Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 31 2023. Downloaded on 2025/10/4 11:00:07.

(cc)

7® ROYAL SOCIETY

Green Chemistry «w OF CHEMISTRY

View Article Online
View Journal | View Issue

CRITICAL REVIEW

Biomass-derived functional materials as carriers
for enzymes: towards sustainable and robust
biocatalysts

{ '.) Check for updates ‘

Cite this: Green Chem., 2023, 25,
4591

Meena Bisht,*+*® Sarath Kumar Thayallath, ¢ Pranav Bharadwaj,
Gregory Franklin 2 ® and Dibyendu Mondal (2 **<

The unique catalytic properties of enzymes have led to the production of useful medicinal intermediates,
foods, and biofuels from sustainable sources. However, the instability of soluble/free enzymes under
several challenging conditions (e.g., pH, proteolysis, temperature, ionic potential, chemical denaturants)
restricts the use of enzyme-based biocatalysts. Encapsulation of enzymes on suitable carriers would miti-
gate the instability issues faced in robust biocatalysis. An “ideal” carrier material employed for protein
immobilization should be nontoxic, scalable, biocompatible, and should not compromise the biological
activity and structure of proteins/enzymes. Thus, biodegradable and renewable biomass-derived func-
tional materials (BDFMs) are envisaged as promising carriers for enzymes. BDFMs have in-built chemical
functionalities and desirable physicochemical properties that enable their use in enzyme catalysis at the
industrial scale. Numerous BDFMs have been used as immobilization matrices to improve the biocatalytic
activity and stability of various enzymes. These solid materials are renewable and environmentally friendly
compared with synthetic polymers. This review highlights the advancements, challenges and prospects in
the emerging field of BDFMs (cellulose, silk protein, chitin, chitosan, lignocellulose, and a combination of
(e.g.,
a-chymotrypsin, cytochrome ¢, carbonic anhydrase, glucose oxidase, ribonuclease, cholesterol oxidase,

biopolymers such as chitin/lignin and chitosan/alginate) for immobilization of enzymes
alkaline phosphatase, B-glucosidase, lipase, horseradish peroxidase, catalase, tyrosinase, acetylcholin-
esterase, amylase, invertase, protease, laccase, p-galactosidase, and several others) for biocatalytic pro-
cesses. This review also describes the relationship between the structural properties and functionality of
several enzymes immobilized in BDFMs, and profiles the impact of pH, temperature, reusability, stability of
storage, and the activity of these enzymes. Future perspectives in this promising field, as well as potential
difficulties, are discussed. This review will help in refining biocatalysis technologies whereby biomass-
derived, environmentally friendly materials are employed as enzyme supports.
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to produce biofuels and bioproducts from renewable biomass
sources can aid transition to a novel “bioeconomy” for more

1. Introduction

Society has high dependence on non-renewable resources,
which is unsustainable in the long run. Increases in popu-
lation sizes and environmental pollution have prompted strat-
egies for “green” chemistry, sustainable resources for fuels,
chemicals, and materials, and reducing waste.? In this scen-
ario, the development of flexible and integrated “biorefineries”
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efficient and sustainable global development. The “circular
economy” concept is taking a central role in sustainable devel-
opment and, for this reason, deserves attention.>™® Renewable
denotes sustainable and abundantly available feedstocks for
the production of biofuel and biochemicals via suitable bio-
conversion. “Biocatalysis” is a charming technology used in
various industrial applications. An enzyme or biocatalyst is
essentially a non-hazardous, non-toxic material that is easily
obtained from widely available renewable resources.” Enzymes
are Nature’s sustainable catalysts which drive a variety of reac-
tions. In accordance with the theory of green chemistry, bioca-
talytic processes are more sustainable, environmentally
friendly, and cost-effective than traditional chemical processes.
In the context of green chemistry and sustainable develop-
ment, the utilization of enzymes as efficient catalysts offers
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Fig. 1 Structures of commonly used enzymes. Source: Protein Data Bank.

