
mdpi.com/journal/catalysts

Special Issue Reprint

Enzymes in Biomedical, 
Cosmetic and Food 
Application

Edited by 
Chia-Hung Kuo, Chwen-Jen Shieh and Hui-Min David Wang



Enzymes in Biomedical, Cosmetic and
Food Application





Enzymes in Biomedical, Cosmetic and
Food Application

Editors

Chia-Hung Kuo
Chwen-Jen Shieh
Hui-Min David Wang

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Chia-Hung Kuo

National Kaohsiung

University of Science and

Technology

Kaohsiung

Taiwan

Chwen-Jen Shieh

National Chung-Hsing

University

Taichung

Taiwan

Hui-Min David Wang

National Chung-Hsing

University

Taichung

Taiwan

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Catalysts (ISSN 2073-4344) (available at: https://www.mdpi.com/journal/catalysts/special issues/

73I51J75AP).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0579-2 (Hbk)

ISBN 978-3-7258-0580-8 (PDF)

doi.org/10.3390/books978-3-7258-0580-8

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.

https://www.mdpi.com/journal/catalysts/special_issues/73I51J75AP
https://www.mdpi.com/journal/catalysts/special_issues/73I51J75AP
https://doi.org/10.3390/books978-3-7258-0580-8


Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Chia-Hung Kuo, Hui-Min David Wang and Chwen-Jen Shieh
Enzymes in Biomedical, Cosmetic and Food Application
Reprinted from: Catalysts 2024, 14, 162, doi:10.3390/catal14030162 . . . . . . . . . . . . . . . . . . 1

Ming-Kuei Shih, Chih-Yao Hou, Cheng-Di Dong, Anil Kumar Patel, Yung-Hsiang Tsai,
Mei-Chun Lin, et al.
Production and Characterization of Durvillaea antarctica Enzyme Extract for Antioxidant and
Anti-Metabolic Syndrome Effects
Reprinted from: Catalysts 2022, 12, 1284, doi:10.3390/catal12101284 . . . . . . . . . . . . . . . . . 6

Zi-Han Weng, Parushi Nargotra, Chia-Hung Kuo and Yung-Chuan Liu
Immobilization of Recombinant Endoglucanase (CelA) from Clostridium thermocellum on
Modified Regenerated Cellulose Membrane
Reprinted from: Catalysts 2022, 12, 1356, doi:10.3390/catal12111356 . . . . . . . . . . . . . . . . . 23

Chanakan Thirametoakkhara, Yi-Cheng Hong, Nuttapol Lerkkasemsan, Jian-Mao Shih,
Chien-Yen Chen and Wen-Chien Lee
Application of Endoxylanases of Bacillus halodurans for Producing Xylooligosaccharides from
Empty Fruit Bunch
Reprinted from: Catalysts 2023, 13, 39, doi:10.3390/catal13010039 . . . . . . . . . . . . . . . . . . 44

Thiago M. da Cunha, Adriano A. Mendes, Daniela B. Hirata and Joelise A. F. Angelotti
Optimized Conditions for Preparing a Heterogeneous Biocatalyst via Cross-Linked Enzyme
Aggregates (CLEAs) of β-Glucosidase from Aspergillus niger
Reprinted from: Catalysts 2023, 13, 62, doi:10.3390/catal13010062 . . . . . . . . . . . . . . . . . . 58

Yunjian Ma, Zongquan Li, Hao Zhang, Vincent Kam Wai Wong, Frank Hollmann
and Yonghua Wang
Bienzymatic Cascade Combining a Peroxygenase with an Oxidase for the Synthesis of Aromatic
Aldehydes from Benzyl Alcohols
Reprinted from: Catalysts 2023, 13, 145, doi:10.3390/catal13010145 . . . . . . . . . . . . . . . . . . 71

Asmaa Nabil-Adam, Mohamed L. Ashour, Tamer M. Tamer, Mohamed A. Shreadah
and Mohamed A. Hassan
Interaction of Jania rubens Polyphenolic Extract as an Antidiabetic Agent with α-Amylase,
Lipase, and Trypsin: In Vitro Evaluations and In Silico Studies
Reprinted from: Catalysts 2023, 13, 443, doi:10.3390/catal13020443 . . . . . . . . . . . . . . . . . . 81

Mingxia Xing, Ying Ji, Lianzhong Ai, Fan Xie, Yan Wu and Phoency F. H. Lai
Improving Effects of Laccase-Mediated Pectin–Ferulic Acid Conjugate and Transglutaminase
on Active Peptide Production in Bovine Lactoferrin Digests
Reprinted from: Catalysts 2023, 13, 521, doi:10.3390/catal13030521 . . . . . . . . . . . . . . . . . . 100
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Preface

Enzymes are commonly referred to as biocatalysts that can catalyze many biological and

chemical reactions. In this Special Issue, eleven research articles and two review articles summarize

current developments of enzymes in biomedical, cosmetic, and food applications. From the synthesis

of bioactive compounds to the enhancement of industrial processes, each chapter offers invaluable

insights into the versatility and efficacy of enzymatic catalysis. By delving into topics such as

enzyme immobilization, metabolic pathway elucidation, and enzyme-mediated transformations, this

compilation bridges the gap between fundamental research and practical implementation. We are

honored to present this compilation and hope that it will serve as a source of inspiration and

knowledge dissemination, fostering further exploration and innovation in the field of biocatalysis

related to biomedical, cosmetic, and food applications.

Chia-Hung Kuo, Chwen-Jen Shieh, and Hui-Min David Wang

Editors
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Enzymes play an important role in biomedical, cosmetic and food applications, and
their effects are mainly related to their specific reactions and catalytic activity [1]. Enzymes
are important catalysts for promoting the formation of complex organic molecules during
the synthesis of medical compounds [2]. Enzymes can be used to synthesize various
drugs, including antibiotics, hormones, anticancer agents, etc. In chiral synthesis, enzymes
are essential for the preparation of drugs with high chirality, as they can specifically
catalyze the synthesis of chiral molecules [3]. Moreover, the highly selective catalysis
of specific functional groups and bonding sites by enzymes reduces the occurrence of
side reactions and helps improve the purity of a product [4]. Through protein engineering
technology, the structure of an enzyme can be modified to improve its activity or give it new
catalytic properties to adapt to specific synthetic reaction conditions. Enzyme-mediated
synthetic reactions are generally greener and therefore considered more environmentally
sustainable than conventional chemical approaches. This is attributed to the ability of
enzymes to operate under milder conditions, resulting in less energy consumption and
a reduced generation of toxic by-products [5]. High yields are frequently attained in
synthesis processes when enzymes serve as catalysts, thereby enhancing overall efficiency.
The selective catalysis of an enzyme allows for the generation of high-purity products,
reducing the need for subsequent purification steps [4]. Various enzymes are known for
their applications in cosmetics and the food industry. Proteases can remove a keratin layer
attached to the skin’s surface and make the skin softer. Catalase and superoxide dismutase
can be used to inhibit oxidation reactions in cosmetics and slow down the aging process
of products [6]. In food processing, amylase is used to break down starch, for example,
in the making of syrup, bread and beer [7,8]. Protease can hydrolyze proteins to produce
functional peptides [9], make cheese and tenderize meat [10]. Enzymes can also be used
to increase the extraction efficiency of functional compounds in food. This Special Issue
investigates enzymes for biomedical, cosmetic and food applications.

