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Abstract: Enzymes are outstanding (bio)catalysts, not solely on account of their ability to increase
reaction rates by up to several orders of magnitude but also for the high degree of substrate specificity,
regiospecificity and stereospecificity. The use and development of enzymes as robust biocatalysts is
one of the main challenges in biotechnology. However, despite the high specificities and turnover of
enzymes, there are also drawbacks. At the industrial level, these drawbacks are typically overcome
by resorting to immobilized enzymes to enhance stability. Immobilization of biocatalysts allows their
reuse, increases stability, facilitates process control, eases product recovery, and enhances product
yield and quality. This is especially important for expensive enzymes, for those obtained in low
fermentation yield and with relatively low activity. This review provides an integrated perspective
on (multi)enzyme immobilization that abridges a critical evaluation of immobilization methods and
carriers, biocatalyst metrics, impact of key carrier features on biocatalyst performance, trends towards
miniaturization and detailed illustrative examples that are representative of biocatalytic applications
promoting sustainability.
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1. Introduction

Enzymes have been used for millennia as tools to carry out a myriad of reactions
under mild conditions, with high specificity and minimal environmental and health im-
pacts, opposite to those that are associated with the use of chemical catalysts. Moreover,
the price of enzymes has remained fairly stable over time, unlike that of several metal
catalysts [1-3]. The industrial use of enzymes has thus been steadily increasing [4-9] in
sectors ranging from agrochemicals [10] to textiles [11], through cosmetics [12,13], com-
modity chemicals [14,15], detergents [16,17], food [18,19], leather [20], paper and pulp [21],
and pharmaceutical manufacture and as biopharmaceuticals [2,22]. However, despite their
advantageous features, the potential of enzymes for industrial use has not yet been fully
exploited. This can be ascribed to their low stability under harsh operational conditions,
e.g., extreme pH environments, relatively high temperatures, presence of solvents, sur-
factants, or metal ions; low shelf-life; and most commonly, the difficulty in recovery and
recycle [6,23-26]. This latter and most relevant drawback can be overcome with enzyme
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immobilization, an approach that decreases the overall process production economic cost,
by enabling either continuous or repeated batch operation and facilitating downstream
processing [24,26,27]. Moreover, immobilized enzymes typically display enhanced pH and
thermal stabilities, and occasionally improved activity and selectivity, as compared to their
corresponding free form counterparts [23,28-32]. Additionally, by enabling continuous
operation, the use of immobilized enzymes is associated with high space time yields [33].
Finally, enzyme immobilization has been as an efficient tool to retrieve targeted enzymes
from fermentation broths and cell lysates, therefore contributing to reducing the cost and
complexity of enzyme production [34,35]. Overall, enzyme immobilization technology
has been developed as a strategy to increase biocatalyst performance and reduce process
costs [22,26,29,31-34,36-38]. Biocatalysis is pushing forth the design of bioprocesses and
in a near future combinations of enzymes, namely in cascade reactions, will become even
more important. The challenge of this review addresses the demands currently faced by
immobilization: thus, it should contribute to the development and application of enzymes
with several active centers, to the co-immobilization of enzymes and cofactors, as well
as stabilization via different mechanism, improvement of enzyme activity (e.g., under
drastic conditions), tune enzyme selectivity or specificity, reduce inhibitions, or even be
coupled to enzyme purification. The review provides an updated overview of enzyme
(co)-immobilization methods and carriers, their advantages and limitations and impact
of several carrier features in biocatalyst performance, supported with recent illustrative
examples; details on metrics to assess biocatalyst performance; a brief overview on the
translation of enzyme immobilization to microfluidic environment; and detailed insight
on selected case studies involving glucosidases and pectinases, which are involved in a
vast array of processes whose application may be envisaged to be within the scope of
sustainable and environmentally friendly production chain.

2. Enzyme Immobilization: Drivers, Limitations, and Metrics

Enzyme immobilization has been a relevant topic of research within the biocatalyst
field over the last decades. The main drivers for immobilization include the quest for
simple, clean downstream processing, enzyme stabilization and continuous/repeated use.
Accordingly, a vast array of methodologies has been developed for enzyme immobilization.
However, the implementation of the technology at large scale has been harder than ex-
pected, although several commercial processes only became feasible on account of enzyme
immobilization [27]. An example of a succeeded immobilization process of engineered
enzymes (galactose oxidase and kinases) is the synthesis of the antiviral islatravir by
Merck & Co. (Kenilworth, NJ, USA) and Codexis Inc. (Redwood City, CA, USA) [9].

Enzyme immobilization has nevertheless some limitations, namely: the economic cost
of the carriers, the economic cost and complexity of immobilization methodologies plus
the economic cost and complexity to dispose of the immobilized biocatalyst once activity is
spent; activity decrease when compared with the free enzymes as an outcome of mass trans-
fer limitations, enzyme inactivation due to immobilization procedures and fouling; and
some empiricism still associated with immobilization methodologies [36-38]. Approaches
to overcome these limitations have emerged. Thus, the introduction of nanostructured mate-
rials, with sizes akin to large biomolecules, as carriers for enzyme immobilization has been
shown to minimize mass transfer hindrances. Additionally, the reduced particle size of the
biocatalysts enhances surface area, thus increasing enzyme loading and ultimately improv-
ing activity. Finally, improved enzyme stability has also been reported [39-43]. Strategies
allowing for controlled reversibility of immobilization have also been described [44—46].
Lastly, different methodologies have been suggested towards a more rational approach for
enzyme immobilization, which include: detailed knowledge of the physical and chemical
properties of both enzyme and carrier (e.g., distribution of hydrophobic and hydrophilic
regions in the carrier and hydrophobic and polar regions in the surface of individual
enzyme; carrier porosity, including pore size distribution, structure and volume carrier
chemical and mechanical endurance of operational conditions); generation of databases
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and use of bioinformatics and other computational tools for improved characterization of
enzymes and corresponding catalytic features; factorial planning; and protein engineering
to enable a specific enzyme orientation on a carrier [37,47-51]. Overall, once optimized,
enzyme immobilization is intended to provide a biocatalyst formulation that may lead to
total turnover number (TTN), defined as the total moles of product produced per mole
of enzyme over the entire lifetime of the enzyme, over either 10® (for expensive products
produced at small scale) or 5 x 10°-5 x 10° (for low-cost products/commodities), according
to the thresholds required in industry [52-54]. TTN, together with turnover (TON), which
provides the number of moles of substrate converted per mole of catalyst, and turnover
frequency (TOF) that corresponds to TON over time, which for enzymatic catalysis is keat,
the Michaelis-Menten rate constant, are metrics commonly used to quantify biocatalyst
performance, particularly in heterogenous catalysis [52,53,55]. Emphasis is often given to
TTN, as it combines activity and stability features [53,56], hence its use as a guideline in the
development of industrial processes. Still, TTN can be biased unless determined under a
standard, rigorous procedure [53,56]. Moreover, TTN is determined per mol of biocatalyst,
which may be difficult to establish, particularly when commercial enzymes are used, as,
depending on the application, some of these can be provided as relatively impure and
crude mixtures to save costs [53,57,58]. To tackle the latter issue, the use of a productivity
number, defined as the ratio of the mass of product formed per mass of catalysts prepared,
has been introduced [53,55], where thresholds of either about up to 10* kg of product
per kg of immobilized enzyme or up to 10> kg of product per kg of immobilized enzyme
are required to meet the industrial demand for bulk commodity products or high-value
pharma products, respectively [26]. Detailed insight on the implementation of standard
metrics to assess biocatalysts performance can be found elsewhere [15,48,49,51-53], but it
is still a work in progress [1,53].

Besides these metrics, complementary parameters to characterize fully and unam-
biguously the immobilization process are required, which also abridges consistent ter-
minology [52,59]. Such parameters, as well as the operational conditions under which
they should be determined, have been presented and thoroughly discussed, in a recent
comprehensive review [60]. Briefly, these bring along a clear distinction between protein
and activity, and include: (i) protein immobilization yield, as the mass ratio of protein
loading in the carrier to the protein in the starting solution. It relies on the determination
of both the total protein concentration in the supernatant after immobilization and the
total protein concentration in the stock solution. As often crude enzyme mixtures are used,
the data gathered must be cautiously considered, as different proteins are likely to have
different affinities towards the carrier [52,59,60]; (ii) immobilization yield, as the ratio of
activity retained in the carrier to the activity in the starting solution, often referred to as
activity yield. Although its use is under some scrutiny, immobilization yield has been
widely used to establish the fraction of immobilized enzyme. It relies on the determination
of the residual activity in the supernatant and the activity in the stock suspension at the
end of the immobilization period, under standard conditions. The latter should be carried
out with the assistance of a parallel blank experiment to tackle free enzyme deactivation
throughout the immobilization procedure [52,59,60]; (iii) expressed activity, often termed
activity recovery or recovery of activity, as the ratio of observed activity in the immobilized
enzyme formulation and the activity in the stock solution. It relies on the determination
of the total activities in immobilized enzyme formulation and in the stock solution, and
it may be biased should enzyme deactivation occur throughout the immobilization pro-
cedure [59,60]; (iv) global enzyme activity yield, as the ratio of the observed activity in
the immobilized enzyme formulation to the activity initially offered [60]. The widespread
implementation of those parameters enables standardization and may favor the generation
of a comparative database of enzyme immobilization procedures.