several interesting characteristics."> Enzymes are bio-
degradable, reusable biocatalysts which do not create by-pro-
ducts. Enzymes are made up of several amino acids that are
linked together by a peptide bond (-CONH-).>° The native
state of a protein is a result of complex interactions (e.g:,
hydrogen bonds, van der Waals interactions, ionic inter-
actions, hydrophobic interactions) which ultimately provide
stability to proteins and prevent ruinous conformational
changes.’® Each enzyme exhibits a great degree of chemo-,
regio- and stereospecificity towards a substrate because of the
binding properties at the active site. The native or tertiary
structure of some common enzymes that have been modified
with biomass-derived functional materials (BDFMs) is shown
in Fig. 1.
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In the synthesis of complex pharmaceuticals, enzymatic
biocatalytic approaches are more environmentally friendly and
sustainable than chemical methods. Due to their capacity to
catalyse reactions with high efficiency and specificity, they
have emerged as preferred tools in green chemistry and are
being used more frequently in industrial processes.'' Fig. 2
shows various factors that have an impact on the stability and
activity of enzymes. In recent years, biocatalysis has emerged as
an imperative technology for meeting the growing demands for
green and sustainable chemical manufacturing. However,
enzymes are moderately stable in terms of their structural and
chemical stabilities, and enzymatic processes are conducted
under physiological conditions in a buffer, with high rates and
selectivities." Harsh processing conditions, such as the presence
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of volatile organic solvents, extreme pH, and temperature, are the
main barriers to the effective use of enzymes in therapeutics and
as biocatalysts. Moreover, a lack of long-term activity, stability, re-
usability, and a challenging recovery rate can hinder the indus-
trial application of enzymes."” To overcome these problems,
numerous solutions have been postulated by researchers, such as
methods for protein engineering, chemical modifications, excipi-
ent addition, and immobilization.

The progress of effective immobilization strategies has
paved the way for enhancing the recovery, recycling, oper-
ational stability, and storage of enzymes.'> Immobilization is
also very important for effective biocatalysis. Enzyme immobil-
ization is the stable fixation of the protein within a solid
support/matrix by physical or chemical interactions (or both)
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so that the enzyme remains fully functional (or at least retains
most of its catalytic activity). There are various methods for
enzyme immobilization: adsorption, entrapment, covalent
binding, and crosslinking."”*"'® During immobilization, the
integrity of the structure and the function of an enzyme are at
great risk, and the biocatalytic performance may be compro-
mised. In addition, the co-immobilization of two or more
enzymes can afford multifunctional solid biocatalysts capable
of catalysing processes in biocatalytic cascades.'* Therefore,
immobilization of enzymes is an essential method that has a
significant effect on the stability and effectiveness of enzymes.
Several strategies for enzyme immobilization have been cate-
gorized: adsorption binding, entrapment, covalent binding,
and crosslinking with/without a support.'>'® Immobilized pro-
teins have been widely use in industrial applications (e.g,
analytical, pharmaceutical, commodity chemicals, food, and
cosmetic industries) as well as energy production and
biomedicine.">'® Therefore, immobilization technologies
must be improved and diversified to support the development
of fresh formats, better economies, and higher
performance.">* Supports can be made of hybrid materials,
inorganic materials, metal-organic frameworks (MOFs), nano-
flowers, hydrogels, polymers, or biomass-based
materials.'>'7*8?! BDFMs are exceptional supports for immo-
bilising enzymes to enhance the activity and selectivity of
enzymes.”"?> BDFMs have attracted much interest due to their
abundance, environmental friendliness, sustainability, and
unique structures." Biomass-based matrices have great micro-
biological resistance, biocompatibility, robust mechanical pro-
perties, acceptable stability, and controllable biodegradability,
which might offer a favourable microenvironment for enzyme
stability. BDFMs with superior properties and precise mor-
phology for improving facile biocatalysis is a research
“hotspot” (Fig. 3). BDFMs are created by transforming the
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Fig. 3 Potential applications of BDFMs in biocatalytic processes.