Shih’s article (contribution 1) discusses three enzyme hydrolysates, Dur-A, Dur-B
and Dur-C, derived from Durvillaea antarctica biomass using viscozyme, cellulase and
α-amylase, respectively. Through 1H-NMR analysis, these extracts were found to contain
fucose-containing sulfated polysaccharides with distinct structural qualities. Notably,
Dur-A, Dur-B and Dur-C demonstrated significant antioxidant activities, as confirmed by
DPPH, ABTS and ferrous ion-chelating analyses. Moreover, these extracts displayed the
ability to inhibit key enzymes associated with metabolic syndrome, including angiotensin
I-converting enzyme (ACE), α-glucosidase, α-amylase and pancreatic lipase. In particular,
Dur-B exhibited superior antioxidant and antimetabolic syndrome effects compared to the
other extracts. These findings suggest that these enzyme hydrolysates, especially Dur-B,

Catalysts 2024, 14, 162. https://doi.org/10.3390/catal14030162 https://www.mdpi.com/journal/catalysts
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are promising natural antioxidants and antimetabolic syndrome agents for applications in
various health-oriented products like food, cosmetics and nutraceuticals.

Weng’s article (contribution 2) reports the immobilization of recombinant endoglu-
canase (CelA) on regenerated cellulose (RC) membrane modified using two different
approaches, one to generate the immobilized metal ion affinity membranes RC-EPI-IDA-
Co2+ (IMAMs) for coordination coupling and another to develop the aldehyde functional
group membranes RC-EPI-DA-GA (AMs) for covalent bonding. A recombinant endoglu-
canase (CelA) originating from the cellulosome of Clostridium thermocellum was expressed
in Escherichia coli and then immobilized on RC-EPI-IDA-Co2+ (IMAM) and RC-EPI-DA-GA
(AM) membranes. The characteristics of the immobilized enzyme, along with its prelimi-
nary purification, were assessed in comparison to a free enzyme. Moreover, an appreciable
enzyme activity till 5 cycles of reusability achieved in this study paves a way for developing
an economical process.

Sharma’s article (contribution 3) provided a detailed overview of the production of
industrial enzymes from microbes using agro-industrial food waste. Enzymes are versatile
biocatalysts with immense potential to transform the food industry and lignocellulosic
biorefineries. Microbial enzymes offer cleaner and greener methods of producing fine
chemicals and compounds. The review highlights novel strategies for food enzyme immo-
bilization and their potential applications in the food industry. Moreover, deeper insights
into the development of engineered enzymes for sustainably processing waste biomass into
diverse bioproducts are highlighted. In short, this review discusses recent developments
in the production of essential industrial enzymes from agro-industrial food waste and
the application of inexpensive immobilization and enzyme engineering approaches for
sustainable development.

Thirametoakkhara’s article (contribution 4) explored the production and applications
of two endoxylanases, Xyn45 and Xyn23, derived from the bacterium Bacillus halodurans.
Xyn45 was obtained through recombinant E. coli, while a mixture of nonrecombinant Xyn45
and Xyn23 was acquired from B. halophilus. The study revealed that combining these
enzymes led to enhanced catalytic activity compared to using Xyn45 alone. Furthermore,
the researchers investigated the impact of xylooligosaccharides (XOS) derived from oil
palm empty fruit bunches on the growth and metabolism of probiotic strains, Bifidobacteria
and Lactobacilli. The findings demonstrated that XOS, particularly xylobiose, effectively
induced the secretion of endoxylanases in B. halophilus, highlighting their potential for
industrial applications. This research offers valuable insights into the synergistic effects of
endoxylanases and the utilization of XOS to promote the growth of beneficial bacteria.

Cunha’s article (contribution 5) prepared a new heterogeneous biocatalyst by applying
the cross-linking enzyme aggregates (CLEAs) technique to non-commercial β-glucosidase
from Aspergillus niger produced via solid-state fermentation. The effects of relevant factors
on the immobilization process, such as the soy protein isolate and glutaraldehyde concen-
trations, were evaluated using a central composite rotatable design (CCRD). The influence
of certain factors on the hydrolytic activity of the immobilized enzyme (pH, temperature
and thermal stability) was evaluated, and it was compared with its soluble form in order to
contribute to the advancement of enzyme immobilization technology and consolidate the
results of utilizing β-glucosidase in bioprocesses.

Ma’s article (contribution 6) presented a significant advancement in biocatalysis by
establishing a bienzymatic, parallel cascade that combines aryl alcohol oxidases with per-
oxygenases for the selective oxidation of benzylic alcohols to corresponding aromatic
aldehydes. Aromatic aldehydes are important aromatic compounds for the flavor and fra-
grance industries. A parallel cascade combining aryl alcohol oxidase from Pleurotus eryngii
(PeAAOx) and unspecific peroxygenase from the basidiomycete Agrocybe aegerita (AaeUPO)
was used to convert aromatic primary alcohols into high-value aromatic aldehydes. In a
partially optimized system, up to an 84% conversion rate of 50 mM veratryl alcohol into
veratryl aldehyde was achieved through a self-sufficient aerobic reaction. The findings
offer insights into industrial applications in flavor compound synthesis.
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Nabil-Adam’s article (contribution 7) investigated the antidiabetic, anti-inflammatory
and antioxidant competency of Jania rubens polyphenolic extract (JRPE) through its in-
teractions with α-amylase, lipase and trypsin enzymes. An HPLC analysis revealed the
dominance of twelve polyphenolic compounds. The antioxidant and antibacterial activities
demonstrated by Jania rubens extract suggest its potential as a natural source for combating
oxidative stress and microbial infections. Computational analyses further corroborated the
ability of these polyphenolics to form complexes with digestive enzymes. The findings
provide a foundation for understanding the anti-obesity and antidiabetes characteristics of
Jania rubens polyphenolic compounds.

Xing’s article (contribution 8) presented several important findings regarding the
enzymatic modification of bovine lactoferrin (bLf) and its potential applications. Laccase-
mediated pectin–ferulic acid conjugate (PF) and transglutaminase (TG) treatments were
studied for their ability to enhance the diversity and abundance of bLf peptide fragments
during in vitro simulated gastrointestinal digestion. The encapsulation of bLf by PF led
to enhanced diversity and abundance of active peptide fragments, especially for long-
chain species. The TG treatment on the lactoferrin–pectin–ferulic acid conjugate (LfPFTG)
demonstrated an influence on the final gastrointestinal digest, highlighting the potential
of TG-induced crosslinking between bLf chains. The identified peptides, with enhanced
abundances in the LfPFG digest, hold promise for various applications in nutraceuticals,
clinical therapy or as components in antibacterial vaccines.

Statkeviˇcius’s article (contribution 9) identified 11 full-length fold type IV amino-
transferases (ATs) that were successfully expressed and used for substrate profiling. Three
of them (AT-872, AT-1132 and AT-4421) were active toward (R)-methylbenzylamine. The
research showed the high thermostability of specific ATs, such as AT-872 and AT-1132,
along with their broad substrate spectrum, particularly AT-872 and AT-4421. The purified
proteins showed activity with L- and D-amino acids and various aromatic compounds, such
as (R)-1-aminotetraline. The study demonstrated the close relationship between AT-1132
and branched-chain amino acid transaminases (BCATs) through the protein sequence, and
its specificity for amino acceptors was similar to that for BCATs, which are most active
with α-ketoglutarate. AT-872 and AT-4421 were homologous to the D-amino acid transami-
nases (DAATs), which prefer pyruvate as an amino acceptor. These properties make these
enzymes potential biocatalysts for the production of valuable amino compounds. These
findings offer valuable insights into the potential of these enzymes in the synthesis of chiral
drugs and the environmentally friendly preparation of chiral amines.