Nowadays the focus is mostly to get enzyme reactions to operate closer to industrial
conditions. Such conditions require bioprocess performance metrics far from those noticed
in the laboratory [61]. Although, evaluating catalytic activity (e.g., U/L, U stands for unit
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of enzyme activity, related to the amount of substrate consumed /product formed in a given
timeframe and L stands for liter), specific activity (e.g., U/mg enzyme, umol/min per
mg enzyme), mass activity (e.g., U/g carrier), the productivity (e.g., g product/L reactor
per hour), yield of product on biocatalyst (e.g., g product/g biocatalyst), yield of product
on substrate (e.g., g product/g substrate), and product concentration (e.g., g product/L
reactor) can be very valuable to benchmark processes and establish goals for progress [62].

3. Immobilization Methods
3.1. Classification of Immobilization Methods and Their Key Features

Most immobilization methods involve interaction with a solid carrier, but carrier-free
methods have also been implemented (Figure 1) [25,27]. Carrier-based immobilization
methods may involve either attachment to or containment inside a carrier. Attachment to a
carrier can be carried out through physical or chemical interactions between the enzyme and
the carrier [29,31,36,48,63]. In the former case, weak binding forces are involved, such as:
(i) adsorption through hydrogen bonds, van der Waals forces and hydrophobic interactions
(Figure 1a) [64]. Enzyme leakage is prone to occur, yet this can be minimized by coating the
surface of the immobilized biocatalysts with a polymer. Moreover, this strategy may allow
stabilization and tuning of operational selectivity, as recently highlighted by Gongalves
and co-workers using as bioconversion system the synthesis of xylose fatty esters from
lauric and palmitic acids in 2-butanone using Lypozyme 435 as biocatalyst. Coating the
carrier with polyethyleneimine (2 kDa) promoted intermolecular crosslinkage of proteins,
making enzyme leakage more difficult and enhancing operational stability. Additionally,
the small size of polyethyleneimine enabled full coating of the immobilized enzyme and
could assess the areas of the protein close to the carrier, increasing the thermal stability of
the catalysts. Finally, mono-, di and tri-esters were synthesized when the coated biocatalyst
opposite to non-coated biocatalyst was used. This behavior was tentatively associated by
the authors to either conformational enzyme modifications induced by polyethyleneimine
or to accumulation of acid molecules in the enzyme environment [65]; (ii) ionic interactions
established between the carrier, viz. a charged resin and the oppositely charged sites on the
enzyme surface (Figure 1b). Occasionally, adsorption and ionic interactions may co-exist,
as observed in lipase immobilization to octyl-glutamic agarose [66]; (iii) affinity binding,
where the carrier is typically functionalized with an affinity partner while the enzyme
harbors the complementary partner. This strategy typically encompasses a recombinant,
tagged enzyme, viz. a histidine tag, which bears high affinity to metal ions, viz. Ni**, Z"2*
that are loaded in chelating groups on the surface of the carrier (Figure 1c). Given the
relatively weak forces involved, hardly any changes in the native structure of the enzyme
occur during immobilization, yet this immobilization method is prone to enzyme leakage
due to shifts in the environmental conditions, viz., pH, temperature or ionic strength.
Eventually, enzyme leakage can be turned into an advantage under controlled condition,
to allow carrier regeneration once the enzyme activity is spent. Adsorption and ionic
binding are quite simple and low-cost methods, but non-specific. Affinity binding is highly
selective, enables one pot purification and immobilization and allows oriented enzyme
immobilization, yet it is costly [44,65-69]. Chemical attachment to the carrier involves
covalent binding through amide, carbamate, ether or thio-ether bonds established between
groups of suitable residues on the enzyme surface and on the carrier (Figure 1d;) [36,67].
Binding to a carrier through reactive groups may also involve a spacer arm. A spacer
arm is a chain of atoms, such as ethylenediamine or polyethylene glycol, comprised
between reactive groups that positions the enzyme away from the solid carrier to which
it is bound and is intended to decrease steric hindrance [70]. This approach, when used,
has mostly involved covalent binding (Figure 1dy) [70]. Given the strong binding, enzyme
leakage is minimized and there is potential for significant stabilization of the immobilized
formulation, particularly when multipoint attachment is involved. The latter has proved
quite successful when highly epoxy-activated methacrylate-based carrier (commercially
available) are used. Under suitable conditions, epoxy groups yield multiple aldehyde
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groups that can establish multipoint attachment in an oriented manner to the richest
lysine region of the enzyme [71]. It has been suggested that the stability enhancement
provided by covalent multipoint attachment was due to the resulting restrictions in enzyme
mobility. This was experimentally validated recently by single molecule methods based on
intramolecular Forster resonance energy transfer to monitor the immobilized dynamics of
lipase A. The authors established that enzyme stability increased as the number of enzyme-
carrier attachments increased, as this correlated directly with enzyme rigidification. There
was a trade-off, however, since the specific enzymes activity decreased, which was ascribed
to a decay in the intrinsic dynamics of the folded state. The authors ultimately suggested
that an optimum number for simultaneous high activity retention and stabilization exists
but may vary depending on the enzyme [72].

On the other hand, loss of activity may occur during immobilization if covalent
binding occurs in a relatively random manner, e.g., where enzyme residues that are prone
to react with the active groups on the surface of the carrier become involved irrespective of
their position in the enzyme molecule, which may lead to steric hindrance, modifications in
native enzyme structure or compromised active site residues [46,63,73,74]. Also, covalent
bonding may induce distortion of multimeric enzymes, although this drawback may
be overcome through polymer coating of the carrier [75]. This was recently illustrated
when pyrroline-5-carboxylate reductase formulation were incubated in the presence of
polyethyleneimine during immobilization [76]. Finally, carrier regeneration is not feasible
but for specific cases [77]. Physical containment within a carrier can be performed by
either entrapment (Figure 1e) or encapsulation (Figure 1f). In the former the enzyme is
retained within a polymeric network, whereas in the latter the enzyme is contained by
a semi-permeable barrier. In either case, the carrier allows substrates and products to
pass through but holds the enzyme. The immobilization method is mild, as there are
no chemical interactions between enzyme and carrier, hence the risk of tampering with
the native enzyme structure is minimized and the carrier material can be engineered to
provide an optimal environment for the enzyme [29,36,67]. For instance, hydrogels provide
a hydrophilic environment that can enhance enzymatic activity in a reaction medium
involving organic solvents, namely when solvent sensitive enzymes are involved (e.g.,
dioxygenases) [78]. However, the risk of enzyme leakage, particularly in entrapment, is
considerable and mass transfer limitations are often referred [36,65,70,79]. Detailed insight
on recent achievements and foreseen developments involving enzyme immobilization in
hydrogels can be found in a recently published review [80].

Carrier-free immobilization avoids the use of a large mass fraction (0.9 or above) of
non-catalytic material in the immobilized biocatalysts formulation [81], hence prompting
high space-time yields and productivities [67]. It mostly involves the use of cross-linked
enzyme aggregates, CLEAs (Figure 1g). This self-immobilization method is performed
through the precipitation of enzymes as physical aggregates induced by, e.g., a saturated
ammonium sulfate solution. The aggregates are rendered permanently insoluble by cross-
linking with an adequate chemical, most notably glutaraldehyde. CLEAs are typically sized
within 5 to 50 pm and can thus be recovered by filtration or centrifugation. Yet, separation
can be further eased by incorporating magnetic particles (Figure 1h) or nanoparticles
(Figure 1i) of, e.g., magnetite (Fe304) or maghemite (y-Fe,Os) [25,26,67]. The relatively
reduced size CLEAs, as well as their reduced rigidity hampers their application in packed
bed reactors, due to unacceptable pressure drop. This can be tackled by blending to/within
a non-compressible carrier [25,26,67,82]. The latter approach is also illustrative of the
combination of different immobilization methods to optimize the immobilized enzyme
formulation [83]. Table 1 presents a brief overview on some advantages and limitations of
different immobilization methods.
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Enzyme immobilization
Carrier-bound Carrier-free
(a)
(e)
. B B
>~
(h)
' (i
(dy) i i' (do) ;i ii ii ii “
Enzyme carrier, (a) to (d) Enzyme, (a) to (i)
| R .
}‘8 His-tagged enzyme, (c) Polymeric network, (e) . Co-aggregate (macromolecule with
no catalytic activity, e.g., bovine

serum albumin, BSA), (g) to (i)

Metal 1 , e.9., N'2+, an/ ) ) . .
@ cration, g = © O Semipermeable barrier, (f) ‘ i\l/[a;%)r;j;;df a(ISICIGI () -magnetic