natural resources (plants, food, animals, microorganisms) and
their wastes into high-performance materials using physical or
chemical processes.” BDFMs promote the stabilization of
entrained molecules, such as therapeutic proteins or enzymes,
without compromising their activity.”> Furthermore, because
BDFMs have been approved by the US Food and Drug
Administration, these supports/matrices are ingestible and
may have useful applications in vivo.”® The immobilization of
industrial enzymes would enable the reuse of expensive
enzymes for enhanced utility in industrial processes, whereas
the immobilization of bioactive enzymes might be incorpor-
ated into diagnostic and therapeutic applications.** In this
review, we evaluate available data regarding the potential of
BDFMs as sustainable carriers for enzyme stabilization.
Precursors for BDFMs are readily available, inexpensive,
and primarily produced from plants (cellulose, lignin, algi-
nate), animals (silk, chitin, chitosan), and microorganisms
(bacterial cellulose). BDFMs possess numerous desirable
inherent qualities that point to their potential use as an

Dr Dibyendu Mondal is the ERA
chair holder in the NANOPLANT
project at the Institute of Plant
Genetics within the Polish
Academy of Sciences (Poznan,
Poland) since September 2021.
He received a doctorate in chemi-
cal science from the Central Salt
And Marine Chemical Research
Institute (Bhavnagar, India) in
2015. From 2015 to 2017 he was
a post-doctoral research assist-
ant at CICECO within the
University of Aveiro (Aveiro,
Portugal) and then he joined as an Assistant Professor at the
Centre for Nano Materials and Sciences in Jain University
(Bangalore, India) in 2017. His main research areas focus on (i)
value addition of bioresources using neoteric solvents; (ii) protein
engineering and biocatalysis; (iii) bio-inspired and active nano-
constructs; (iv) nanotechnology for sustainable agriculture.

Dibyendu Mondal

4594 | Green Chem., 2023, 25, 4591-4624

View Article Online

Green Chemistry

enzyme-stabilisation matrices to protect them from different
stresses. This review focuses on the main categories of
biomass-based support materials for different enzymes, or bio-
catalyst designs/functionalization for improving the stability
and activity of enzymes and maximizing reaction efficiencies.

Fig. 4 depicts an overlay analysis which focuses on evaluat-
ing the qualities and academic importance describing BDFM
use to increase enzymatic efficiency. An extensive evaluation of
the academic and scientific literature accessible in this field of
research was carried out using the Web of Science (WOS). In
the current review, VOS viewer was used to display the co-
occurrence of keywords, and an overlay map was developed.
The circles in the overlay map depict the occurrence of the key-
words in the chosen dataset (Fig. 4). The keyword co-occur-
rence map was created by choosing keywords that appeared
>10 times. As a result, 315 out of 7211 keywords met the cri-
teria and were further classified into eight major clusters. As
shown in Fig. 4, since 2000, there have been sporadic reports
on enzyme immobilizations using biomass-derived materials.
In the years between 2008 and 2018, biomass-related research
has experienced explosive growth. The important discoveries
made possible by the use of biomass-derived materials as car-
riers for long-term stability and enhancing the catalytic activity
of enzymes and proteins are summarised in this overview.
Recent biocatalytic contributions of biomass-based supports
are discussed in the next sections.

2. Lignocellulosic-based supports
(carriers) for enzyme immobilization

Lignocellulose and cellulose-based materials are attractive
support materials for enzyme immobilization because they
have high porosity, strong mechanical properties, are highly
resistant to microorganisms, as well as having tunable biode-
gradability, excellent stability, and dense network of hydrogen
bond crosslinks.”> >’ Being the most abundant polysaccharide,
cellulose is made up of linear chains of p-glucose units con-
nected through p(1 — 4)-fashioned glycosidic linkages, as well
as intra and intermolecular H-bonding (Fig. 5). This results in
the formation of cellulose microfibrils that are firm and
strong. To create f(1 — 4) glycosidic bonds, every alternate
glucose molecule in cellulose is inverted. Cellulose-functiona-
lized materials can be made from cellulosic sources such as
cotton and bacterial cellulose wherein the hydrolysis of cell-
ulose generates nano-sized crystalline material.>®>® Several
such forms of cellulose, such as cellulose hydrogel micro-
spheres (CHMs), cellulose nanocrystal (CNCs), cellulose nano-
whiskers (CNWs), and nanofibrillated cellulose (NFC) have
been studied as possible supports for enzyme immobilization.
They are characterized by high enzyme loading, enhanced
stability, improved activity, and increased mass transfer
rate.>"*” Various immobilization techniques can be applied to
load enzymes onto the matrices of lignocellulosic biomass/
modified cellulose-based materials for the conjugation and
stabilization of enzymes and proteins. Recently, Ren et al*’

This journal is © The Royal Society of Chemistry 2023
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reported the superior potential of delignified bamboo over the
immobilization of p-glucuronidase (BGU) with a significantly
higher loading capacity (~8 mg m 2g™"), recyclability (13
cycles), and longer shelf life (<7 weeks). Cellulose matrices
were employed to enhance the robustness of the enzyme in
analytical and synthetic applications for hierarchical flow-
based bioreactors.