Gupta’s article (contribution 10) reported the significance of various natural com-
pounds and extracts in the fields of photoprotection and skincare. It extensively covers
studies on microalgae, peptides and antioxidants, highlighting their potential applications
in inhibiting melanogenesis, reducing oxidative stress and protecting against skin cancer.
The role of antioxidants, such as vitamins C and E, in enhancing the photoprotective prop-
erties of sunscreens was illustrated. It discusses the relevance of various topical options
containing DNA repair enzymes, antioxidants and growth factors in preventing skin aging
and cancer. Moreover, the potential of photolyases, which are enzymes that repair DNA
damage caused by ultraviolet radiation, and their uses in skincare are discussed.

Tran’s article (contribution 11) investigated the metabolic processes and pharmacolog-
ical effects of the synthetic cannabinoid JWH-019 ((1-Hexyl-1H-indol-3-yl)-1-naphthalenyl-
methanone). Through a series of experiments utilizing human liver microsomes (HLMs)
and recombinant P450 enzymes, 6-OH JWH-019 was found to be the primary oxidative
metabolite in HLMs, and CYP1A2 was the principal enzyme responsible for the mono-
hydroxylation of JWH-019. The research not only enhances our understanding of the
metabolic pathways of this synthetic cannabinoid but also provides crucial insights into its
pharmacological activity.

de Carvalho-Silva’s article (contribution 12) investigated the stability and performance
of immobilized tannase, an enzyme derived from Aspergillus ficuum, using two different
methods: their entrapment in calcium alginate beads and their covalent attachment to

3



Catalysts 2024, 14, 162

magnetic nanoparticles. The kinetic and thermodynamic behavior of the enzyme under
various conditions was studied. The findings indicated that the magnetic nanoparticle
immobilization method results in the lowest activation energy, suggesting its suitability for
cost-effective industrial applications. Additionally, shelf-life tests revealed that the enzyme
remained stable for a longer period of time when immobilized on magnetic nanoparticles.

Arnold’s article (contribution 13) showed the two-step enzymatic synthesis of (S)-
norlaudanosoline ((S)-NLS), a crucial precursor for opioids, using lyophilized whole-cell
biocatalysts containing ω-transaminase (Tam) and norcoclaurine synthase (NCS) enzymes.
The research revealed that the addition of a substantial quantity of cells containing the
NCS enzyme resulted in a high yield of an optically pure chiral product. The cells were
immobilized to enable their retention in fixed-bed reactors for batch and flow system
comparisons. The flow system produced a substantial amount of (S)-NLS, allowing for its
long-term practical application for opioid precursor synthesis.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this study, three enzyme hydrolysate termed Dur-A, Dur-B, and Dur-C, were produced
from Durvillaea antarctica biomass using viscozyme, cellulase, and α-amylase, respectively. Dur-A,
Dur-B, and Dur-C, exhibited fucose-containing sulfated polysaccharide from chemical composition
determination and characterization by FTIR analyses. In addition, Dur-A, Dur-B, and Dur-C, had high
extraction yields and low molecular weights. All extracts determined to have antioxidant activities
by DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt), and ferrous ion-chelating methods. All extracts were also able to positively
suppress the activities of key enzymes involved in metabolic syndrome: angiotensin I-converting
enzyme (ACE), α-amylase, α-glucosidase, and pancreatic lipase. In general, Dur-B exhibited higher
antioxidant and higher anti-metabolic syndrome effects as compared to the other two extracts. Based
on the above health promoting properties, these extracts (especially Dur-B) can be used as potential
natural antioxidants and natural anti-metabolic syndrome agents in a variety of food, cosmetic, and
nutraceutical products for health applications.

Keywords: antioxidant; Durvillaea antarctica; enzymatic extraction; fucose-containing sulfated polysaccharide;
metabolic syndrome

1. Introduction

Oxidative stress occurs when the net amount of reactive oxygen species (ROS) ex-
ceeds the antioxidant capacity. This may happen as a result of a general increase in ROS
generation, a depression of antioxidant systems, or both [1]. ROS such as superoxide
anion radical (O2−•), hydrogen peroxide (H2O2), hydroxyl radical (•OH), singlet oxygen
(1O2), and nitric oxide (NO•), are metabolic products and may exist in the environment [2].
Excessive production of ROS may damage cellular DNA, proteins, and lipids, resulting in
altered biochemical compounds, corroded cell membranes, and possibly even metabolic
syndrome [1,3]. Thus, antioxidants are needed to delay or prevent the oxidation of cellular
oxidizable substrates by promoting scavenging of ROS and preventing the production of
ROS [4].
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Diabetes mellitus is a chronic disease characterized by hyperglycemia, a condition in
which blood glucose levels are elevated. There are two types of diabetes mellitus, type 1
and type 2, which differ in insulin production and utilization. Type 1 diabetes mellitus
is caused by insufficient insulin production by the pancreas, as a result of autoimmune
disease. The disease is managed by insulin injections. In type 2 diabetes, there is sufficient
insulin but the body’s cells are insulin resistant, a condition which is thought to be caused
by multiple factors such as overweight, high cholesterol, and physical inactivity. The
vast majority (95%) of diabetic patients have type 2, and strong associations with dietary
intake and reduced physical activity have been reported [5]. Metabolic syndrome is
a constellation of abnormalities, which include abdominal obesity, dyslipidemia, high
blood glucose/impaired glucose tolerance, and high blood pressure. It has been well
established that metabolic syndrome increases the risk of overt diabetes mellitus [6]. The
prevalence of cardiovascular disease (CVD) is rising rapidly, regardless of age and gender,
and the mortality rate of CVD is high. CVD kills more than 18 million people worldwide
annually [7]. In fact, CVD is not a single disease; rather it is a group of disorders related to
the heart and blood vessels, and includes coronary heart disease, rheumatic heart disease,
and cerebrovascular disease, as well as other conditions. Approximately 80% of CVD-
related deaths are due to cardiac arrest and strokes, which involve the deposition of fat in
blood vessels. A number of other factors are also thought to play a role in CVDs, such as a
poor diet, high intake of oils, alcohol consumption, hereditary factors, and low physical
activity [8]. Obesity is a metabolic condition in which the body has gained excess weight,
primarily as a consequence of the deposition of excess fat. It is considered a gateway for
various other metabolic syndromes, such as insulin resistance, dyslipidemia, hypertension,
hyperthyroidism, impaired glucose metabolism, and stroke [9], which have been shown to
be associated with CVD. Increased oxidative stress has been identified as a key factor in
metabolic syndrome and its related pathologies, and it has been postulated that oxidative
stress is mechanistically involved in the progression of this disease. ROS play an important
role in the development and progression of CVDs [10]. Furthermore, oxidative stress has
been shown to play an important role in the mechanism of micro- and macrovascular
complications in metabolic syndrome [11]. Hence, it is crucially important to identify and
develop antioxidants (particularly those from naturally occurring sources) that are capable
of eliminating ROS. Antioxidant-containing nutraceuticals could be useful in treating or
preventing metabolic syndrome-related disorders.

