-linking enzyme (CLE)
technology is a simple carrier-free technique performed with the addition of a cross-linking
agent to an enzyme preparation, usually producing a rigid three-dimensional complex
of enzymes [66]. Finally, binding to a support is based on the simple attachment of the
enzyme to a solid support mediated by different possible chemical interactions (either
covalent or non-covalent) [65]. In the particular case of cellulases, immobilization onto a
support is one of the most interesting techniques since some strategic advantages can be
gained after immobilization, which will be featured below.
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4.2. Supports for Enzyme Immobilization

One of the most important aspects of an immobilization process is the type of support
used. This is attributed to the many advantages a particular support can offer to the
enzyme such as protection against inhibitors, ease of recovery, mechanical strength and
the possibility of use in continuous operations, all important contributors to maximize
the operational time of the enzyme [67]. The selection of the right support will hence
impact the resulting properties of the immobilized enzyme. According to Kołodziejczak-
Radzimska and Jesionowski [68], the immobilization support must either have sufficient
reactive functional groups or must be easily modified to introduce chemical groups for
a successful bonding. Additionally, the support should ideally have a large surface area,
specific and stable reactive groups to achieve a multipoint enzyme-support attachment
and also high chemical, thermal and mechanical stability [69,70].

4.2.1. Chitosan

Chitosan, a biopolymer obtained from chitin, has been widely used as support for cel-
lulases immobilization due to its large possible configurations, high affinity to proteins and
multiple other properties such as biodegradability, nontoxicity, hydrophilicity and biocom-
patibility [71,72]. Dinçer and Telefoncu [73] have previously immobilized cellulases from
Aspergillus niger using chitosan beads coated with maleic anhydride-modified polyvinyl
alcohol (PVA). When cellulases are immobilized inside beads, a common limitation is a
poor enzyme-substrate diffusion, especially when LCMs are used. Therefore, the authors
immobilized the cellulases on the surface of chitosan beads where the PVA coating shifted
the optimum pH of the enzyme to neutral, by providing a polyanionic micro-environment
to the enzyme. Another reported use of chitosan for cellulases immobilization was in com-
bination with magnetic coal fly ash under two approaches: as microcomposites and porous
gel beads [74]. According to the authors, both supports (microcomposites and porous gel
beads) led to similar glucose production yields (using CMC as substrate) and kept up to
69.9% of the original production yield after reusing the immobilized cellulases for 10 cycles.
Chitosan can also be used to modify magnetic nanoparticles, such as Fe3O4, thus gaining
their magnetic properties leading to an easy handling of the enzyme [71,75,76].

4.2.2. Magnetic Nanoparticle

Magnetic nanoparticles gained a considerable interest as immobilization support since
they can be easily manipulated by applying magnetic fields. This is especially relevant
because on the hydrolysis of a lignocellulosic material, even when 100% of cellulose is
converted, lignin and ashes still remain as final solid residue. Therefore, an easy way to
recover the immobilized enzymes is by applying an external magnetic field, thus separating
the enzymes from the solids and the medium [77]. Some authors have already tested the
hydrolysis of different lignocellulosic materials using immobilized cellulases on magnetic
nanoparticles, but further research is required since the materials used usually have a small
particle size, thus the diffusion problem is not really faced. For example, Jia et al. [78]
immobilized cellulases on a magnetic support and evaluated the hydrolysis yield using
powdered bamboo (80 mesh) at different concentrations (0.075%, 0.15%, 0.30% (w/v)),
obtaining the highest hydrolysis yield at 0.075% (w/v) load. When higher concentrations
were tested, the diffusion limitations increased, leading to a low activity of the immobilized
enzymes. Tan et al. [79] recently proposed an attractive immobilization procedure using
chitosan and Fe3O4 nanoparticles. Before immobilizing the enzymes on the support
(magnetic nanoparticles coated with chitosan), this was mixed with cellulose powder
in order to avoid bonding on the active site of the enzyme. This created a core-shell
structure with the active cellulases retained inside the shell and where the chitosan acted
as an outside shell preventing the enzymes from escaping while maintaining magnetic
properties and allowing the substrate to reach cellulases.
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4.3. Enzymatic Hydrolysis of Pretreated Lignocellulosic Materials Using Immobilized Enzymes