<~ Spacer arm, (d,)

Figure 1. Different enzyme immobilization techniques involving carrier bound (a—f) and carrier-free
methods (g-i): (a) adsorption, involving hydrophobic interactions, hydrogen bonds and van der
Waals forces between enzyme and carrier; (b) ionic binding, in the figure a negatively charged
enzyme binds to a positively charged carrier; (c) affinity binding, in the figure a His-tagged enzyme
selectively attaches to a metal ion activated carrier (dotted lines); (d1) covalent binding, in the figure
an enzyme covalently binds (solid lines) to an activated carrier; (dz) covalent binding through a
spacer arm, depicted as a zigzag line; (e) entrapment, in the figure an enzyme is restrained within a
polymeric network (e.g., calcium alginate); (f) encapsulation, in the figure an enzyme is contained
inside a semipermeable barrier (e.g., poly (lactide-co-glycolide, PLGA); (g) CLEAs, in the figure an
enzyme and co-aggregate molecules are covalently bound (solid lines) through a crosslinker (e.g.,
glutaraldehyde); (h) magnetic CLEAs, as in (g) but the CLEAs formed by enzyme and co-aggregate
are attached to a magnetic carrier; and (i) nano magnetic CLEAs, as in (g) but the CLEAs are formed
by cross-linking enzyme, co-aggregate and magnetic nanoparticles.
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Table 1. A brief overview on some advantages and limitations of different immobilization methods.

Immobilization Method Advantages Limitations References
Weak binding force, most prone to
Adsorption: involves weak Simple, l.o.w-c.ost preparation enzyme leakage (most sensitive to
. . No modification of the enzyme shifts in temperature and pH, and
interactions between enzyme and . o . .
. required, active site typically not to strong hydrodynamic forces and
carrier, e.g., van der Waals .. .. - [66,84-87]
. . affected, maximizes activity concomitant shear stress). Random,
intermolecular forces, hydrophobic . P e
interactions retention. non-specific immobilization.
Carrier regeneration most feasible ~ Operational stability relatively poor
due to enzyme leakage
Ionic interaction: involves Simple, low-cost preparation
L Active site typically hardly affected, Less prone to enzyme leakage than
electrostatic interactions between . . . .
oppositely chareed residues in high activity retention. adsorption [46,88-90]
PP¢ y & Intermediate binding force. Carrier = Intermediate operational stability
carrier and enzyme . .
regeneration possible
Afﬁmty. binding: involves specific Oriented, well-controlled Cost and complexity
interactions between . i e . . .
immobilization Specific groups are required in the
complementary molecules, e.g., . i [44,68,69]
s Highly specific enzyme surface, complementary
poly-histidine tagged enzyme-metal . . . .
: . : Carrier regeneration possible binding agent needed
ion activated carrier
Coval'ent binding;: 1nvplves strong Strong binding Carrlelj regeneration .largely
chemical bonds established . o unfeasible. Complexity and cost.
. High stability . . . [36,91-94]
between carrier and enzyme . Risk of activity loss during
: . Most feasible for long term use . e
residues, e.g., through Schiff bases immobilization
Entrapment/encapsulation:
involves physical retainment of the ~ No chemical interaction between e e
Lo . . - Diffusion limitations
enzyme within a polymeric enzyme and carrier, enzyme activity Prone to enzyme leakage
network (entrapment in e.g., site unhindered 4 & [79,95-99]

hydrogel) or enzyme containment
inside a semipermeable barrier
(encapsulation in e.g., a membrane)

Moderate cost and complexity
Multienzyme immobilization easy

particularly low molecular wight
enzymes

CLEAs: carrier-free method,
involves chemical crosslinking of
enzyme molecules and
co-aggregates such as bovine serum
albumin, using bifunctional
compounds, e.g., glutaraldehyde

Strong binding

Relatively simple preparation
Biocatalyst devoided of
non-catalytic material
Stabilization of multimers

Activity loss during immobilization
Small pore size may result in poor
diffusion of high molecular weight
substrates. Compression and
cluster/clump formation during
recovery by
filtration/centrifugation, further
hindering diffusion

[25,100-104]

Magnetic-CLEAs: the same as
CLEAs but magnetic particles are
also crosslinked

The same as for CLEAs plus eased
recovery of the biocatalyst using a
magnetic field

Same as for CLEAs but
cluster/clump formation avoided
since recovery circumvents
filtration/centrifugation

[25,105-108]

Enzyme cross-linking upon adsorption to minimize leakage.

3.2. Some Significant Carrier Features and Their Impact in Biocatalyst Performance
3.2.1. Impact of the Carrier Hydrophilicity /Hydrophobicity

Overall, the hydrophobic/hydrophilic nature of the carrier and interaction with hy-
drophilic and lipophilic residues distributed throughout the surface of the carrier has
played a significant impact in the outcome of immobilization [51,109]. Thus, most en-
zymes, with lipase as a notable exception, display a negative impact on activity/stability
upon immobilization on hydrophobic carriers [76,110-113]. This is the outcome of sig-
nificant conformational changes observed (e.g., shift form x-helical structure to 3-sheet
structure) as enzymes come close to hydrophobic surfaces/interfaces (e.g., gas), high
salt concentrations or organic solvents, which may expose hydrophobic pockets to the
medium [112,114-116]. A strategy presented to overcome such drawback, while taking
advantage of epoxy-methacrylate carriers that strongly favor enzyme stabilization through
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multipoint covalent immobilization is hydrophilization of the carrier surface following
enzyme immobilization. Hydrophilization was carried out by incubation of the immobi-
lized enzyme preparation in aspartic acid, glycerin or lysine in the presence of 2-picoline
borane. Proper manipulation of the microenvironment allowed noticeable stability of
penicillin acylase and alcohol dehydrogenase formulations [74]. Contrarily to most of
enzymes, lipases exhibit a significant amount of surface lipophilic residues that interact
favorably with hydrophobic carriers, with increased stability /activity as outcome [117,118].
Additionally, the active center of lipases exhibits an uncommon flexibility; hence activity,
selectivity and specificity can be properly tuned throughout immobilization by proper ori-
entation of the enzyme or adjusting the degree of multipoint attachment [119]. Hydrophilic
carriers may improve overall enzyme performance by improving intraparticle mass trans-
port of substrates and products (e.g., in Oy-related reactions) [110,120]. On the contrary,
hydrophobic carriers (e.g., methacrylate-based) displayed significant mechanical stability,
especially under dehydration conditions, but their use may negatively impact the outcome
of some reactions if lipophilic molecules are involved (e.g., O,-related reactions) as these
tend to stick to the carrier [110]. Grimaldi and co-authors further validated the positive
impact of a moderate hydrophilic carrier for enzyme immobilization on the activity and
thermal stability of alcohol dehydrogenase. However, the use of very hydrophilic carrier
had the opposite effect on enzyme performance. The authors ascribed such behavior to
the balance between destabilizing interprotein interactions and stabilizing protein-surface
interaction. The mechanistic understanding was further supported by simulations using a
model peptide contained in pores with different curvature surfaces. Ultimately, peptides
immobilized inside concave, hydrophilic, surfaces displayed increased stability albeit only
if pores were 3 to 4 nm larger than the hydrodynamic radius of the peptide. Still, if pore
surface was very hydrophilic peptides were destabilized [121].