Uth and co-workers®” used a modular approach for site-
directed, biorthogonal protein immobilization. A general two-
step method was created that took advantage of extremely
effective oxime ligation along with enzyme-mediated protein

This journal is © The Royal Society of Chemistry 2023

coupling onto the surface of peptide-modified crystalline
nanocellulose. Conjugate analyses revealed that, after being
grafted onto CNC, the immobilized glucose oxidase (GOx)
maintained its activity (Fig. 6). To improve the salt and
thermal tolerance of cellulase enzyme, Montamedi and col-
leagues*® immobilized its cloned form (PersiCeL3) over a car-
boxymethyl cellulose (CMC) hydrogel matrix. With halotoler-
ant behaviour >65% and almost two-folds higher activity than
the native enzyme, immobilized PersiCel3 showed superb per-
formance which could be used in lignocellulosic biomass
industries to boost the production of value-added products in
hot and salty environments.

Authors transformed the primary alcohols on the surface of
CNC to the corresponding aldehyde functionality, which
enabled immobilization of bioactive modules via extremely
effective oxime ligation. Immobilization of the enzyme on the
CMC-hydrogel matrix could be used to improve the robustness
of enzymes with strong resistance towards high temperatures
and heavy salt concentrations.”*® Suo et al.” prepared ionic
liquid (IL)-modified magnetic CMC nanoparticles on which
porcine pancreatic lipase (PPL) was immobilized covalently
(Fig. 7). The immobilized lipase (PPL-IL-MCMC) demonstrated
specific activities that were 1.43- and 2.81-fold greater than
those of free PPL and PPL-MCMC, respectively, with simple
and efficient recoverability.

Extending the work further, the authors studied the effect
of urea (Fig. 8a) and thermal stresses (Fig. 8b) over the activity

Green Chem., 2023, 25, 4591-4624 | 4595
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and stability of PPL. The conjugate retained >68% activity but
the native enzyme could barely maintain its functions. The
immobilized enzymes PPL-MCMC and PLL-IL-MCMC could
maintain 40.8% and 70.9% of their original activity, respect-
ively, at a urea concentration of 6 mol L™, whereas the native
enzymes retained only 15% of their activity. A similar trend
was reported for thermal stress for a long time (Fig. 8b). The
advantage of combining two stabilizing systems can be clearly
envisioned by recyclability and Michaelis-Menten parameters
(Fig. 8c and d). This is due to ion interactions, covalent bonds,
H-bonds, and n-n stacking between the carrier and enzyme.
This could also support maintenance of the stiffness and
integrity of the enzyme structure under harsh conditions,
thereby stopping the enzymes from becoming partially inacti-
vated.” Utilizing halloysite nanotubes (HNTSs) as a template,
Sillu et al.,*® described the synthesis of a nanobiocatalyst that
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immobilized the enzyme that catalysed the breakdown of cell-
ulose into glucose: cellulase.