Enzyme stability after immobilization provides a convenient advantage for lignocellu-
losics hydrolysis. Since lignocellulosic materials usually require a pretreatment operation,
aimed to enhance cellulose accessibility by cellulases, some enzyme inhibitors might be
released which may affect the saccharification yield [80]. An example of a possible solid
pretreatment refers to the utilization of ionic liquids (IL), which can cause further inacti-
vation of enzymes during the saccharification step. In this case, it would be desirable to
have a stable enzyme against residual ionic liquids, avoiding the solid washing step or
even enabling an in situ saccharification. Grewald et al. [81] studied the performance of
immobilized cellulases from Trichoderma reesei on the hydrolysis of sugarcane bagasse and
wheat straw pretreated with 1-ethyl-3-methylimidazoliumacetate [EMIM][Ac] ionic liquid.
According to the authors, cellulases immobilized on magnetic nanoparticles had a 3-fold
higher hydrolysis yield compared with the free enzymes. Furthermore, when the stability
of the immobilized enzymes were tested under concentrations of [EMIM][Ac] in the range
of 10–50%, it was found that the immobilized enzymes exhibited higher endoglucanase
activity compared to the free enzymes. In another study, Zhou et al. [82] immobilized
cellulases from Trichoderma viride on a metal-organic framework support, testing their
tolerance towards different concentrations of [Emim]DEP ionic liquid. According to the
authors, for the highest concentration of 50% (v/v) of [Emim]DEP, immobilized cellulases
had an 8.5-fold higher FPase activity compared to free enzymes. The stability gain might
be associated to an increased enzyme rigidity after immobilization, but more interestingly,
these results suggest that the pretreatment and saccharification could be carried out as
a one-pot process. In this scope, Qi et al. [83] immobilized cellulases on a metal-organic
framework and compared free and immobilized enzymes against inhibitors usually found
in the pretreatment slurry. When exposed to 5 g/L of formic acid and vanillin, immobilized
enzymes obtained an increase in the hydrolysis yield of 18.7% and 19.6%, respectively.
According to the authors, this improvement can be attributed to the covalent bonding
between the enzyme and the support, which partially block the inhibition site on the
surface of the enzyme.

4.4. Recent Advances on Cellulases Immobilization

Different approaches for enzymes immobilization have shown promising results with
the use of novel technologies. An example is 3D printing, where the structure of the support
can be conveniently defined, leading to a support material that can be manipulated in
terms of a specific surface area and surface-reactive groups for a better immobilization [84].
Additionally, with 3D technology the shape of the support can be manipulated to match a
desired configuration, for example to match the shape of a reactor [85]. Another interesting
proposal is the use of lignocellulosic materials as immobilization support for an integrated
biorefinery. Lignocellulosic materials fulfill some properties required in a promising
support, such as large availability and low cost [86]. Finally, relevant progress in new
innovative supports should also be noted such as the cases of biomimetic films [87],
nanomaterials [88] and stimuli-responsive smart materials [89].