In recent decades, there has been a growing awareness that traditional foods and
naturally occurring compounds could be hugely beneficial to digestion and other aspects
of human health. Indeed, the importance of consuming complete and nutritious food is
increasingly being recognized [12,13]. Marine algae and seaweeds have attracted consider-
able interest due to their nutritional components and highly bioactive properties. Seaweeds
are a part of the traditional diet of coastal-dwelling cultures, particularly in Asia, and
are also used in folk medicines. It has been reported that Japan, North Korea, Taiwan,
and China, are the largest consumers of seaweeds in Asia. Japanese people consume
approximately 5.3 g seaweed per day−1. Interestingly, Japan also has one of the longest
lifespans worldwide, as well as low rates of CVDs [5,8,9]. At the cellular level, seaweed-
derived polysaccharides exhibit high biological activity, such as antioxidant, anti-cancer,
anti-inflammatory, and immunomodulatory properties, although these activities are limited
by various characteristics, including molecular weight, glycosidic bonds, solubility, spatial
configuration, and main-chain configuration [14]. Thus, these biological activities can be
enhanced by applying various molecular modification techniques that can be classified
into physical, chemical, and biological methods. The physical method involves reducing
the molecular weight of polysaccharides by breaking the glucoside chain using ultrasonic
disruption [15], radiation [16], or microwave denaturation [17]. These high energies result
in denaturation of glucoside bonds, reducing them to oligomers and monomers. In the
chemical method, functional groups such as sulfate, phosphate, selenium, iron, and alkyl
groups, are introduced to the polysaccharides, which improves solubility and bioactiv-
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ity [14]. The biological method also makes use of molecular modification, which is achieved
by enzymatic hydrolysis of glycosidic bonds. In comparison with the two aforementioned
methods, the enzymatic method is more accurate, more efficient, highly specific, has a
higher yield-coefficient, releases novel bio-compounds, and has few side effects. Moreover,
a recent study suggested that the enzyme-assisted method promotes the bioactivity of cell
wall polymers during extraction [18].

In the present study, various hydrolysates of D. antarctica were produced using the
enzyme-assisted extraction (EAE) method, and their antioxidant and inhibitory activities
against key metabolic syndrome-related enzymes (ACE, α-amylase, α-glucosidase, and
pancreatic lipase) were investigated. The EAE method has attracted a lot of attention in the
past decade as it exhibits high selectivity and it allows a large amount of biological active
compounds to be recovered [19]. Kulshreshtha et al. (2015) employed commercial protease
and carbohydrases to extract bioactive materials from Codium fragile and Chondrus crispus
and achieved an extraction yield of 40–70% (dry basis) [19]. Nguyen et al. (2020) applied
combined commercial enzymes, cellulase (Cellic® CTec2) and alginate lyase, which were
derived from Sphingomonas sp. in a single-step process, to extract fucoidan from brown
seaweeds, Fucus distichus subsp. evanescens and Saccharina latissimi [20], and reported
an extraction yield of 29–40%. Moreover, Olivares-Molina and Fernández (2016) used
an enzymatic method (cellulase and α-amylase) to extract compounds from three brown
seaweeds, Lessonia nigrescens, D. antarctica, and Macrocystis pyrifera, and found the extraction
yields ranged from 9–38% [18]. Herein, we used viscozyme, cellulose, and α-amylase to
extract bioactive substances from D. antarctica. Viscozyme® L (Novozyme Corp.) is a blend
of β-glucanases, hemicellulases, pectinases, and xylanases, which is a cell wall-degrading
enzyme complex produced by Aspergillus sp. Cellulase is a member of the glycoside
hydrolase family, and is secreted by a number of cellulolytic microorganisms. Cellulase
produced by Aspergillus niger catalyzes the hydrolysis of endo-1,4-β-D-glycosidic linkages
in cellulose, cereal beta-D-glucans, lichenin, and the cellooligosaccharides cellotriose to
cellohexaose. As cellulose molecules are strongly bound to one another, it is more difficult
to break it down by cellulolysis compared with polysaccharides such as starch. Microbial
amylases are exoenzymes that are utilized in various industrial applications, such as
bread making, maltose syrups, and the fermentation of soya sauce, miso, and so on. The
α-amylase derived from Aspergillus oryzae acts as a catalyst in the hydrolysis of α-1,4
glycosidic bonds in soluble starches and other related substrates. These substrates are then
further broken down, releasing short oligosaccharides and α-limit dextrins.

Different enzymes exert different degrees of action on target polysaccharides, and the
activities of these enzymes have been analyzed to determine the optimum conditions [14,21].
In the present study, Durvillaea antarctica, a type of brown seaweed, was investigated in an
experimental model. Seaweed samples were hydrolyzed using three different enzymes,
viscozyme, cellulase, and α-amylase, while maintaining a uniform condition in order to
compare the physicochemical properties of the hydrolysates and their biological activities.
As this study was specifically concerned with investigating antioxidants and their potential
role in metabolic syndrome-related enzyme inhibition, various antioxidant assays such
as DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt), and ferrous ion-chelating ability, were employed. The
physiochemical characterization of hydrolyzed products was performed using FTIR and
NMR techniques to analyze functional groups. Chemical composition, monosaccharide
composition, and molecular weight analyses, were performed by various assays and
HPLC techniques. Finally, the metabolic syndrome-related enzyme inhibition studies
were conducted by evaluating the inhibition of angiotensin I-converting enzyme (ACE),
α-glucosidase, α-amylase, and pancreatic lipase enzymes. The overall aim of these experi-
ments was to explore the potential of enzymatic hydrolysates from D. antarctica to serve as
a natural antioxidant for use in the food, cosmetic, and nutraceutical industries and which
may be beneficial in the prevention or treatment of metabolic syndrome.
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2. Results
2.1. Preparation of Enzymatic Extracts (Dur-A, Dur-B, and Dur-C) from D. antarctica, and
Physicochemical Characteristics of Dur-A, Dur-B, and Dur-C