As compared with free enzyme, immobilized cellulase
showed greater stability at high temperatures (>60 °C) and
storage capacity and activity. Luo and co-workers® created
porous magnetic cellulose microspheres (MCMs) activated by
epoxy chloropropane to boost the covalent immobilization of
penicillin G acylase (PGA) to increase the effectiveness of cata-
lyst recovery. The immobilized PGA displayed strong catalytic
activity, improved pH tolerance, and enhanced thermal stabi-
lity. The catalysts were recovered by separating the enzyme-
loaded matrix from the reaction solution. In the quest of pro-
ducing protein-friendly biomaterial for biocatalysis and bio-
technological applications, our research team®® synthesized
tendril-like functional carbon helices (TLFCHs) from ligno-
cellulosic biomass via a “green” solvothermal technique utilis-
ing deep eutectic solvent (DES) as a soft template and catalyst.
Exploiting the benefits of helicity and in-built chemical func-
tionalities, we immobilized cytochrome c (Cyt c) on the surface
of TLFCHs (Fig. 9). At optimized conditions, the specific
activity, pH stability, and peroxidase activity of Cyt c were
increased without impacting the structural integrity of the
protein. Furthermore, lignocellulose-based hydrogels possess
the advantages of low cost, biocompatibility, biodegradability,
hydrophilicity, non-toxicity and, most importantly, controllable
properties.'”””'"®> Hydrogels based on lignocellulose have
revealed promising applications in biocatalytic, biomedical,
and bioelectronic areas.”®* Jo et al>' generated cellulose
hydrogel microspheres by sol-gel transition employing a
1-ethyl-3-methylimidazolium acetate ([Emim][Ac])-in-oil emul-
sion for immobilization of lipase. Immobilized lipase showed
greater efficiency as compared with the native enzyme. In con-
trast to lipase immobilized on MCC or mm-sized hydrogel
beads, lipase immobilized on cellulose microspheres demon-

This journal is © The Royal Society of Chemistry 2023
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strated a much greater loading efficiency, immobilization
yield, and specificity constant.”® In another study, cellulose
and lignin were co-dissolved in an IL to produce cellulose/
lignin composite hydrogel beads. The activity, protein loading,
and specific activity of the lipase immobilized on the cell-
ulose/lignin beads were 2.6-, 2.2-, and 1.2-times higher than
those of the lipase immobilized on cellulose beads, respect-
ively.>® Kim et al.>® extended this work by conjugating cellulose
with other bio-polymers, such as chitosan, carrageenan,
agarose and agar. Candida rugose lipase (CRL) immobilized
over these hydrogels in the presence of [Emim][Ac] demon-
strated greater immobilization yield compared with that of
cellulose beads.”® In addition to the cellulose materials men-
tioned above, chemically altered nanoscale cellulose materials
make excellent matrices for enzyme immobilization. Arola and
co-workers'” immobilized proteins over NFC through amine,
epoxy, and carboxylic-acid functionalization."” The NFC struc-
ture is beneficial for the stability and catalytic activity of pro-
teins.'””  Organophosphorus  hydrolase ~ (OPH) from
Flavobacterium ATCC 27551 was immobilized on powdered
plant cellulose treated with epoxy (Fig. 10) by Sharifi et al.>*
The immobilized OPH demonstrated better storage, tempera-
ture, pH, and reusability properties than the free enzyme.
Apart from epoxy groups, introducing aldehyde and carboxyl
groups on cellulose matrices is an effective approach to attach
them with the amino groups of enzymes.>®>’

This journal is © The Royal Society of Chemistry 2023
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—OH + V—CHzO(CHz),,OCHz—V —> —O-CHz-(;:I:»CHzO(CHz),:OCHz—V

cellulose 1,4-Butanediol diglycidyl ether Epoxy activated cellulose
(a)
COIOH COOH
—O-CHZ-CH\/\/VV\/\—W + H,N-E-SH % — O-CH,-CH~ "\ CH-CH,-HN-E-SH
OIH o OIH OIH
Epoxy activated cellulose Enzyme Immobilized enzyme on activated cellulose

(b)

Fig. 10 Plausible reaction mechanism of enzyme immobilization
through the epoxy method. (a) Surface reaction of a cellulose matrix
with 1,4-butanediol diglycidyl ether (BTDE). (b) Covalent coupling of
enzyme onto the surface of activated cellulose. Reproduced from ref. 54
with permission from Elsevier, copyright 2018.

Different chemical processes are used to oxidise the
hydroxyl groups in cellulose to produce aldehyde or carboxyl
groups. For example, Hao et al>® used sodium periodate
(NalO,) for oxidizing cotton fibres to develop aldehyde groups
in them.’® A similar study was reported for oxidation of cotton
yarn by NalO, to introduce aldehyde groups and further used
for immobilization of trypsin.’” The highest concentration of
immobilized trypsin was 6.1 mg g~ of dry cotton yarn. Over 60
days of storage, the activity of immobilized trypsin increased,
and revealed >90% and >70% of the initial activity at 4 °C and
25 °C, respectively.””