5. Consolidated Bioprocessing

Consolidated bioprocessing (CBP), which aims to combine cellulases production, hy-
drolysis and fermentation in a single step, appeared as a solution to decrease costs related
with hydrolytic enzymes [90]. In the particular context of cellulosic ethanol production,
the establishment of CBP requires the development of microorganism(s) with both fer-
mentative and cellulolytic capacities, allowing for the direct conversion of lignocellulosic
biomass (with or without pretreatment) into bioethanol, without the addition of external
enzymes. The development of these CBP microorganisms has followed two main strategies:
(1) modifying a cellulolytic microorganism to improve its fermentative capacities or (2)
modifying an ethanologenic microorganism to produce cellulolytic enzymes. These CBP
microorganisms should still present the essential traits to perform an efficient fermentation
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of lignocellulose: broad substrate utilization, high ethanol yields and productivities with
minimal by-product formation, high ethanol tolerance and increased tolerance towards
lignocellulosic-derived inhibitors and process hardiness (e.g., variations in pH and temper-
ature) [91]. In fact, thermotolerance is a highly desirable trait for a CBP microorganism, as
most cellulases present a high optimal temperature (>40 ◦C) [90].

5.1. Improvement of Ethanol Production in Cellulolytic Microorganisms

The approaches for genetic engineering of cellulolytic microorganisms aiming to
improve its fermentative capacity have been mainly focused on anaerobic bacteria from
the Clostridium genus (Table 1). The cellulose-degrading ability of these bacteria arises
from its capacity to display a cellulosome at their cell surface [92]. A cellulosome is a
multienzyme complex composed of a non-catalytic protein (scaffoldin) where a variety of
polysaccharide-degrading enzymes (e.g., cellulases, hemicellulases) are assembled. This
scaffolding can also contain one or more cellulose binding domains (CBD) to target its
substrate. Clostridium thermocellum has been one of the most studied cellulosome-producing
bacteria and is a promising CBP microorganism. Different approaches have been used
to improve its capacity to produce ethanol [93,94]. In one of these, C. thermocellum was
initially modified to block acetate, lactate, H2 and formate production, and after two
rounds of adaptive evolution, the evolved strain was able to produce 22 g/L of ethanol
from Avicel [95]. Genetic modification of Clostridium cellulovorans strains by expressing
heterologous aldehyde/alcohol dehydrogenases resulted in improved ethanol production
from cellulose, however with low ethanol yields and titers due to the simultaneous pro-
duction of butanol [96,97]. Clostridium cellulolyticum was also modified via inactivation of
lactate dehydrogenase and malate dehydrogenase to shift the metabolism towards ethanol
fermentation, decreasing accumulation of organic acids, which resulted in 8.5 times more
ethanol than with the wild-type strain [98].

Caldicellulosiruptor bescii is a hyperthermophilic anaerobic bacterium capable of secret-
ing extremely active hyperthermostable cellulases and has been engineered for improved
ethanol production: either via inactivation of lactate dehydrogenase, heterologous ex-
pression of acetaldehyde/alcohol dehydrogenase genes and/or of rnf genes [99–101].
Nonetheless, and despite its high cellulolytic capacity, the ethanol titers obtained were
low (≤3.5 g/L) with yields very far from the theoretical (Table 1). In an unprecedented
report, one of the engineered C. bescii was able to produce cellulosic ethanol at the high
temperature of 75 ◦C [100]. Despite the very low amount of ethanol produced (0.10 g/L),
the fermentation temperature near the boiling point of ethanol raises the possibility of in
situ product removal, a beneficial process optimization due to the low tolerance of these
bacteria towards ethanol.

As previously discussed, the filamentous fungus Trichoderma reesei has been widely
employed to produce cellulases. In order to use it as a CBP microorganism, T. reesei was
submitted to genome shuffling with S. cerevisiae genomic DNA in order to improve its
tolerance towards ethanol, and the resultant tolerant strain was used to produce 3.1 g/L of
ethanol from unpretreated sugarcane bagasse [102]. The plant pathogenic fungus Fusarium
oxysporum, which presents cellulase secreting capacities, was also modified to enhance
ethanol production from lignocellulose through overexpression of a hexose transporter
gene to improve glucose and xylose uptake [103]. Both these fungi are mesophilic, which
could be a disadvantage when comparing with the themophilic bacteria, as they require
mild temperature fermentations (Table 1).