3.2.2. Geometry and Pore Size and Morphology of the Carrier

The impact of pore size in enzyme immobilization was assessed in a rather exhaustive
and comprehensive manner by Bayne and co-authors [122]. Briefly, the authors reported a
trend towards increased protein loading as pore diameter increased, within the 8 to 100 nm
range. The authors also noticed that increased surface area enhanced protein loading
although this was limited as small pore diameters (e.g., 2 nm) were attained. It was also
highlighted that the introduction of mesoporous materials, with pores sized within 2 to
50 nm, thus in the range of the dimensions of most enzymes (e.g., 3 to 7 nm) [123] favors
enzyme immobilization. Chen and co-workers immobilized cellulase in two mesoporous
silica carriers with pores sized 3.8 nm and 17.6 nm. The former allowed lower protein
loading yet higher activity as compared to the latter. It was suggested that more protein
could be adsorbed in the larger pores, although desorption is favored, and the dense
arrangement hampers conformational flexibility with concomitant loss of activity [124].
This overall pattern had also been previously reported by Takimoto and co-workers [125]
while immobilizing cellulase in mesoporous materials with pore sizes ranging from 5.4 to
11 nm. Kuo and co-workers also highlighted the relevance of pore morphology in enzyme
performance. Mesoporous film-type carrier with a pore size of 6.0 nm a pore length around
60 to 100 nm displayed higher activity than foam type and rod-like mesoporous carriers.
This pattern was ascribed to the highest accessibility of the enzyme to the environment pro-
vided by the film-type carrier [123]. Caldas and co-workers immobilized glucose oxidase,
and enzyme with dimensions of roughly approximate dimension of 7.0 x 5.5 x 8.0 nm in
silica graphite carriers with pores sized within 7 to 21 nm. The largest pore size allowed
the highest enzyme load, an outcome ascribed to more efficient diffusion of the large
molecule, which was hindered in narrower paths. Accordingly, the highest enzyme activity
was observed for the largest pore size [126]. Also related to the geometry of the carrier,
Califano and co-workers shed further light on the effect of pore morphology on the catalytic
performance of immobilized (-glucosidase. The enzyme was adsorbed in mesoporous
silica nanoparticles with either central radial pores (pore size ~ 12 nm) or with disordered
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channel-like pores (pore size ~ 8 nm), in any case large enough to physically retain the
enzyme. The authors established that the enzyme immobilized in the carrier with central
radial pores displayed improved kinetics and thermal stability. This was related to the
prevalent positioning of the enzyme in the interior of pore preventing the pores from being
fully capped. Additionally, given the pore morphology, 3-glucosidase settled in a such
a manner that maximized interactions with the walls, which enhanced conformational
rigidity [127]. Tadepalli and co-workers assessed the effect of size and curvature of the
carrier particle on enzyme performance using as model system horse radish peroxidase
(approximate dimensions 3.0 x 6.5 x 7.5 nm) immobilized in gold nanoparticles with
hydrodynamic diameters within 10 to 40 nm. The authors established that smaller the
particle, the lesser the changes in the secondary structure of the enzyme, which was at-
tributed due to the high curvature of the particle. Moreover, the hydrodynamic diameter of
the carrier after enzyme immobilization decreased concomitantly with diameter increase,
better preserving the native structure in the smaller biocatalyst formulations. The effect of
hydrodynamic diameter in kinetics was also addressed. The authors established that the
turnover number decrease with particle size increase and was always lower than that of
the free enzymes [128], which was associated with the effect of size and slower diffusion
kinetics of the nanobiocatalyst as compared to the enzyme in solution. The Michaelis
constant for the smallest immobilized biocatalyst was higher than that of the free enzyme,
which was ascribed to poorer accessibility of the active site to the substrate molecules in the
former, due to steric impediments caused by the neighboring enzymes on the nanoparticles.
The increase in particle size led to a decrease in the Michaelis constant. As the free volume
available on the nanobiocatalyst increased with the increase in the particle size and as the
surface curvature decreases, the crowding of the enzymes was minimized, the access to the
active site was enhanced and the Michaelis constant decreased.

While addressing the effect of pore size in biocatalyst performance, the influence of
bulky substrates, e.g., starch, must also be considered. Typically, large pore size carriers
(e.g., 70 nm to a few pm) were used, yet Kahar and co-workers showed that -amylase
immobilized amino-epoxide-activated supports with pores diameters within 40 to 60 nm)
allowed high enzyme activity and activity recovery [112]. The authors associated this
behavior to the shallow nature of the pore, hence easing access and displaying improved
diffusion for bulky starch to react with the bound enzyme, as compared to deep pores.

3.2.3. Effect of Spacer Arm

Kahar and co-authors highlighted the impact of the length of the spacer arms in biocata-
lyst performance [112]. Thus, shorter spacer arms resulted in steric hindrances or structural
changes that led to misconformation of the enzyme substrate-binding pocket, with negative
impact on biocatalyst activity, unlike what was observed with long spacer arms. Similar
observations regarding the influence of spacer arms in the activity of immobilized enzyme
formulations were also reported by Peng and co-workers when immobilizing glucose
oxidase on polystyrene—glycidyl methacrylate) microspheres. These authors furthermore
highlighted that the positive effect of longer spacer arms also results from preventing
direct contact between enzyme molecules and the rough surface of the carrier [129]. Still,
this pattern is not consensual. When immobilizing alcohol dehydrogenase on activated
polyvinyl alcohol fibers through diamine-based spacers, Shinde and co-workers reported
that the activity of the immobilized biocatalyst formulation decreased with the increase in
spacer arm length. The authors associated this effect to either aggregation of the saturated
amines in the aqueous medium or to both ends of longer diamines reacting with the surface
of the carrier, hence decreasing the number of enzyme binding sites [130]. Alongside with
chain length the hydrophobic/hydrophilic nature of the spacer arm also impacts on both
initial activity and long-term stability of the immobilized enzyme formulation [131].
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3.2.4. Effect of Carrier Loading

Carrier loading also impacts enzyme performance. Deposition of enzymes as a single
monolayer prevents surface crowding and unwanted aggregation, optimizing interactions
with substrate molecules [51,109], hence relatively low enzyme loadings on the carrier
may result in high activity recovery [132], activity recovery of partially inactivated bio-
catalysts [133] and avoid diffusional restraints [118]. Still, the relation between enzyme
loading and enzyme activity/stability is not always straightforward, as recently high-
lighted during the immobilization of Pseudomonas fluorescens lipase on octyl-agarose. Under
given conditions, specific activity versus triacetin was higher at high enzyme loads than at
low enzyme loads and stability was also enhanced at high enzyme loads. This effect was
partially associated with enzyme-enzyme interactions, more noticeable at high enzyme
loads, yet the authors also established that immobilization conditions (e.g., pH, incubation
in the presence of glycerin and of phosphate anions) impacted in differentiated manner
in biocatalyst performance (e.g., activity over different substrates, stability) at high and
low loads. Again, the authors stressed the relevance of enzyme-enzyme interactions and
suggested that careful control of immobilization conditions may be used to tune biocatalyst
functionality and stability [134]. Under the right conditions, enzyme aggregation can
contribute to stabilization of immobilized enzyme formulations. This was recently high-
lighted, as bi-molecular aggregates of dimeric amine oxidase were produced by incubation
in the presence of 30 % polyethylene glycol and then immobilized by multipoint covalent
attachment to glyoxyl-activated agarose carrier. The aggregated immobilized formulation
was 49-fold more stable than isolated enzyme formulation and 200-fold more stable to
thermal denaturation than the native enzyme [135].

3.2.5. Carrier Composition and Immobilization Method

Adjusting the properties of the carrier to fine tune the catalytic features of the immo-
bilized biocatalyst was recently used by Li and co-workers when employing as enzyme
Burkholderia cepacia lipase (BCL). BCl was immobilized in zeolitic imidazolate frameworks,
where the ratio of the three linkers was varied according to a multivariate approach. This
allowed to tune enzyme-framework interaction with hydrophilicity change in the microen-
vironment of the pores containing the enzyme. Thus, the hydrogen bonds of the framework
could be adequately adjusted to be strong enough to interact with enzyme surface and
generate an optimized conformation, albeit leaving untouched the structure of the buried
catalytic triad. Ultimately, this allowed maintaining 99% enantiomeric excess of the prod-
ucts in several kinetic resolution reactions that were evaluated [136]. Within the same scope,
Ruiz and co-workers, showed that depending on the type of carrier, and concomitantly
immobilization method used and corresponding enzyme-enzyme and enzyme-surface
interactions, the catalytic features of a psychrophilic lipase were modified. Irrespectively of
the method, the thermal stability of the enzyme was clearly enhanced, as it could operate
at 90 °C [137].

3.3. Immobilization of Multimeric Enzymes

A particularly complex issue that immobilization has helped to address is the stabiliza-
tion of multimeric enzymes, which include several types of analytical/industrial relevant
enzymes, e.g., aldolases, catalases, dehydrogenases, several galactosidases or oxidases.
Inactivation of multimeric enzymes is typically triggered by the dissociation of the enzyme
subunits or the loss of their correct assembly structure, issues to which mesophilic enzymes
are particularly susceptible [138,139]. Some recently disclosed strategies to tackle these
include: cyclization into a rigid form by connecting both the terminal ends and internal
interface of subunits of an alcohol dehydrogenase, yielding a structure with enhanced ther-
mal stability [140]; encapsulation of either glucose oxidase or of catalase contained in water
in oil microemulsions in thermoresponsive chitosan-graft-poly(N-isopropylacrylamide) gel,
again producing a formulation with enhanced thermal stability [141]; multipoint covalent
attachment of sucrose synthase on glyoxyl-agarose beads followed by coating with a bilayer
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of 25 kDa polyethyleneimine and 25 kDa dextran-aldehyde that also promotes cross linking
of subunits and stabilize the quaternary structure, leading to a formulation significantly
more stable (340-fold) than the non-coated formulation [142]. This strategy that combines
immobilization of the multimeric enzyme complemented by post immobilization cross
linking of sub-units has been suggested for several other enzymes [143]; mild multipoint
covalent attachment of amine oxidase on glyoxyl-agarose beads, where, by careful control
of the time of interaction between enzyme and carrier, a suitable trade-off between activity
retention (50%) and stability (350-fold increase) could be obtained [139].

Several thorough and comprehensive reviews focused on enzyme immobilization have
been recently published, where updated information on the methodologies for enzyme
immobilization and related issues, e.g., materials used for immobilization, physical and
(bio)chemical characterization methods, impact on catalytic features of the enzyme and
interface with reactor operation, can be found [30,36,57,67,70,144-155].