In another study by the Gong group,*® NalO; first oxidised
the cellulose in a loofah sponge to produce aldehyde groups.
Then, the oxidised loofah sponge was used as a carrier for the
covalent immobilization of lipase. The immobilized lipase pro-
vided better thermal stability, storage stability, and reusability.
Besides periodate, 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) was used by Qian and co-authors to control the dis-
tribution of carboxylic groups over CNF macrogels, over which
phospholipase from Thermomyces lanuginosus was immobi-
lized and showed great reusability.*?

To cutdown the time frame of purification and immobiliz-
ation processes, Gennari et al,’® engineered a single-step
methodology by altering the surface of MCC with CBD.
B-Galactosidase from Kluveromyces sp. was simultaneously pur-
ified and immobilized over this carrier and showed high stabi-
lity at up to 40 cycles for the hydrolysis of milk lactose. Various
other types of cellulose matrices have been used as carriers for
enzyme immobilization (Table 1).**"*> To improve the toler-
ability of enzymes in enzymatic membrane bioreactors
(EMBRs), it is crucial to immobilize enzymes on supports
while retaining their structure and activity. In a recent study,
Liu®® described a unique technique utilizing dicarboxylic acid
halides as spacers for surface-initiated, covalent immobiliz-
ation of enzymes onto cellulose microporous membranes.
Sebacoyl chlorides, dicarboxylic acid halides, exhibit excellent
reactivity with hydroxyl groups and amino groups, which are
easily introduced onto membrane surfaces (Fig. 11). Trypsin
and lipase were immobilized on the membrane surface while
maintaining their molecular structure and activity substan-
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Table 1 Influence of lignocellulosic (or cellulose)-based support materials on the stability and activity of proteins
Immobilization
Biomass Biomass-derived material Used enzyme method Result/performance study Ref.
Cellulose Spin coating of protein NFC Alkaline phosphatase Conjugation No loss in activity at 21 °C and 17
conjugates >20% remaining activity after a
week of incubation at 37 °C
Lignocellulosic Tendril-like carbon helices Cytochrome c Enhanced structural stability 50
and >150% higher activity than
native Cyt ¢
Cellulose CHM Lipase Physical 1.4 times higher specific 51
adsorption activity, 41 folds half-life (at
45 °C), enhanced thermal and
pH stabilities
Lignocellulosic Cellulose/lignin hydrogel beads  Lipase Physical 2.6, 1.2 folds higher relative and 52
adsorption specific activity than lipase-
cellulose bead system. >3 times
higher thermal stability and
against lower pH (i.e. 3)
Wood mimetic Cellulose-biopolymer composite  Lipase Entrapment Improved reusability with >80% 53
hydrogel beads activity retention
Cellulose Cellulose based membranes GOx Entrapment The enzyme electrode was stable 55
entrapping enzymes over the at for least 6 months. Protected
electrode the leakage of enzyme. Glucose
detection up to 10 pM with
response time of ~10 s
Cotton knit fabrics Cotton fabrics oxidized by Cellulase (1) Enhanced binding capacity 56
(cellulose) periodate of cellulase (>10.3 mg g™ ). (2)
Enhanced cotton hydrolysis and
cellulase potential for
adsorption
Cotton yarn Cotton yarn oxidised with Trypsin Covalent binding  Retained the initial activity after 57
(cellulose) sodium periodate 60 days of storage in
physiological solution
Cellulose Cellulose-CBD B-Galactosidase Reusability for milk sugar 59
hydrolysis till 40 cycles with
64% activity retention
Paper wastes (PW) Fe;0, and chitosan functiona- Laccase Covalent bonding  Great loading capacity of 61
lised aCFs >73 mg g™ ~92% activity recov-
ery and excellent reusability
capability with ~74% activity
retention at the end of 11" cycle
Waste newspaper Dialdehyde-modified cellulose Laccase Covalent bonding  64.94% yield, excellent stability, 62
nanocrystals (DMC) and reusability
Cellulose Magnetic dialdehyde cellulose Rhizopus lipase Cross linking Enhanced long term stability 63
nanoparticles (MDC) with recovery rate >50% after 30
days
Sugarcane bagasse CNC Lipase Covalent bonding  With optimum pH shifted to 64
8.25, found best suited to
catalyse a triglyceride lipolysis
reaction from palm oil
Nanocellulose from  Nanocellulose (NC) extracted CRL Significant improvement in 65
almond shell using p-toluenesulfonic acid half-life i.e., 14 days greater
(PTSA) and sulfuric acid (ASS) than native enzyme
with sugar-based natural deep
eutectic solvent (NADES1a) as a
biocatalyst system
Cellulose Cellulose beads Glucose oxidase (GOx) Effective antimicrobial action 66
against Pseudomonas aeruginosa,
Escherichia coli and two of the
methicillin-resistant
Staphylococcus species
Cellulose Nonwoven cotton fabric Lysozyme Cross linking Enhanced antimicrobial activity 67
and storage stability
Cellulose CMC-silver nanoparticle (AgNp)-  Amylase Adsorption Activity increased and 68
silica hybrids maintained the activity at room
temperature (40 °C) for 15 days
Cellulose Cellulose powder, cotton buds, Lipase Covalent bonding Increased effectiveness in 69