5.2. Engineering Ethanologenic Microorganisms for Cellulase Production

The yeast S. cerevisiae, being the preferred microorganism for the production of
bioethanol, has been the most explored microorganism for application in CBP processes.
In addition, this yeast plays a central role in lignocellulosic valorization processes not
only to bioethanol [104] but also to top chemicals [105] due to its tolerance to adverse
lignocellulose-based process conditions [106]. Taking advantage of the extensive genetic
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toolbox available, a wide variety of modifications has been applied to this yeast in order to
provide it with efficient cellulolytic activity, following three distinct approaches: enzyme
secretion, cellulosomes and cell surface display [104].

Table 2 lists the works with higher ethanol titers for each of the different approaches.
A strain constructed to secrete BGL1, EG and CBHI from T. reesei allowed the production
of 24 g/L of ethanol from alkaline peroxide pretreated wheat straw [107]. In the cellulo-
some approach, S. cerevisiae strains are normally modified to display a scaffolding from
Clostridium bacteria, which is then assembled with a variety of hydrolytic enzymes [104].
Following this strategy, a strain displaying a scaffolding from Clostridium cellulovorans with
a BGL from Saccharomycopsis fibuligera and a chimeric EG from Clostridium thermocellum pro-
duced 3.4 g/L of ethanol from carboxymethyl cellulose (CMC) [108]. The highest reported
ethanol titer with a CBP S. cerevisiae was obtained using a strain displaying cellulases on its
cell surface, anchored by the glycosylphosphatidylinositol (GPI)-anchoring system [109].
This strain was also modified for improved thermotolerance via transformation with an
artificial zinc finger protein library, resulting in the production of 28 g/L of ethanol in a
CBP of NaOH-pretreated Jerusalem artichoke stalk at 42 ◦C. More recently, lytic polysaccha-
ride monooxygenases (LPMOs) were reported to play an important role in the hydrolysis
of recalcitrant cellulose, making the polymer more accessible to the activities of endo
and exo-glucanases in the presence of an electron donor [110]. Considering this, Liang
and collaborators [111] engineered an S. cerevisiae strain to display a cellulosome with
LPMO and CDH (cellobiose dehydrogenase, as an electron donor), improving the ethanol
titers and yields by more than 1.7 fold, in comparison with a cellulosome presenting only
β-glucosidase, endoglucanase and cellobiohydrolase.

One limitation of the use of S. cerevisiae as CBP host is its inability to natively consume
xylose, a major constituent of lignocellulosic materials. In this sense, efforts have been
made to develop strains capable of utilizing the hemicellulosic fraction of lignocellulose,
arming S. cerevisiae with hemicellulolytic enzymes (xylanases and β-xylosidases) and xylose
consumption pathways [112], reaching ethanol titers as high as 11 g/L [113,114]. In fact,
combination of both cellulolytic and hemicellulotyic abilities, as well as capacity to ferment
xylose, has been attempted in order to more efficiently utilize the carbohydrates present in
lignocellulose. Nevertheless, and despite the development of a strain capable of secreting
seven active (hemi)cellulases, its utilization to ferment a mixture of xylan, cellulose and
cellobiose resulted in ethanol titers below 2 g/L (Table 2).

Other non-Saccharomyces yeasts were also modified for CBP processes (Table 2). The
thermotolerant Kluyveromyces marxianus was modified to secrete cellulases or to display a
cellulosome [115–117], however, even with higher temperature processes (37 and 40 ◦C)
the maximum ethanol titer attained with these strains was 3.1 g/L. Pichia pastoris, the
most frequently used yeast for heterologous production of proteins, was also modified to
display a cellulosome, resulting in the production of 2.5 g/L of ethanol from Avicel [118].
The ethanologenic bacteria Zymomonas mobilis, which is extensively studied for second
generation ethanol, was engineered to secrete hydrolytic enzymes and was able to produce
43 g/L and 32 g/L of ethanol from CMC and NaOH-pretreated sugar cane bagasse,
respectively [119]. In a combination of both strategies used for the development of CBP
microorganisms, the bacteria Escherichia coli and Geobacillus thermoglucosidasius were heavily
engineered in order to simultaneously enable them with cellulase-secreting abilities and
improved capacity to produce ethanol [120,121]. These resulted in 0.19 g/L of ethanol from
nitric acid/ammonia pretreated wheat straw using the modified G. thermoglucosidasius
strain and 7.6 g/L of ethanol from acid pretreated Arundo donax cane with the E. coli strain.
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Table 1. Different strategies and outcomes of modified cellulolytic microorganisms for consolidated bioprocessing. Ethanol yield was calculated (when data was available) as the ratio of
grams of ethanol produced by the total of potential fermentable sugars in the medium and presented as percentage of the theoretical yield 0.511 g/g. N.D.: not determined/described.