In the current study, D. antarctica was utilized for hydrolysis using viscozyme, cellu-
lase, or α-amylase in order to obtain hydrolysis products, namely Dur-A, Dur-B, and Dur-C.
Table 1 shows the hydrolysis variables of Dur-A, Dur-B, and Dur-C, and the extraction
yields of Dur-A, Dur-B, and Dur-C were 38.4% ± 1.1%, 43.0% ± 0.2%, and 41.4% ± 0.6%,
respectively, suggesting that Dur-B and Dur-C have higher extraction yields than that of
Dur-A. However, the difference was not remarkable. Table 2 shows the results of the physic-
ochemical properties of Dur-A, Dur-B, and Dur-C. The size exclusion chromatographic
method revealed the MW distribution in Dur-A, Dur-B, and Dur-C (Table 2). Among these
three hydrolysis products, two peaks were observed. For Dur-A, the peak for higher MW
was 171.4 kDa, with a peak area of approximately 99.5% and the peak for lower MW was
8.61 kDa, with a peak area of approximately 0.5%. For Dur-B, the peak for higher MW
was 215.9 kDa with a peak area approximately 99.5%, and the peak for lower MW was
10.0 kDa, with a peak area of approximately 0.5%. For Dur-C, the peak for higher MW
was 183.3 kDa, with a peak area of approximately 51.6%, and the peak for lower MW was
2.19 kDa, with a peak area approximately 48.4%. These data indicate that Dur-C had more
oligosaccharides (the molecular weight was about 2.19 kDa) as compared to Dur-A and
Dur-B. Total sugar, fucose, sulfate, uronic acid, alginic acid, polyphenols, and proteins
contents, as well as the monosaccharide composition of Dur-A, Dur-B, and Dur-C, are pre-
sented in Table 2. The total sugar contents of Dur-A, Dur-B, and Dur-C were 44.4% ± 0.2%,
40.4% ± 0.3%, and 72.3% ± 0.6%, respectively. The fucose contents of Dur-A, Dur-B, and
Dur-C were 13.5%± 0.5%, 18.2%± 0.3%, and 19.9%± 0.3%, respectively. In general, Dur-C
had the highest total sugar content and fucose content as compared to Dur-A and Dur-B.
The sulfate contents of Dur-A, Dur-B, and Dur-C were 38.5% ± 0.0%, 41.2% ± 0.0%, and
24.7% ± 0.1%, respectively. The percentage contents of uronic acid in Dur-A, Dur-B, and
Dur-C were 16.9% ± 0.3% 16.7% ± 0.6%, and 16.8% ± 0.2%, respectively. The alginic acid
content percentages of Dur-A, Dur-B, and Dur-C were 6.99% ± 0.20%, 6.50% ± 0.20%, and
7.27% ± 0.54%, respectively. The percentage contents of polyphenols in Dur-A, Dur-B,
and Dur-C were 0.46% ± 0.02%, 0.39% ± 0.02%, and 0.42% ± 0.04%, respectively. More-
over, the percentage contents of protein in Dur-A, Dur-B, and Dur-C were 1.08% ± 0.02%,
0.93% ± 0.03%, and 0.97% ± 0.03%, respectively. Generally, Dur-B had the highest sulfate
content, and the uronic acid content, alginic acid content, polyphenols content, and proteins
content in Dur-A, Dur-B, and Dur-C were similar. Table 2 also shows the monosaccharide
compositions of Dur-A, Dur-B, and Dur-C. In brief, fucose, rhamnose, and glucuronic
acid were the most prevalent sugar units in Dur-A. Fucose, rhamnose, and galacturonic
acid were the most prevalent sugar units in Dur-B; fucose, rhamnose, galacturonic acid,
glucose, and xylose were the most prevalent sugar units in Dur-C. Taken together, the
monosaccharide compositions of Dur-A, Dur-B, and Dur-C varied. In summary, Dur-A,
Dur-B, and Dur-C, had low molecular weights and showed the characteristic compositions
of fucose-containing sulfated polysaccharides.

FTIR and NMR techniques were used to perform structural analyses of Dur-A, Dur-B,
and Dur-C. Figure 1 shows the IR bands at 3401 cm−1 and 2940 cm−1 which correspond to
OH and H2O stretching vibration and C–H stretching of the pyranoid ring or the C-6 group
of the fucose and galactose units [22,23]. Absorption bands were detected at 1621 cm−1 and
1421 cm−1 indicating the scissoring vibration of H2O and vibrations of the in-plane ring
CCH, COH, and OCH, which is a known absorption pattern of polysaccharides [22–24].
The peaks at 1230 cm−1 and 1055 cm−1 can be attributed to the presence of asymmetric
stretching of S=O and C–O–C stretching vibrations in the ring or C–O–H of the glucosidal
bond [22,23]. Bands at 900 cm−1 corresponded to C1–H bending vibration in β-anomeric
units (probably galactose) [25]. The peak at 820 cm−1 corresponded to the bending vibra-
tions of C-O-S of sulfate [26]. The bands at 620 cm−1 may correspond to symmetric O=S=O
deformations [25]. Figure 1 provides evidence that Dur-A, Dur-B, and Dur-C exhibited
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the characteristic IR absorptions of fucose-containing sulfated polysaccharides, but the
differences in their FTIR results are not obvious. Figure S1A depicts the 1H-NMR spectra of
Dur-A, Dur-B, and Dur-C. The signals at 4.57 ppm and 4.46 ppm indicate the presence of H-
2 in a 2-sulfated fucopyranose residue [27], and the signal at 4.13 ppm (4[H]) is suggestive
of the presence of 3-linked α-L-fucose [24]. Signals with a ppm of 4.07/3.95 (6[H]/6′[H])
denote the presence of a (1-6)-β-D-linked galacton [28]. The signals detected at 3.78 ppm
and 3.72 ppm may be indicative of the existence of (3[H]) 4-linked β-D-galactose and (4[H])
2,3-linked α-β-mannose, respectively [24]. In addition, the signal at 1.32 ppm indicates
the presence of C6 methyl protons of L-fucopyranose [29]. Due to the dissimilarity of the
1H-NMR spectra, it can thus be deduced that Dur-A, Dur-B, and Dur-C may have different
structures. In addition, Figure S1B shows the 13C-NMR spectra of Dur-A, Dur-B, and Dur-C.
The signals at 75.86 ppm attributes to the presence of C-5 of M-block in a mannuronate
homo-oligomer [30], indicating the mannuronic acid of alginic acid is probably detectable
in Dur-A, Dur-B, and Dur-C.

Table 1. Hydrolysis variables and extraction yields of enzymatic hydrolysis products (Dur-A, Dur-B,
and Dur-C) from D. antarctica.

Variables of Hydrolysis Dur-A Dur-B Dur-C

Enzyme used Viscozyme Cellulase α-Amylase
Hydrolysis conditions pH 6.0, 40 ◦C, 17 h pH 6.0, 40 ◦C, 17 h pH 6.0, 40 ◦C, 17 h

Extraction Yield Dur-A Dur-B Dur-C

Extraction yield (%) 38.4 ± 1.1 1,a 43.0 ± 0.2 b 41.4 ± 0.6 b

1 Values are mean ± SD (n = 3); values in the same row with different letters (in a and b) are significantly different
(p < 0.05).
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Table 2. Physicochemical analyses for Dur-A, Dur-B, and Dur-C.

Molecular Weight Dur-A Dur-B Dur-C

Peak 1 (MW (kDa)/Peak area (%)) 171.4/99.5 215.9/99.5 183.3/51.6
Peak 2 (MW (kDa)/Peak area (%)) 8.61/0.5 10.0/0.5 2.19/48.4

Chemical Composition Dur-A Dur-B Dur-C

Total sugar (%) 1 44.4 ± 0.2 b 40.4 ± 0.3 a 72.3 ± 0.6 c

Fucose (%) 1 13.5 ± 0.5 a 18.2 ± 0.3 b 19.9 ± 0.3 c

Sulfate (%) 1 38.5 ± 0.0 b 41.2 ± 0.0 c 24.7 ± 0.1 a

Uronic acid (%) 1 16.9 ± 0.3 a 16.7 ± 0.6 a 16.8 ± 0.2 a

Alginic acid (%) 1 6.99 ± 0.20 a 6.50 ± 0.20 a 7.27 ± 0.54 a

Polyphenols (%) 1 0.46 ± 0.02 a 0.39 ± 0.02 a 0.42 ± 0.04 a

Proteins (%) 1 1.08 ± 0.02 b 0.93 ± 0.03 a 0.97 ± 0.03 a

Monosaccharide Composition
(Molar Ratio) Dur-A Dur-B Dur-C

Fucose 1 1 1

Rhamnose 0.16 1.71 1.69

Glucuronic acid 0.12 0.02 0.05

Galacturonic acid 0.08 0.19 0.23

Glucose 0.05 0.05 0.79

Galactose 0.03 0.01 0.01

Xylose 0.02 0.05 0.16
1 Total sugars (%), fucose (%), sulfate (%), uronic acid (%), alginic acid (%), polyphenols (%), and protein
(%), = (g/gsample, dry basis) × 100; Values are mean ± SD (n = 3); values in the same row with different letters (in a,
b, and c) are significantly different (p < 0.05).