disc make-up remover pads,
cotton and linen tissues

4598 | Green Chem., 2023, 25, 4591-4624

removing aged linseed oil layers
in 45 min at pH 6 and 40 °C
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Immobilization
Biomass Biomass-derived material Used enzyme method Result/performance study Ref.
Cellulose from Cellulose nanofibers (CNFs) a-Chymotrypsin (a-CT)  Enzyme Magnetic separation technique 70
coffee filter precipitate proved to be the best with >38

coating (EPC) times higher activity than other

methods. For long term,
precipitate coating method
proved to be superior with >70%
activity retention even after

1 month of incubation

Cellulose TEMPO-oxidized cellulose fibres = Phospholipase Covalent bonding Showed a greater thermal 71
used to build cellulose-based stability and resistance to pH, as
microspheres well as easy recovery and

reusability

Cellulose Dialdehyde cellulose a-Amylase Covalent binding  Lys142 has been found to be 72
involved in a-amylase
immobilization to dialdehyde
cellulose

Cellulose Magnetic dialdehyde cellulose Bacterial laccase Cross linking (1) with >210 mg g~* loading 73
(MDAC) capacity and >34 emu g~ of

magnetization, the material
offers 10 cycles of reusability
with >70%. (2) Efficient against
crystal violet decolouration

Cellulose Microcrystalline cellulose (MCC)  p-Galactosidase >90% immobilization efficiency, 74

magnetic support

Nanocellulose (NC)  Nanocellulose nano-carrier
from an agro-waste
of quinoa husks

(Qs)

(PersiLac1)

Balsa wood-derived cellulose
scaffold crosslinked with
glutaraldehyde

Cellulose from Balsa
wood

(caT)

0H k
g o N
0 Step1 Q—H—&ICV)V—Lm 0 TR,
W=D Step2  Hydrolysis N BEE
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support ! A A
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Fig. 11 Proposed pathways for trypsin immobilization on regenerated
cellulose membranes. Reproduced from ref. 60 with permission from
RSC, copyright 2017.

tially. The corresponding membrane demonstrated outstand-
ing specific activity with strong activity retention (>25%) in a
soaking mode at the optimal surface density. Moreover, the
immobilized enzyme exhibited outstanding enhancement in
reusability, thermal resistance, and continuous-operation
capability.

This journal is © The Royal Society of Chemistry 2023

Laccase enzyme

Horseradish peroxidase
(HRP), glucose oxidase
(GOD), and catalase

1.2 folds higher substrate

affinity, 7 times higher thermal
stability and recyclability up to

15 cycles

Having ~98% and ~60% dye 75
degradation capacity pertaining

to Malachite green and Congo

red respectively, biocatalyst can

be reused with >83% initial

activity after 18 h

>90% phenol degradation rate 76
and 95% sodium gluconate

yield were achieved in the

reactor

Adsorption

Adsorption

Gajanan et al.®" used paper wastes (PWs) to extract multi-
functional a-cellulose fibers (xCFs), which were further tuned
with magnetic Fe;0, and chitosan. This system was success-
fully employed for immobilization of laccase (Lac) with
loading capacity of >70 mg g~' and >90% of activity recovery.
Due to excellent pH, storage and temperature stabilities,
authors claimed that the catalytic system could be applied for
the degradation of DR28 (xenobiotic benzidine-based azo
dye).* Overall, the unique microstructure of cellulose helps in
improving the long-term stability and prevents back-diffusion
of enzymes, which makes it an appropriate immobilization
matrix for enzymes (Table 1).