Microorganism Modification Substrate Ethanol Yield
(% of Theoretical) Ethanol Titer/Time Temperature Reference

Cellulolytic Bacteria

Clostridium cellulolyticum
Deletion of L-lactate dehydrogenase (ldh)

and L-malate
dehydrogenase (mdh) genes

10 g/L Avicel 48% 2.7 g/L

34 ◦C [98]10 g/L acid-pretreated
switchgrass n.d. 1.3 g/L

Clostridium cellulovorans
Expression of aldehyde/alcohol

dehydrogenase gene (adhE2) from
Clostridium acetobutylicum

14 g/L Avicel 20% 1.6 g/L in 204 h 37 ◦C [96]

C. cellulovorans
Expression of aldehyde/alcohol

dehydrogenase gene (adhE2) from
Clostridium acetobutylicum

25 g/L cellulose 14% 2.0 g/L in 288 h 37 ◦C [97]

Clostridium thermocellum
Deletion of hpt, hydG, ldh, pfl, and pta-ack to

block acetate, lactate, H2 and formate
production. Adaptive evolution.

60 g/L Avicel 66% 22 g/L in 122 h 55 ◦C [95]

C. thermocellum
Expression of pdc from Acetobacter

pasteurianus and the adhA from
Thermoanaerobacterium saccharolyticum

60 g/L Avicel 63% 21 g/L in 100 h 55 ◦C [94]

C. thermocellum Overexpression of rnf genes. Deletion
of hydG 50 g/L Avicel 18% 5.1 g/L 55 ◦C [93]

Caldicellulosiruptor bescii

Deletion of lactate dehydrogenase gene
(ldh) and

heterologous expression of a Clostridium
thermocellum

bifunctional acetaldehyde/alcohol
dehydrogenase gene (adhE)

20 g/L Avicel 5.70% 0.64 g/L
65 ◦C [99]

10 g/L unpretreated
switchgrass n.d. 0.59 g/L

C. bescii

Deletion of lactate dehydrogenase gene
(ldh) and

heterologous expression of
acetaldehyde/alcohol

dehydrogenase genes from
Thermoanaerobacter pseudethanolicus (adhB

and adhE)

20 g/L Avicel 0.92% 0.10 g/L in 42 h
75 ◦C [100]

20 g/L unpretreated
switchgrass n.d. 0.073 g/L in 16 h
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Table 1. Cont.

Microorganism Modification Substrate Ethanol Yield
(% of Theoretical) Ethanol Titer/Time Temperature Reference

C. bescii
Expression of adhE from Clostridium

thermocellum and
rnf genes from Thermoanaerobacter sp.