2.2. Effect of Enzymatic Extracts (Dur-A, Dur-B, and Dur-C) on Antioxidant Activities

The antioxidant activities of Dur-A, Dur-B, and Dur-C, were examined by DPPH, ABTS,
and ferrous ion-chelating analyses, and the data are presented in Figure 2. The scavenging
effects of Dur-A, Dur-B, and Dur-C on DPPH free radicals are shown in Figure 2A. These
extracts exhibited DPPH scavenging properties in a dose-dependent manner. The observed
results also suggest that Dur-B has the most potent effect on DPPH scavenging ability,
followed by Dur-A, and then Dur-C. The scavenging effects of Dur-A, Dur-B, and Dur-C on
ABTS•+ free radicals are shown in Figure 2B. These extracts exhibited ABTS•+ scavenging
properties in a dose-dependent manner. The observed results suggest that Dur-A has
the most potent effect on ABTS•+ radical scavenging ability, followed by Dur-B, and then
Dur-C. The scavenging effects of Dur-A, Dur-B, and Dur-C on ferrous ion-chelating are
shown in Figure 2C. These extracts exhibited ferrous ion-chelating activities in a dose-
dependent manner. The observed results suggest that Dur-B has the most potent effect on
ferrous ion-chelating activity, followed by Dur-A, and then Dur-C. All of these extracts
showed antioxidant activities and thus further investigations are warranted to explore their
anti-metabolic syndrome capacities.
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Figure 2. Antioxidant activities of Dur-A, Dur-B, and Dur-C. (A) DPPH radical-scavenging activity
for Dur-A, Dur-B, Dur-C, and BHA. (B) ABTS radical-scavenging activity for Dur-A, Dur-B, Dur-C,
and BHA. (C) Ferrous ion-chelating activity for Dur-A, Dur-B, Dur-C, and EDTA.
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2.3. Effect of Enzymatic Extracts (Dur-A, Dur-B, and Dur-C) on the Inhibition against Key
Metabolic Syndrome-Related Enzymes

The inhibitory activities against key metabolic syndrome-related enzymes of Dur-
A, Dur-B, and Dur-C were investigated, and the results are shown in Table 3. For the
inhibition of ACE, the concentration of Dur-A, Dur-B, and Dur-C used was 1 mg/mL,
and the inhibitory rates for Dur-A, Dur-B, and Dur-C were 72.5% ± 1.4%, 80.7% ± 1.6%,
and 62.9% ± 0.6%, respectively. The observed results suggest that Dur-B had the most
ACE inhibitory activity, followed by Dur-A, and then Dur-C. For the inhibition of α-
amylase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL, and the
inhibitory rates for Dur-A, Dur-B, and Dur-C were 53.3% ± 0.4%, 69.8% ± 0.5%, and
61.6% ± 1.0%, respectively. The observed results suggest that Dur-B had the most α-
amylase inhibitory activity, followed by Dur-C, and then Dur-A. For the inhibition of
α-glucosidase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL, and
the inhibitory rates for Dur-A, Dur-B, and Dur-C were 26.9% ± 0.6%, 30.1% ± 4.8%,
and 60.6% ± 0.9%, respectively. The observed results suggest that Dur-C has the most
α-glucosidase inhibitory activity, followed by Dur-A and Dur-B. For the inhibition of
pancreatic lipase, the concentration of Dur-A, Dur-B, and Dur-C used was 0.3 mg/mL, and
the inhibitory rates for Dur-A, Dur-B, and Dur-C were 38.1% ± 5.0%, 33.6% ± 6.0%, and
17.1% ± 3.0%, respectively. The observed results suggest that Dur-A and Dur-B have better
pancreatic lipase inhibitory activity than Dur-C. In summary, all extracts showed inhibitory
effects on metabolic syndrome-related enzymes.

Table 3. Inhibitory activities against key metabolic syndrome-related enzymes of Dur-A, Dur-B,
and Dur-C.

Inhibitory Activities Relative Inhibitors 1 Dur-A Dur-B Dur-C

Angiotensin
I-converting

enzyme (ACE) 2
93.6 ± 0.9 2,3,d 72.5 ± 1.4 b 80.7 ± 1.6 c 62.9 ± 0.6 a

α-Amylase 2 81.7 ± 0.4 2,d 53.3 ± 0.4 a 69.8 ± 0.5 c 61.6 ± 1.0 b

α-Glucosidase 2 97.7 ± 0.2 2,c 26.9 ± 0.6 a 30.1 ± 4.8 a 60.6 ± 0.9 b

Pancreatic lipase 2 95.8 ± 2.5 2,c 38.1 ± 5.0 b 33.6 ± 6.0 b 17.1 ± 3.0 a

1 Inhibitor for Angiotensin I-Converting Enzyme: captopril (1.10 µg/mL); inhibitor for α-amylase: acarbose
(0.25 mg/mL); inhibitor for α-glucosidase: acarbose (0.60 mg/mL); inhibitor for lipase: orlistat (20 µg/mL).
2 For the inhibition of angiotensin I-converting enzyme, the concentration of Dur-A, Dur-B, and Dur-C used was
1 mg/mL; for the inhibition of α-amylase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL;
for the inhibition of α-glucosidase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL; for the
inhibition of pancreatic lipase, the concentration of Dur-A, Dur-B, and Dur-C used was 0.3 mg/mL. 3 Values
are mean ± SD (n = 3); values in the same row with different letters (in a, b, c, and d) are significantly different
(p < 0.05).

3. Discussion

In this study, we investigated the antioxidant and inhibitory activities of enzymatic
extract of D. antarctica biomass against key metabolic syndrome-related enzymes (ACE, α-
amylase, α-glucosidase, and pancreatic lipase), which were extracted using the EAE method.
The extraction yields of D. antarctica obtained with viscozyme (Dur-A), cellulase (Dur-B),
and α-amylase (Dur-C), were 38.4%, 43.0%, and 41.4%, respectively (Table 1), indicating that
Dur-B and Dur-C had higher extraction yields than that of Dur-A. However, the difference
in yield was not significant. Hammed et al. (2017) investigated viscozyme, cellulase, and
amyloglucosidase, as potential enzymes for the extraction of sulfated polysaccharides from
the brown seaweed Turbinaria turbinate under different extraction conditions. This study
obtained a maximum extraction yield of about 24–25% [21]. In short, the present study
used an extraction model that produced remarkable extraction yields that were similar or
superior to previously reported findings.

With respect to bioactive polysaccharides, the molecular structures, sulfate content,
type of sugar, and molecular weight, play important roles in their biological functions.