4. Co-Immobilization of Enzymes

Biocatalysis continues to evolve and provides an appealing route towards sustainable
methods for organic synthesis and production. Multi-enzymatic (nano)systems find appli-
cation in different fields such as biocatalysis or biomedical engineering and are considered
as an alternative approach to produce pharmaceuticals, fine chemicals, food additives,
biofuels, among others [70,156].

From a green chemistry approach the use of various biocatalytic steps is feasible,
and it is desirable to avoid major changes in environmental conditions (e.g., temperature,
pH, pressure). Multi-step biocatalysis allows the integration of enzyme cascades in one
pot reaction systems. In recent years, many new enzymes from the different classes have
been made available, and protein engineering techniques pave the way for tuning enzyme
properties to fit operation and scale-up requirements. Increasing efforts on improving
processes now mean that examples from the laboratory start to match the target metrics
set by economic needs. Other developments are in the area of flow biocatalysis and multi-
step biocatalysis, both of which also deliver improved sustainability. Developments in
the benchmarking of processes using green chemistry and economic metrics also enable
quantitative assessment of progress to be made [157].

Multi-enzymatic cascades thus allow the implementation of multi-step one-pot reac-
tions, an approach that displays several advantages as compared to multi-pot ones such as:
minimization of the accumulation of toxic or unstable intermediates and of the formation
of side products, hence overall efficiency increases [158,159]; isolation of intermediate
products is not required [160]; a lower number of process steps, hence production times
are decreased and investment costs are lowered [161,162]; regeneration of costly co-factors
(if involved) is achieved in-situ [163]; and equilibrium can be adequately shifted [46,164].
Nevertheless, some drawbacks are also associated, such as: the activity and stability of
the enzymes involved may be unbalanced, because of different preferred environmen-
tal reaction conditions (e.g., temperature, pH) and turnover frequency; cross-reactivity
of the enzymes involved; long, complex and costly process development [161,165-170].
Co-immobilization of enzymes provides an approach to tackle some of these drawbacks.

Co-immobilization of enzymes, which act either sequentially or in a coordinated man-
ner, involves the containment of multiple enzymes in the same space (either carrier or as
CLEAs, hence denominated combi-CLEAs). This approach mimics Nature, where countless
chemical reactions are catalyzed in tuned pathways within living cells [25,30,157,164,171-176].
Co-immobilization can lead to enhanced reaction yields as it allows the optimization of
several parameters for each individual nanobiocatalyst, such as size, solubility, activity, or
selectivity [164,174-177].

Thus, besides the well-established benefits of enzyme immobilization, co-immobilization
may provide an individually suitable, compartmentalized micro-environment for each type
of enzyme involved in the cascade, adequate spatial distribution and concentration of the
enzymes involved in the cascade; close proximity of the enzymes, which decreases the dif-
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fusion path lengths of the reactants and may contribute to increase the overall reaction rate
through substrate channeling. In substrate channeling, the product of an upstream cascade
enzyme is directly moved to the active site of a contiguous downstream cascade enzyme,
thus avoiding equilibration with the bulk phase [30,168-174]. Still, co-immobilization of
enzymes should not be taken lightly, as discussed in detail by Arana-Pefia and co-workers
in a recently published comprehensive review. Briefly, co-immobilization for operation
in one pot systems requires conditions such that all enzymes display proper activity and
stability, a lack of which may render the option unfeasible; identification of compounds
formed along the cascade that may have a deleterious effect on enzymes; identification
of poorly soluble or labile compounds, as these may put an extra burden on process opti-
mization. Taking these matters into consideration will narrow the range of enzymes and
operational conditions feasible to target the intended goal and help balance the pros and
cons of one-pot approach versus a multi- step conventional methodology [164]. Lack of
suitable enzymes to fit the requirements for several cascade systems of interest prompted
research in enzyme engineering for this field, as recently highlighted [175]. Within this
scope, the design of artificial metalloenzymes, where a metal-containing moiety is anchored
within a scaffold such as a protein or an oligonucleotide, combining the best features of
enzymes and metal catalysts, is an interesting approach to incorporate a cascade in a single
enzyme by creating multiple active sites: this approach has gained a renewed interest
in recent years given the advances in protein engineering and organometallic synthesis
that eased its implementation and the resulting catalysts have been used in a vast array
of reactions, e.g., hydrogenations and carbon-carbon bond formation and bioremediation
of hazardous compounds [176,177]. Other recent strategies to create enzymes with more
than one active site besides artificial metal enzymes include the generation of enzyme-
metal nanoparticle hybrids and the creation of abiological active sites in a noncatalytic
protein [178]. The former consists in the homogenous dispersion of metal nanoparticles
in the enzyme, therefore providing multiple active sites while conserving the native ac-
tivity and avoiding the complexity and time- consuming issues related to protein design
and engineering and organometallic chemistry associated with the creation of artificial
metalloenzymes [178-180]. The latter uses a protein scaffold, either generated de novo or
assembled through recombination of fragments where active sites can be grafted. Although
this is an elegant approach, able to deliver tailor made enzymes, it is quite complex and
requires significant computational resources [178,181].

While addressing co-immobilization of enzymes some issues require particular atten-
tion. Thus, the size of the enzymes, unless a carrier-free approach is considered, as the
pore diameter of a porous carrier will be conditioned by the size of the largest enzyme,
with impacts on protein loading and access to the substrate, among others. If nonporous,
nanomaterials are used as carriers, enzymes will simply distribute on the surface of the
carrier. Again, if a carrier-free strategy is used, ordering the enzymes precisely in the carrier
is hardly feasible [157,164,169,170]. However, in a porous support, if the rate of immobiliza-
tion exceeds that of diffusion and is very fast, enzymes may be sequentially immobilized
and distributed so the first enzyme immobilized will be located at the outermost area of the
pore and the other enzymes will be successively immobilized towards the innermost area
of the pore. Still, should the rate of immobilization of the different enzymes be still rapid
but differ among them, in a mixture offered to the carrier, the enzymes will be distributed
from the outermost to the innermost areas accordingly to the rate of immobilizations, from
the faster immobilizing to the slower: the immobilization strategy must be the same for
all enzymes, which favors the use of heterofunctional carriers, to fit the requirements of
the different enzymes; the loading capacity of the carrier is limited for each enzyme [164].
This issue highlights the need for careful planning of the ratio of the enzymes to be used;
finally, enzymes often have different stabilities. To tackle this, often an excess of the least
stable enzyme is used to retain proper overall activity, albeit at the cost of the volumetric
activity of the remaining enzymes. A potentially more effective alternative involves a
strong binding of the most stable enzyme(s), that can be easily reused, and reversible
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immobilization of the least stable enzyme(s), so that they can be easily discarded when
exhausted and then replenished [164].

Co-immobilization is highly suggested when the enzymes act synergistically, e.g.,
hydrolysis of polysaccharides, in full modification of fats and oils, in cascade reactions
involving the sequential modification of a substrate to yield a significantly different product
and in reactions that require a cofactor, which, besides the target enzyme, require a co-actor
regenerating enzyme [164,168,182]. Co-immobilization is almost mandatory in systems
where an intermediate compound is unstable, e.g., x-oxoacids synthesis with amino acid
oxidases through oxidative deamination of amino acids, where co-immobilization of the
target enzyme and catalase has been shown to almost avoid the deleterious effects of the
hydrogen peroxide formed as by-product; another example is the enantioselective hydro-
cyanation of aldehydes to produce enantiopure x-hydroxynitriles through the combined
use of a selective hydroxynitrile lyase and non-specific nitrilases [164,182]. Finally, co-
immobilization of enzymes and co-factors is particularly appealing. Thus, given the high
cost of co-factors coupling the main reaction to a second reaction catalyzed by a secondary
enzyme enables the regeneration of the co-factor, regenerates the co-factor while shifting
the equilibrium properly and minimizing the amount of co-factor [120,164,183,184]. On the
other hand, co-immobilization of commercial enzyme cocktails is ill-advised. Thus, the
ratio between the different enzymes optimized for the free form and for one cycle may not
remain the same during immobilization and reuse. Purification of individual enzymes of
the cocktail and ensuing co-immobilization is far from practical and is time consuming,
there is no guarantee they will retain the same activity after immobilization and again the
ratio between the enzymes may again be unbalanced. Further exhaustive insight on the
advantages, limitations and considerations for the proper use (or not) of co-immobilization
of enzymes can be found elsewhere [120,164,183,184].

Different strategies have been presented to implement co-immobilization of enzymes
in either carrier-free or carrier bound form (Figure 2), in any case using the attachment
methods (or a mixture of those) referred to in Figure 1 and related text [157,171,173,185].
Thus, enzymes can be co-immobilized in a random manner, which is the simplest strat-
egy, and where different enzymes in the cascade are attached/entrapped/cross-linked.
However, the control of immobilization pattern and ratio of immobilized enzyme is diffi-
cult [171,174,186]; positional co-immobilization, which allows to assemble the enzymes in-
volved in an order concomitant to the reaction pathway and is often used to modify surfaces
and channels to perform multi-enzymatic cascade reactions [187-190]; co-immobilization
by compartmentalization aims to emulate the natural microenvironment of the enzymes
involved in the cascade and significantly reduces mass transfer limitations and features
short path lengths of intermediates. Compartmentalization has been achieved using di-
verse materials, such as polymers or hydrogels, and often, but not necessarily, combining
entrapment/encapsulation and surface attachment [146,190-195].