20 g/L Avicel 31% 3.5 g/L in 200 h 60 ◦C [101]

Cellulolytic Fungi

Fusarium oxysporum Overexpression of Hxt Alkali pretreated
wheat straw 78% 0.32 g/g of

alkali-treated straw 30 ◦C [103]

Trichoderma reesei Genome shuffling with Saccharomyces
cerevisiae gDNA

50 g/L unpretreated
sugarcane bagasse 17% 3.1 g/L in 120 h 30 ◦C [102]

Table 2. Different strategies and outcomes of modified ethanologenic microorganisms for consolidated bioprocessing. Ethanol yield was calculated (when data was available) as the ratio
of grams of ethanol produced by the total of potential fermentable sugars in the medium and presented as percentage of the theoretical yield 0.511 g/g. N.D.: not determined/described.
β-glucosidase (BGL), endoglucanase (EG), cellobiohydrolase I (CBHI), cellobiohydrolase II (CBHII), β-xylosidase (XylA); xylanase (Xyn) LPMO: lytic polysaccharide monooxygenases.
CDH: cellobiose dehydrogenase. CMC: carboxymethyl cellulose. PASC: phosphoric acid swollen cellulose.

Microorganism Modification Substrate Ethanol Yield
(% of Theoretical) Ethanol Titer/Time Temperature Reference

Saccharomyces cerevisiae

Secretion. BGL, EG and CBHI from T. reesei Alkaline peroxide
pretreated wheat straw 70% 24 g/L in 80 h 30 ◦C [107]

Cellulosome. Scaffoldin from Clostridium
cellulovorans. BGL from Saccharomycopsis

fibuligera and chimeric EG from
Clostridium thermocellum. Produced in

separate strains

10 g/L CMC 60% 3.4 g/L in 16 h 30 ◦C [108]
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Table 2. Cont.

Microorganism Modification Substrate Ethanol Yield
(% of Theoretical) Ethanol Titer/Time Temperature Reference

Cellulosome. Scaffoldin from C.
thermocellum. BGL from

Aspergillus aculeatus, EG and CBHII from T.
reesei, LPMO from Thermoascus aurantiacus

and CDH from Humicola insolens

10 g/L PASC 47% 2.7 g/L in 96 h
30 ◦C [111]

10 g/L Avicel 31% 1.8 g/L in 96 h

Cell-surface display. Delta cocktail
integration. BGL from

Aspergillus aculeatus, EG and CBHII from T.
reesei. Expression of Artificial Zinc Finger
Protein-AZFP library for thermotolerance.

20 g/L PASC 76% 8.7 g/L in 48 h
42 ◦C [109]

200 g/L of NaOH
pretreated Jerusalem

artichoke stalk
43% 28 g/L in 60 h

Industrial-derived host

Secretion. BGL from T. reesei), EG from A.
oryzae, CBHI from Talaromyces emersonii,
CBHII from Chrysosporium lucknowense,

XylA and Xyn from A. niger and Xyn from
C. cellulovorans.

Isomerase xylose consumption pathway.

20 g/L cellobiose, 20
g/L corn cob xylan
and 20 g/L CMC.

<5.9% <2.0 g/L in 96 h [122]

Non-Saccharomyces ethanologenic microorganisms

Zymomonas mobilis Secretion. EG from Enterobacter cloacae
CMC n.d. 5.5% (v/v) ~43 g/L in

72 h 30 ◦C [119]

NaOH pretreated
sugar cane bagasse n.d. 4% (v/v) ~32 g/L in 72

h

Z. mobilis
Secretion. EG from Z. mobilis ZM4 (ATCC

31821) and Xyn
from uncultured bacterium

1% pretreated (liquid
hot water) rice straw n.d. 2.6 g/L in 72 h 30 ◦C [123]

Kluyveromyces
marxianus

Secretion. BGL from Neocallimastix
patriciarum and EG and CBHI from T. reesei 2% CMC 10% 1.2 g/L in 24 h 37 ◦C [115]

K. marxianus

Secretion. CBHI and II and EGIII from T.
reesei, EG A from

Aspergillus niger, BGL from Neocallimastix
patriciarum and a cellodextrin transporter

from Neurospora crassa

100 g/L Avicel 1% 0.6 g/L at 120 h 40 ◦C [116]
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Table 2. Cont.