13



Catalysts 2022, 12, 1284

Among these variables, the molecular weight of polysaccharides appears to be the most
important factor that determines the biological characteristics [31]. High molecular weight
polysaccharides do not exhibit good solubility and cannot be processed easily, thereby
limiting their capacity to penetrate cells. However, polysaccharides that have a low molec-
ular weight possess more biological functions, such as immunostimulation, anticancer,
antioxidant activities, and anticoagulation [2,32,33]. The EAE method has been successfully
used to obtain LMW polysaccharides with superior biological functions as compared to
compounds obtained using conventional hot-water extraction [34]. In the current study,
among the three extracts, higher molecular weight distribution was between 171.4 kDa and
215.9 kDa, and the lower molecular weight distribution was found between 2.19 kDa and
10.0 kDa (Table 2). It has been reported that the molecular weight of a fucose-containing
sulfated polysaccharide extracted by hot water was approximately 690.8 kDa (higher molec-
ular weight) and 327.1 kDa (lower molecular weight) [35], and therefore the EAE method
applied herein facilitated the production of polysaccharides with lower molecular weights.
Furthermore, Dur-C contained more short oligosaccharides (approx. 2.19 kDa) in com-
parison with those of Dur-A and Dur-B (Table 2), suggesting that α-amylase was more
effective for releasing short oligosaccharides compared to the other two enzymes. Whether
the oligosaccharides content of extracts is related to their biological functions remains to
be elucidated.

Table 2 depicts the chemical compositions of Dur-A, Dur-B, and Dur-C. It can be seen
that Dur-C has the highest total sugar content and fucose content, but has the lowest sulfate
content, in comparison with Dur-A and Dur-B. Other compounds, such as uronic acid
content, polyphenols content, and alginic acid content, showed similar amounts among
Dur-A, Dur-B, and Dur-C. Regarding monosaccharide compounds (Table 2), the sugars
in Dur-A were largely fucose, rhamnose, and glucuronic acid; the sugars in Dur-B were
predominantly fucose, rhamnose, and galacturonic acid; in Dur-C, the predominant sugars
were fucose, rhamnose, galacturonic acid, xylose, and glucose. The results imply that these
extracts are largely fucose-containing sulfated polysaccharides. FTIR is a powerful tool that
is used for the detection of a range of functional groups. It can also provide information
on the chemical composition of compounds [36]. The data shown in Figure 1 indicate
that Dur-A, Dur-B, and Dur-C, exhibit the characteristic IR peaks of fucose-containing
sulfated polysaccharide. We then assessed the 1H-NMR spectra of Dur-A, Dur-B, and
Dur-C (Figure S1A), and the results showed notable differences among Dur-A, Dur-B,
and Dur-C. As there were differences in total sugar content, fucose content, sulfate con-
tent, monosaccharide composition, and structure among Dur-A, Dur-B, and Dur-C, we
were interested in further characterizing their biological activities, particularly with re-
spect to their antioxidant properties and their potential to exert mitigating effects against
metabolic syndrome.

We evaluated the antioxidant activities of Dur-A, Dur-B, and Dur-C, using DPPH,
ABTS, and ferrous ion-chelating analyses. DPPH is a widely used technique for evaluating
antioxidant activity within a relatively short duration [37]. Figure 2A shows the DPPH
radical-scavenging activities of Dur-A, Dur-B, and Dur-C, and BHA (as a reference). The
results reveal that all extracts exhibited DPPH radical-scavenging activity dose-dependently.
The IC50 values (the concentration of a sample capable of scavenging 50% of DPPH radicals)
of the extracted samples (Dur-A, Dur-B, and Dur-C) on DPPH radical-scavenging activity
were 5.60, 3.78, and 7.52 mg/mL, respectively (Figure 2A). Hence, Dur-B showed the
highest DPPH radical-scavenging activity, followed by Dur-A, and then Dur-C. The key
mechanism of the ABTS radical decolorization assay involves the decolorization of ABTS•+

when it reacts with a hydrogen-donating antioxidant [38]. Figure 2B shows the ABTS•+

scavenging properties of Dur-A, Dur-B, and Dur-C, and BHA (as a reference). In all extracts,
the ABTS•+ scavenging activity was found to have occurred dose-dependently. The IC50
values (the concentration of a sample capable of scavenging 50% of ABTS•+) of the extracted
samples (Dur-A, Dur-B, and Dur-C) on ABTS•+ scavenging activity were found to be 0.36,
0.38, and 0.66 mg/mL, respectively (Figure 2B). Therefore, Dur-A showed the highest
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ABTS•+ scavenging activity, followed by Dur-B, and then Dur-C. However, there was no
notable difference between Dur-A and Dur-B. Ferrozine is capable of quantitatively forming
complexes with Fe2+, and absorbance is seen at 562 nm. In the presence of a chelating
agent, the complexes are disrupted resulting in a decrease in the red color of the complexes.
Hence, measuring the color reduction is an indicator of the ferrous ion-chelating effect [39].
Ferrous ions have been shown to stimulate lipid peroxidation and are known to be an
effective pro-oxidant in food systems [40]. Figure 2C depicts the ferrous ion-chelating
characteristics of Dur-A, Dur-B, and Dur-C, and EDTA (as a reference). The results reveal
that all of the extracts demonstrated ferrous ion-chelating activity in a dose-dependent
manner. The IC50 values (the concentration of a sample capable of chelating 50% of ferrous
ion) of the extracted samples (Dur-A, Dur-B, and Dur-C) on ferrous ion-chelating activity
were found to be 2.40, 1.55, and 2.78 mg/mL, respectively (Figure 2C). Thus, Dur-B showed
the highest ferrous ion-chelating activity, followed by Dur-A, and then Dur-C. These results,
taken together, demonstrate that all three of the tested extracts (Dur-A, Dur-B, and Dur-
C) possessed antioxidant capabilities. Overall, the antioxidant activities of Dur-B were
superior in comparison with the other extracts. The high antioxidant activities of Dur-B
may be related to its high sulfate content (Table 2). Further studies on oversulfation or
desulfation of polysaccharides are required to better understand the antioxidant properties
of Dur-B.

In previous studies, it has been suggested that the predominant external sources of
oxidative stress, i.e., cigarette smoke and air pollution, are associated with the development
of metabolic syndrome and CAD. There is also evidence that the antioxidant characteris-
tics of pharmacological agents, such as statins, metformin, angiotensin II type I receptor
blockers (ARBs), and ACE inhibitors, are helpful in preventing and treating cardiovascular
complications of metabolic syndrome [10]. As Dur-A, Dur-B, and Dur-C, demonstrated
antioxidant capabilities, we conducted additional experiments to explore their potential to
combat metabolic syndrome.