Different enzyme co-immobilization techniques, like random co-immobilization by
encapsulation, attachment to a surface, carrier free magnetic combi-CLEAs; positional co-
immobilization by attachment to a surface; compartmentalization by entrapment/encapsula
tion/attachment to a surface, are presented in Figure 2.

Detailed insight on the strategies and applications of co-immobilized enzymes can
be found in recently published comprehensive reviews [25,157,171,173,196]. A wide array
of materials, either of porous or non-porous nature, with a diversity of sizes and display-
ing different binding functionalities, has been developed for enzyme immobilization/co-
immobilization (Table 2). This abridges “classic” materials, such as hydrogels or silica, and
new materials, such as magnetic (nano)particles, mesoporous materials, ceramics, carbon
nanotubes, graphene and derivatives, electrospun materials, metal-organic frameworks,
or DNA nanostructures. This large portfolio enables the casuistic selection of the more
adequate carrier for an intended goal. Despite many common features, different nanomate-
rials exhibit different effects on enzymatic structures or activities, depending mostly on
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Figure 2. Different enzyme co-immobilization techniques: random co-immobilization by (a1) encap-
sulation, in the figure the enzymes distributed haphazardly are contained inside a semipermeable
barrier; (ap) attachment to a surface, in the figure the enzymes distributed haphazardly are attached
to a solid carrier (attachment may involve adsorption, ionic binding or covalent binding); (a3) carrier
free magnetic combi-CLEAs, in the figure the enzymes, a co-aggregate and magnetic nanoparticles
are covalently bound (solid lines) through a crosslinker (e.g., glutaraldehyde); (b) positional co-
immobilization by attachment to a surface, in the figure the enzymes are attached to the carrier in an
orderly manner to provide a proper sequence for the cascade reactions. Enzymes can be (covalently)
bound to the inner walls of a capillary-type vessel or to polymers and DNA nanostructures; (c) com-
partmentalization, which mimics enzyme organization in cellular environments. In the figure the
enzymes are spatially separated in compartments: in the inner compartment enzyme 1 is restrained
inside a polymeric network. Encircling this inner compartment a capsule is formed, thus trapping
enzyme 2 inside a semipermeable barrier. The outer surface of the capsule is activated, enabling the
attachment of enzyme 3 (by e.g., covalent binding or affinity binding). Overall, in this latter case,
co-immobilization involves entrapment/encapsulation/attachment to a surface.

Detailed information on the features, properties and application of the different
materials used for multienzymes immobilization can be found in recently published re-
views [148,173,197,198].
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Table 2. A brief overview on some types of carriers for enzymes (co-)immobilization.

Carrier Type Main Features Limitations Immobilization Examples
P Methods P
Limited biocompatibility, Carbon-based li(natfrlgls,
- Typically display high relatively low affinity to ceramics (e.g, kaolinite,
thermal and mechanical biomolecules and narrow mqntmonllomte) [199]/ metal
stability range of geometrical . U O,de?s (e.gA,' alumma [2,0()]' .
- High microbial resistance shapes available or that can Adsqrptlon / affmlty/ ionic titanium ox1dg [201 ],'21rcorua
Inorganic: - Afford porosity and rigidity be created. Cross-linking binding/covalent binding to [202]), magnetic particles

- Often convey constant pore
diameter to pore volume,
hence constant volume and
shape to the carrier

agent, e.g., such as
glutaraldehyde is typically
needed to covalently bind
the enzyme to the inorganic
carrier

porous carriers; sol-gel
entrapment/encapsulation

(maghemite, magnetite) [203],
inorganic sol-gel, e.g.,
silica-based sol-gel, [204] silica,
silica derivatives and siliceous
materials [205], porous glass
[206], pumice stone [207]

Organic materials:

Typically display biocompatibility
and affinity to biomolecules and
enable the design of diverse
geometry, thus tackling several
shortcomings of inorganic material.
Organic materials can be divided in
natural polymers (biopolymers) and
synthetic polymers.

Natural polymers

Exhibit high biocompatibility,
biofunctionality, biostability, and
biodegradability

- Available in diverse chemical
compositions and structures.

- Renewable, easy to obtain,
often as by-products of
various industries, hence
inexpensive

- Mild synthesis conditions

Shifts in chemical
composition due to
seasonality and/or location

- Mechanical and/or
thermal stability
limited in some case,
albeit (partially)
superseded by
crosslinking

Entrapment/encapsulation
most common due to easy gel
formation; affinity /ionic
binding/covalent binding to
carriers also used

Agar-agar [208], agarose [209],
albumin [210], alginate [211],
carrageenan [212], cellulose,
chitin/chitosan [213], collagen
[214], gelatin [215], pectin [216],
Sepharose (crosslinked agarose)
[217], alginate/starch [217]

Sinthetic polymers

Polymeric chain assembled using
selected monomers to fit the
requirements of enzyme and process
where the catalyst will be used

- Diversity of functional
groups, e.g., alkyl, amine,
carbonyl, carboxyl, epoxy,
hydroxyl, in the structure of
the polymer that ease enzyme
binding and polymer surface
functionalization

- Tailored
hydrophobic/hydrophilic
nature of the carrier

- Often available as highly
porous, ion-exchange resins

Cost and complexity of
carrier development

Entrapment/encapsulation
most common due to easy gel
formation; affinity /ionic
binding/covalent binding to
carriers also used

Amberlite [218], polyacrylamide
(PAA) [219], polyamide (PA)
[220] polyaniline [221],
polystyrene (PS) [222],
polyurethane (PU) [223],
polyvinyl alcohol (PVA) [224]

Hybrid /composite
materials

Combine organic and inorganic
parts to maximize their benefits and
minimize the shortcomings

- Selected. contributors allow
control of composition,
morphology, functionality of
the carrier and pore
properties

- Carrier tailormade to meet
the requirements of enzyme
and process where the
catalyst will be used

- High control of the enzyme
immobilization process

- Extremely versatile

- Stabilization of enzyme
-carrier interactions, high
retention of catalytic activity

- Mechanical resistance and
stability under reaction
conditions

Complexity and cost
New technology, stil with
many unknowns

Immobilization methods:
adsorption/affinity /ionic
binding/covalent binding to
porous carriers; sol-gel
entrapment/encapsulation

Calcium phosphate/gold [225],
metal organic frameworks [151]
(e.g., zeolitic imidazolate based
structures [226]), silica/carbon
nanotubes [227]
silica/titania/graphite [228]

5. Microfluidics and (Co-)Immobilization

In the last years, the field of microfluidics has been recognized as a major asset in
many areas of research, as biology, biochemistry, biocatalysis, chemical analysis, clinical
chemistry, environmental sciences, and physics, among others [229].
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Microfluidics affords the opportunity to perform experiments at a small scale, with
slight amounts of reagents and samples, with a high degree of parallelization, less expensive,
showing in many cases better performance than at macroscale [230]. Nevertheless, at the
microscale, both the physics of the fluidic system and the controlling parameters may be
different and change more rapidly than in macrosystems [230].

Microfluidics refers to systems characterized by a width/height scale between 100 nm
and 100 um, handling volumes in the pL range, where fluid behavior differs from conven-
tional flow mostly due to the reduced characteristic dimensions of the system [229,230].
Hence, flow in microfluidic systems is typically laminar which is quite predictable, there-
fore facilitating the mathematical modelling of these systems. Moreover, mass transport
occurs only at molecular level (diffusion), which again results in relatively predictable
kinetics [229,231]. Moreover, given the short diffusion length and the high specific surface
area, mass and heat transfer can be significantly enhanced as compared to conventional
systems [232,233]. Finally, and besides the ability to operate with minute volumes, mi-
crofluidic devices present the possibility of parallel operation and integration of monitoring
and control tools [229,234,235].

From the combination of microfluidic devices with enzyme immobilization emerged
microfluidic immobilized enzyme reactors, typically termed IMER, which typically display
high enzyme-to-substrate ratio. Together with the advantageous features of the microflu-
idic environment, these reactors display high volumetric productivities. Residence times
can be easily adjusted, and operation with hazardous chemicals, if needed, is less risky
than in conventional vessels. Moreover, and unlike operation with classic packed column
reactors where the size of the carrier must not exceed 100 um to avoid pressure drop issues,
smaller carrier particles, down to nanoscale, can be used, again minimizing mass transfer
limitations [67,190,236,237]. Accordingly, the use of microfluidic immobilized enzyme
reactors for the development of both single-step and multi-step reaction systems has been
increasing, as illustrated by recent reviews [57,67,190,238-240]. Enzymatic microreactors
with multiple enzymes have been developed for fast small-scale biotransformations [237]
and different (nano)supports and attachment techniques have been developed for multien-
zyme immobilization [236]. These improvements speed up the process development in an
economically effective process. However, a well-characterized, robust, and easily integrated
microreactor platform for some applications, as drug metabolism studies that does not
compromise enzyme stability or kinetic properties is still missing. Recent research develop-
ments of immobilized microfluidic enzymatic reactors impacting biomedicine, bioanalysis,
life sciences, biotechnological and biopharmaceutical applications have been established
with interesting applications in the production of antibiotics, antivirals, antitumor drugs or
drug delivery agents, among others [240].