Microorganism Modification Substrate Ethanol Yield
(% of Theoretical) Ethanol Titer/Time Temperature Reference

K. marxianus

Cellulosome. Scaffoldin and the anchoring
protein from

Clostridium thermocellum. BGL from
Neocallimastix patriciarum, EGIII and

CBHI from T. reesei, LPMO from
Thermoascus

aurantiacus and CDH from
Thermothelomyces thermophila

10 g/L Avicel 54% 3.1 g/L in 120 h 37 ◦C [117]

Pichia pastoris

Cellulosome. IM7/CL7 system as
scaffolding. CBH from

Yarrowia lipolytica, EG from C. thermocellum
DSM1237, BGL from Thermoanaerobacterium
thermosaccharolyticum DSM 571, CBM from

Thermobifida fusca (recombinantly
expressed and

purified from E. coli)

10 g/L CMC 90% 5.1 g/L
30 ◦C [118]

10 g/L Avicel 44% 2.5 g/L

Escherichia coli

∆pflB, ∆adhE, ∆frdA, ∆xylFGH, ∆ldhA,
PpflB:pdcZm-adhBZm, evolved.

Expressing EndoG, a
multifunctional glucanase and xylanase,

from bovine rumen microbiota

Dilute acid pretreated
Arundo donax n.d. 7.6 g/L 39 ◦C [120]

Geobacillus
thermoglucosidasius

Deletion of ldh gene (encoding lactate
dehydrogenase) and

pfl gene (coding for pyruvate formate lyase)
and upregulation of the pdh gene (encoding

pyruvate dehydrogenase). BGL from
Thermoanaerobacter brockii and a

multidomain cellulase from
Caldicellulosiruptor bescii

1% nitric acid/
ammonia pretreated

wheat straw
n.d. 0.19 g/L in 24 h 55 ◦C [121]
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5.3. CBP Industrial Applications

Despite the several attempts and studies to develop a CBP microorganism, the re-
sulting strains are still far from reaching the requirements for a feasible production of
lignocellulosic ethanol: titers higher than 4% (w/v) with yields superior to 90% of theoreti-
cal maximum and a productivity of at least 1 g/L/h [91,124]. Nonetheless, these strains
may still be applied in bioethanol plants to decrease the requirements of external enzymes,
a strategy already used in the production of starch-derived bioethanol where amylase-
producing S. cerevisiae strains are used [125]. In fact, the importance of developing CBP
technology is already beyond academic interest, with industries such as Mascoma (now
owned by Lallemand) and Qteros being founded based on this concept. Also interesting
from an industrial point of view is the possible advantages of using cell-surface engineered
CBP microorganisms in cell recycle batch fermentations, allowing the recycling of the
enzymes attached to their cell surface. In fact, this strategy was already reported for the
fermentation of hydrothermally-pretreated rice straw, where a cellulase-displaying S. cere-
visiae strain was used in five consecutive cycles of fermentation, maintaining productivity
values and with an average ethanol titer of 42.2 g/L [126].

6. Conclusions

Reducing the amounts of cellulases required in the industrial conversion of lignocel-
lulosic materials is an efficient way to improve the economy of these processes. Different
approaches have been studied in this context, with enzyme recycling and immobilization
assuming the biggest role for several decades. Cellulases recycling has been widely studied
among academia with a special emphasis on the mechanisms governing enzymes adsorp-
tion/desorption onto the solid and possible ways for their recovery after hydrolysis. Still,
there is lack of practical applications in the conversion of real lignocellulosic materials for
several rounds of hydrolysis, where the potential enzyme savings can be estimated. In
addition, immobilization may confer critical beneficial features to the enzymatic system,
not only due to improved stability and robustness, but also facilitated recovery. Despite
this, the application of immobilization cellulases in the conversion of real lignocellulosics
materials have been barely studied so far and should deserve a growing interest in the
upcoming years. A final aspect to consider is the potential hold by CBP processes where
the in situ production of cellulases in an integrated fashion will definitely contribute to
reducing commercial enzymes consumption.
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