3. Lignin-based supports (carriers)
for enzyme immobilization

Lignin is a valuable and less explored natural resource. It is an
intriguing class of material that has become a popular alterna-
tive in the search for more affordable and environmentally
acceptable materials for enzyme immobilization. It possesses
high strength and stability at extremes of pH, temperature, or

Green Chem., 2023, 25, 4591-4624 | 4599
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Table 2 Influence of lignin-based support materials on the stability and activity of proteins
Immobilization

Biomass Biomass-derived material ~ Used enzyme method Result/performance study Ref.
Dendrocalamus BSS lignin as a support a-Amylase Adsorption With 19 mg ¢ loading capacity, immobi- 86
Latiforu material lized enzyme showed >2-folds higher activity

with >53% activity retention after 14

recycles
Bio-waste of kraft Amino-modified B-Galactosidase Electrostatic 1.5 times higher rate of galacto- 87

pulp lignin microspheres (A-LMS)

Green coconut
fiber (GCF)

Lignin/Fe;04 nano-
particles synthesized by
organosolv pre-treatment

B-Glucosidase

Kraft lignin Novel hybrid support
made of titanium and
lignin

Lignin nanocapsules

a-Amylase from
Aspergillus oryzae
Lignin Tyrosinase and
laccase

Organosolv lignin ~ LNPs

(oL)

Enzymatic cascade
of lipase-tyrosinase

Kraft lignin Chitosan-coated LNPs Glucose oxidase
(GOx)
Lignin Lignin-based spherical Lipase

particle

86-94 l 86

pressures (Table 2). Weihua et al.®” demonstrated the use
of lignin particles from bamboo shoot shells (BSSs) as novel
carriers for immobilization of a-amylase from Bacillus subtilis
with a maximum protein load of 19.0 mg g~ in 20 min.®® The
immobilized enzyme was superior compared with the free
enzyme in terms of overall catalytic efficiency, storage stability,
and recovery. Bebi¢ and co-workers®” revealed amino-modified
microspheres of kraft-lignin as potential supports for the
immobilization of f-galactosidase and Lac enzymes. The
former was used for the selective synthesis of galacto-oligosac-
charides, whereas the latter was employed for the degradation
of a pesticide (lindane). Lac immobilized onto modified kraft-
lignin showed 3-fold greater efficiency in degrading the pesti-
cide than amino-modified silica nanoparticles.®” Furthermore,
multifunctional lignin/Fe;O, nanoparticles were synthesized
using green coconut fibres, which were used to remove colours
from the effluents of the textile industry and to achieve a high
stability for p-glucosidase.®® Immobilized p-glucosidase
revealed significant adsorption capacity for the elimination of
methylene blue (203.66 mg g~ '), remazol red (96.46 mg g™ '),
and cibacron blue (112.36 mg g™'). It also showed excellent
digestion performance towards crystalline cellulose compared
with that of the native enzyme.®® Therefore, the proposed
approach proved successful in obtaining lignins isolated from
lignocellulosic residues.®® Lukasz et al.®® designed a hybrid
TiO,/lignin support for the covalent immobilization of
Aspergillus oryzae o-amylase. The immobilized enzyme dis-

4600 | Green Chem., 2023, 25, 4591-4624

interaction oligosaccharide production and efficient in
degradation of pesticide - lindane

(1) Improved digestibility performance 88
(>21 g ™" of cellulose and >6 g ™" of green
coconut fibre) and stability. (2) Good syner-

gism with cellulases during enzymatic

hydrolysis. (3) High adsorption capacity of
nanoparticles towards Methylene blue

(203.66 mg g~"), Cibacron blue (112.36 mg

¢7") and Remazol red (96.46 mg g™ ") dyes
Improved pH range of 3-7 and best suited 89
for low temperature catalytic applica