6. Some Applications

In the last years, the intensification of bioactive ingredients in the food, pharmaceutical,
and nutraceutical industries has increasingly fostered the introduction of efficient produc-
tion processes. Enzyme-based processes have been a key part for the sustainable production
of biobased goods, provided high levels of production, recovery, stability, and reusability
of enzymes are achievable. As highlighted, the immobilization of (multi)enzymes has
proved a major asset to ensure such requirements are fulfilled, thus contributing to the
improvement of these bioprocesses. Two major case studies, involving either pectinases or
glucosidases, are addressed in this review.

6.1. Co-Immobilization of Pectinases
6.1.1. Pectinases: General Aspects, Classification and Applications

Pectinases currently account for roughly 20% of the worldwide enzyme market [241].
These hydrolases degrade pectic substances, such as pectin polysaccharides, into smaller
molecules like galacturonic acid. Pectic substances are high in molecular weight, which can
exceed 200,000. Pectin is a structural acidic heteropolysaccharide rich in galacturonic acid
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with carboxyl groups esterified with methanol. It is present in cell walls of higher plants
and is the reinforcing material between adjacent cells for the firmness and structure of the
plant cellulose networks. Pectin concentration tops in the middle lamella and the cell wall.
Not surprisingly, pectin is a major component in cereals, vegetables and fruits.

Pectinases are classified in four major groups: protopectinases, polygalacturonase
(PGase), pectin lyase (PL), and pectinesterase [241,242].

Protopectinases, upon hydrolysis, degrade protopectin forming highly polymerized
soluble pectin. This enzymatic reaction occurs at specific sites that have three or more no
methylated galacturonic acid molecules, through hydrolysis of the glycosidic bond [243].

Polygalacturonase, one of the most used pectinases, degrades pectin into small
molecules of galacturonic acid. It can be subclassified as endopolygalacturonases, which
randomly attack the «-1,4 linkages of the polysaccharide chain resulting in galacturonic
acid oligomers, decreasing the substrate viscosity. Exopolygalacturonase I and II hydrolyze
the digalacturonic acid from the nonreducing end of polygalacturonic acid [242].

Pectin lyase degrades pectin polymers through 3-elimination, cleaving the glycosidic
bond at the C-4 position, and simultaneously removing the hydrogen atoms at the C-5
position, thereby forming an unsaturated product containing a double bond [242].

Pectinesterases saponify the methyl ester groups of pectic substances, some attack the
reducing chain, while others attack the non-reducing end resulting in free and esterified
carboxyl groups. The activity of these enzymes makes the substrate, pectin, accessible for
depolymerization [241,242,244-246]. Pectinesterases are used in several areas of industry,
most notably in the food industry, where they are associated with: extraction, clarification
and removal of pectin from fruit juices; maceration of vegetables to produce gums and
smashes; and viscosity decrease in the liquid portion of mash in winemaking [245]. On the
other hand, alkaline pectinases are used in the processing of textile fibers, coffee and tea
fermentation, vegetable-oil extraction and treatment of paper pulp, among others [241,245].

More recently pectinases began to be used in the production of enzymatically derived
pectin moieties in functional food preparation. Recent perspectives on the use of pectin and
its derivatives as dietary fibers suggest enzymatic synthesis of the right oligomers from
pectin for use in human nutrition [244,247].

6.1.2. Pectinases: Sources and Production Methods

Pectinases are widely distributed in higher plants, where they participate in the modi-
fication of pectinaceous materials during the natural ripening process of some fruits. Pecti-
nases are biosynthesized by different sources such as bacteria, fungi, yeasts [245,248-251].
In recent years, microbial pectinases have been widely studied due to the requirement
of highly productive strains and the cost-effective production of enzymes for industrial
applications [251].

Almost all the commercial preparations of pectinases are produced by fungal species,
mainly belonging to the Aspergillus genus. Among them, Aspergillus aculeatus stands out in
the industrial production of pectinolytic enzymes [246].

Two main approaches are used in the production of pectinases by microorganisms:
genetic manipulation and fermentation techniques. Various pectinolytic genes have been
cloned and expressed successfully in a vast range of host organisms towards either ho-
mologous or heterologous expression with less energy input, economic cost and time.
Recombinant DNA, tools such as cloning, expression mutation have been assessed for
efficient enzyme production [250,251]. Pectinases have long been the focus of research
aiming at obtaining large-scale expressions because of their significant potential for indus-
trial applications.

Submerged fermentation (SmF) is used in large scale production of pectinases. The
yield depends on the strain and nutritional and environmental parameters. A wide spec-
trum of substrates can be used for the SmF production of pectinases, such as fruit processing
wastes, fruit peels and residues from oil extraction. There are many reports available in the
scientific literature with pectinases production under SmF conditions. SmF is privileged
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when enzymes are extracted from bacterial and yeast cultures, which necessitate high water
potential (>0.9) [241]. Bacterial cultures produce alkaline pectinases, whereas fungi and
yeasts provide acidic pectinases [241,251].

The yield of pectinases depends on process variables such as the strain used, tempera-
ture, substrate nutritional sources and pH. The substrates used are, mainly, orange peel,
wheat bran, pectin, banana peel, rice bran, citrus pectin [241,251,252].

Submerged (SmF) and solid-state fermentation (SSF) processes have been widely
used for PGase production by different types of microorganisms. SSF is considered more
suitable for fungi than for bacteria and yeast growth [241]. This is justified in terms of
the natural habitat conditions for fungi (mainly soil), in contrast with those for bacteria or
yeast, which are present in soils or liquid environments. The capability of fungi to grow
under culture conditions with low water activity makes them more interesting for their use
in SSF processes. Moreover, one of the major characteristics of this type of process is its low
water content, used to avoid bacterial contamination by improving the fungal metabolism.

Microorganisms can be immobilized in inert polymeric solid supports (polyacrylamide,
polyurethane and polyethylene glycol), natural materials (alginate, agar chitin, chitosan,
carrageenan, collagen) [253]. Synthetic (polyacrylamide, polyurethane and polyethylene
glycol), natural polymers are more promising supports. The use of immobilized cell
cultures allows reusability, easy separation, lower risk of contamination, but although this
technique reduces the costs of enzyme production the industrial use of this technique is
still hindered [253-257].

6.1.3. Immobilized Pectinase Formulations: Some Relevant Examples

Pectinases are frequently used in soluble form. However, enzymes in this form are
often unable to meet industrial requirements due to their short-term operational stability
and because their recovery and reuse are difficult An interesting alternative to minimize
these limitations is the immobilization, a procedure that allows for several advantages,
among which are: (i) confinement or attachment of the enzyme in a defined space region
while retaining its catalytic activity, (ii) exploitation of its activity repeatedly or continuously,
(iif) enhancement of its stability, under either storage or operational conditions, (iv) easy
separation from the product and (v) minimization of product contamination [246].

The co-immobilization of pectinases has been carried out in combination with dif-
ferent enzymes and supports. Some examples include the simultaneous, random, co-
immobilization of:

(i) a-Amylase, pectinase, and cellulase in iron oxide magnetic nanoparticles function-
alized with 3-aminopropyltriethoxysilane (APTES) followed by cross-linking with
glutaraldehyde, which was used for the clarification of apple, pineapple, and grapes
juices. Immobilization increased stability, namely the half-life increased by 2.4-fold as
compared to the free enzymes within 50 to 70 °C. The immobilized form was also more
stable than the free enzymes when incubated in acidic environment (pH 3.0 to 6.0).
Under optimized glutaraldehyde concentration, the activity recovery of immobilized
enzymes peaked (x-amylase 89%, pectinase 87%, and cellulase 84%) and encouraging
reusability data was observed, as an average residual activity of 77% was obtained
after eight successive batch runs [256]. The shelf life of free a-amylase, cellulase, and
pectinase was found to be 54, 61 and 68%, whereas the immobilized form retained
93, 91, and 89% residual activity, respectively (in 20 days). The increased stability of
the immobilized form was ascribed to the stabilization of the tertiary structure of the
enzymes as an outcome of the cross-linking action of glutaraldehyde [258].

(ii) Cellulase, pectinase, and xylanase were also immobilized in iron oxide magnetic
nanoparticles functionalized with ATPES, followed by crosslinking with glutaralde-
hyde. Under optimized immobilization conditions, activity recovery of 85%, 81%
and 76% were obtained for pectinase, cellulase and xylanase, respectively. Thermal
stability was slightly enhanced within 55 to 75 °C, as the half-life of the immobilized
form was marginally higher (under 2-fold) than that of the. Immobilization also
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(iii)

(iv)

marginally enhanced the stability upon incubation under pH 4.0 to 8.0 (up to 1.45-fold
as compared to the respective free forms). As previously referred, the stabilization
observed upon immobilization was ascribed to the cross-linking action of glutaralde-
hyde. The immobilized formulation depicted a residual activity slightly exceeding
85% after four consecutive batch runs. Afterwards, the residual activity decreased
significantly to reach around 30% after eight consecutive batch runs. This pattern was
tentatively associated with end-product inhibition and mechanical damage, which
ultimately led to the deactivation of the immobilized enzymes. Immobilization also
enhanced shelf-life, since after 36 days, the residual activity of xylanase, pectinase
and cellulase increased 2.8-fold, 2.2-fold and 1.2-fold, respectively, as compared to the
free form. The immobilized formulation was used in the extraction of piperine from
black pepper, in the preparation of sugarcane cell protoplasts, and in the clarification
of papaya juice. In all cases, the formulation was successfully used for at least three
consecutive batch runs [259].

Pectinase and cellulase for the clarification of fruit juices, were immobilized either
by covalent binding to glutaraldehyde activated iron oxide magnetic nanoparticles
functionalized with APTES (Enz-MNP) or as magnetic CLEAs (MN-CLEAs), through
precipitation of both magnetic particles and enzymes followed by cross-linking with
glutaraldehyde. The half-life at 60 °C increased by an average of 2.4-fold and 1.4-fold
for MN-CLEAs and Enz-MNP, respectively, as compared to the free enzymes. Again,
stabilization was associated with chemical cross-linking involving glutaraldehyde,
more so when MN-CLEAs are involved given the large number of multiples in-
teractions between enzymes and enzymes and magnetic nanoparticles. Optimal
temperature increased from 50 °C to 60 °C upon immobilization. Moreover, immobi-
lization allowed for higher activities at high temperatures, e.g., at 80 °C MN-CLEAs
and Enz-MNP displayed 84% and 67% of their maximal activities, respectively, as
compared to 29% retained activity for the free form. The optimal pH was not changed
by immobilization, yet at pH 3.0 MN-CLEA, displayed 80% of its maximal activity,
compared with 30% of the free form. On the other hand, the free form depicted higher
activities with pH 4.0 to 6.0. This behavior was associated with the ionization state of
the microenvironment surrounding the active site due to the magnetic nanoparticles
and/or glutaraldehyde. Recovered activities of 33.6% and 5.6% were observed for
MN-CLEAs and Enz-MNP, respectively. Again, the vast multipoint interactions in-
volving glutaraldehyde, enzymes and nanoparticles was suggested to have allowed a
more assorted fraction of all enzymes than those allowed in Enz-MNP, hence increas-
ing the activity of MN-CLEAs. Immobilization leading to Enz-MNP was suggested to
have proceeded in such a manner that favorer pectinase binding over cellulase, there-
fore hampering overall catalytic activity. MN-CLEAs also outperformed Enz-MNP
when operational stability was assessed. Hence, the former formulation displayed
10% residual activity after eight consecutive batch cycles, whereas the latter was fully
exhausted after seven consecutive batch runs. This behavior was tentatively ascribed
to several factors, e.g., enzyme leaching, thermal induced denaturation, mechanical
or/and hydrodynamic stress. On the other hand, the shelf-life of the two immobilized
formulation did not differ. Thus, the catalytic activity of both formulations remained
unchanged for 30 days [256].

Commercial preparations of pectinase (Pectinex®) and cellulase (Celluclast®) were im-
mobilized in iron oxide magnetic nanoparticles functionalized with 3-aminopropyltrie
thoxysilane (APTES) followed by cross-linking with glutaraldehyde. Immobilization
led to around 2.5-fold average increase in half-life within 50 to 70 °C [260]. Stabiliza-
tion of the immobilized formulation was again related to glutaraldehyde cross-linking.
Under optimized immobilization conditions, recovered activities of 92% and 87%
were reported for pectinase and cellulase, respectively. The formulation displayed
high operational stability, since 80% residual activity was reported after 10 consecutive
batch runs. The immobilized formulation was for the extraction of antioxidant from
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real fruit waste peels, orange (Citrus sinensis), mango (Mangifera indica), and banana
(Musa acuminate) [258].

(v) Pectinase and cellulase in ferrite-based nanoparticles, functionalized with the agent,
3-aminopropyl triethoxysilane (APTES)/glutaraldehyde present a stability of the
half-life of magnetic nanobiocatalyst increased by almost 3 folds as compared to the
free form that confirmed enhanced thermal stability ranging from 30 to 60 °C, the
enzyme loading of the xylanase (80 %) was observed, the reusability, as residual
activity of immobilized biocatalyst was found to be 50 % after six consecutive cy-
cles, the shelf life of the immobilized enzyme retained 90 % residual activity over
30 days, the application was in the extraction of lycopene from tomato peels [261-263];
a-amylase, pectinase and cellulase using covalent co-immobilization with use of glu-
taraldehyde as crosslinker, originated two fold increment in half-life, enhanced pH
stability, and reusability for eight reaction cycles, the applicability is in fruit juice
clarification [264,265].

6.2. Co-Immobilization of Glucosidases

Rhamnopyranosidase is an enzyme complex of (3-glucosidase and «-L-rhamnosidase,
that catalyzes the cleavage of the glycosidic bond of sugars, rhamnose and glucose,
from compounds, including precursors of the aromatic components present in glycosidic
form [266]. This heterodimer of 168 kDa is characterized by the presence of Asp567 and
Glu841 in their active site [267]. Rhamnopyranosidase is produced by yeasts, fungi and
bacteria [266,268].

Rhamnopyranosidase shows high potential in glycocompounds production, with
applications in food and pharmaceutical industries [266,268]. These applications include
citrus-juice processing, namely in the debittering of some juices (e.g., grapefruit juice),
naringin hydrolysis, and reduction of haze by hydrolysis of hesperidin (e.g., in orange
juices) and pectins containing rhamnose [268-273]. Another application is the aromatization
of fruit juices (passion fruit, apple, apricot, peach, tomato, pineapple, cherry, pear, papaya,
banana) musts and wines [274]. For the reduction of bitterness, rhamnopyranosidase acts
by degradation of naringin to its aglycone, naringenin.

The co-immobilization of 3-glucosidase with other(s) enzyme(s) has been performed
for different applications. Some examples include the simultaneous co-immobilization
of: (i) endo-glucanase, exoglucanase, and 3-glucosidase in gold-doped magnetic silica
nanoparticles for the degradation of cellulose [270]; (ii) endoglucanase, exoglucanase, and
[3-glucosidase using site-specific immobilization of bacterial outer membrane vesicles acting
as spheroid nanoparticles with an increase of 23-fold enhancement in glucose production
compared with free enzymes for hydrolysis of cellulose [275].

7. Conclusions and Future Work

The use of biocatalysts in production processes has been steadily increasing, more so
with the growing public awareness of the need for sustainable and eco-friendly approaches
to produce/process goods. The immobilization of enzymes, a strategy first introduced
in large scale production in the 1960s, has been shown to be a tool that can contribute
significantly towards the aforementioned major goals. Initially involving single enzyme
immobilization, latter evolving to multi-enzyme co-immobilization, this strategy provides
a unique way to diversify modes of operation, enable the repeated use of the biocatalyst,
improve the latter stability and eventually modulate its activity. Aiming at a proper quantifi-
cation of the performance of immobilized biocatalysts, several metrics have been gradually
introduced. These are particularly appealling, since no single method of immobilization
has emerged as the most appropriate, rather several methods have been presented, each
with their unique advantages and downsides. In recent years significant efforts have been
made to introduce more reliable immobilization methods, novel materials and rational
immobilization techniques. Besides biochemical insights, these developments owe signifi-
cantly to the increased knowledge on the nature, physical-chemical and geometric features
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of the carriers and on enzyme-enzyme and enzyme-carrier interactions. Combined with
detailed insight on the features of enzymes involved in cascades and the kinetic nature of
the latter, immobilizing enzyme cascades has been successfully implemented. All these
developments in enzyme immobilization have been successfully implemented in microflu-
idic devices, tools that allow for faster and cost-effective process development and process
intensification. Illustrative examples of the recent findings in enzyme immobilization were
highlighted using as case studies applications involving glucosidases and pectinases. It is
expected that miniaturization within the scope of enzyme-catalyzed biotransformations
will become increasingly relevant and widespread, particularly through improvements
in the area of flow biocatalysis and multienzymes biocatalysis, will provide improved
sustainability in the bioprocess. The integration of databases on biocatalytic reactions and
their characteristics into machine-assisted high-throughput process development is also
foreseen. Additionally, the development of new (bio)materials design systems, incorpo-
rating computational design and streamlined prototyping of material properties will be
important in speeding up functional material design and improvement.
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