Metabolic syndrome is a pathological condition that is characterized by dysfunctional
metabolism of fats, proteins, carbohydrates, and other substances in the body. It is thought
that metabolic syndrome is a precursor to cardiovascular and cerebrovascular diseases
and diabetes. The preventive and therapeutic strategies that are applied in the manage-
ment of these life-threatening ailments typically involve the use of synthetic drugs, which
often cause adverse side effects. Therefore, nutritional modalities have been explored as
alternative approaches aimed at preventing or managing metabolic syndrome [41]. Fucose-
containing sulfated polysaccharide has been reported to ameliorate metabolic syndrome-
related disorders, such as hypertension, obesity, hyperglycemia, and hyperlipidemia, via
various regulatory mechanisms [41]. Hence, we investigated the inhibitory effects of Dur-A,
Dur-B, and Dur-C, on metabolic syndrome-related enzymes, including ACE, α-glucosidase,
α-amylase, and pancreatic lipase. ACE plays a vital role in blood pressure regulation and
normal cardiovascular function. It catalyzes the conversion of angiotensin I to angiotensin
II, which raises blood pressure. Therefore, inhibiting ACE could be useful in the control of
hypertension [42]. The findings displayed in Table 3 indicate that for captopril, a positive
control, the ACE inhibitory activity was 93.6% at a concentration of 1.10 µg/mL. Previous
studies suggested that the IC50 values of crude extracts obtained from Sargassum siliquosum
and Sargassum polycystum biomass ranged between 0.03–1.53 mg/mL for ACE inhibitory
activity [43]. Thus, a concentration of 1 mg/mL for Dur-A, Dur-B, and Dur-C was used for
ACE inhibitory experiments. The ACE inhibitory activity of our extracted samples (Dur-A,
Dur-B, and Dur-C) were 72.5%, 80.7%, and 62.9%, at a concentration of 1 mg/mL (Table 3).
Among the studied samples, Dur-B displayed the most potent ACE inhibitory activity,
which was consistent with its antioxidant activities (Figure 2) and sulfate content (Table 2),
both of which were highest in Dur-B. The most widely applied therapeutic approach in
the treatment of type 2 diabetes mellitus is to reduce postprandial hyperglycemia. The
role of α-amylase is to break up large polysaccharides into sugars. Naturally occurring
α-amylase inhibitors, therefore, could be a useful therapeutic tool for treating postprandial
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hyperglycemia, as they could decrease the release of glucose from starch [44]. α-glucosidase
is an enzyme that hydrolyses starch and disaccharides to glucose. The inhibition of α-
glucosidase has been applied in the management of type 2 diabetes [45]. α -glucosidase
inhibitors could blunt the rapid hydrolysis of dietary carbohydrates, thereby suppressing
postprandial hyperglycemia. The inhibitory effects of Dur-A, Dur-B, Dur-C, and acarbose
(a commercial inhibitor of α-amylase and α-glucosidase) on digestive enzymes (α-amylase
and α-glucosidase), are displayed in Table 3. Regarding the inhibition of α-amylase by
acarbose, at a concentration of 0.25 mg/mL, the inhibitory activity was 81.7%. Previous
studies suggested that the IC50 values of fucoidan obtained from Ascophyllum nodosum
ranged between 0.12–4.64 mg/mL [46]. Thus, a concentration of 3 mg/mL for Dur-A, Dur-
B, and Dur-C, was used for α-amylase inhibitory experiments. The α-amylase inhibitory
activity of the extracted samples in this study (Dur-A, Dur-B, and Dur-C) were 53.3%,
69.8%, and 61.6%, at a concentration of 3 mg/mL (Table 3). Among the tested samples,
Dur-B showed the strongest α-amylase inhibitory activity, which was in the line with its
antioxidant activities (Figure 2) and sulfate content (Table 2), both of which were highest for
Dur-B. For the inhibition of α-glucosidase by acarbose, at a concentration of 0.60 mg/mL,
the inhibitory activity was 97.7%. For the ease of comparison with α-amylase, 3 mg/mL
concentration of Dur-A, Dur-B, and Dur-C, was applied for α-glucosidase inhibitory exper-
iments. The α-glucosidase inhibitory activity of the extracted samples (Dur-A, Dur-B, and
Dur-C) were 26.9%, 30.1%, and 60.6%, at a concentration of 3 mg/mL (Table 3). Among
the tested samples, Dur-C displayed the most potent α- glucosidase inhibitory activity,
followed by Dur-B and Dur-A. Lipase, which is predominantly produced in the pancreas,
hydrolyses lipids to form fatty acids, which are then absorbed in the digestive tract [45].
In order for fat to be absorbed it must first be digested, and therefore, the inhibition of
pancreatic lipase, the most important enzyme in the digestion of dietary triglycerides,
is one of the various methods that can be employed to reduce the uptake of fat. This
inhibitory approach can be utilized to manage weight and potentially reduce the severity
of obesity [47]. Fucose-containing sulfated polysaccharide has been shown to have an
excellent attenuating effect on lipid accumulation in 3T3-L1 adipocytes [48]. As shown
in Table 3, orlistat, which was used as a positive control, at a concentration of 20 µg/mL,
had a pancreatic lipase inhibitory activity of 95.8%. Previous studies suggested that the
IC50 values of extracts obtained from Ascophyllum nodosum, Fucus vesiculosus, and Pelvetia
canaliculata ranged between 0.119–0.969 mg/mL for lipase inhibitory activity [49]. Thus, a
concentration of 0.3 mg/mL for Dur-A, Dur-B, and Dur-C, was used for lipase inhibitory
experiments. The pancreatic lipase inhibitory activity of the extracted samples (Dur-A,
Dur-B, and Dur-C) were 38.1%, 33.6%, and 17.1%, at a concentration of 0.3 mg/mL (Table 3).
Among the tested samples, Dur-A and Dur-B had the strongest pancreatic lipase inhibitory
activity, followed by Dur-C. Thus, these data suggest that Dur-A, Dur-B, and Dur-C, can
suppress the activities of some of the key enzymes involved in metabolic syndrome, i.e.,
ACE, α-glucosidase, α-amylase, and pancreatic lipase.

4. Materials and Methods
4.1. Materials

A sample of D. antarctica was purchased from a local grocery market in Kaohsiung
City, Taiwan. It was oven-dried, and then kept in plastic bags at 4 ◦C until use. L-fucose, L-
rhamnose, D-glucose, D-glucuronic acid, D-galactose, D-xylose, D-galacturonic acid, gallic
acid, sodium carbonate, potassium sulfate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS), 3-(2-pyridyl)-5,6-
bis (4-phenylsulfonic acid)-1,2,4-triazine (ferrozine), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ),
sodium acetate trihydrate, thioglycolic acid solution, bovine serum albumin (BSA), potas-
sium bromide (KBr), potassium persulfate, sodium sulphite, ferrous chloride, hippuryl-
histidyl-leucine (HHL), hyppuric acid (HA), and purified angiotensin I-converting enzyme
(ACE) (EC 3.4.15.1) from rabbit lung, 2,2,2-trifluoroacetic acid (TFA), captopril, α-amylase,
acarbose, α-glucosidase, lipase, orlistat, and Bradford reagent, were obtained from Sigma-
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Aldrich (St. Louis, MO, USA). All other reagents were of analytical grade or the best
grade available.

4.2. Seaweed Extraction by Enzymes

The enzymatic extraction was conducted using a hydrolytic reaction of viscozyme
(≥100 FBGU/g), cellulase (~0.8 units/mg solid), or α-amylase (≥5 units/mg solid) with
the seaweeds according to previously published methods [18,50], with minor modifications.
One hundred mL of the ddH2O (adjust to pH 6.0) was added to 1 g of the dried algal sample,
and 100 µL of viscozyme or 100 mg of cellulase or α-amylase were mixed in. The conditions
for the enzymatic reactions were 40 ◦C for 17 h with continuous shaking (250 rpm). The
samples were centrifuged at 8000 rpm at 4 ◦C for 30 min and then vacuum-filtered through
0.45-µm PVDF filters to remove the unhydrolyzed residues. The extracts were frozen and
freeze dried, and the resulting powder was stored at −20 ◦C for subsequent analysis. The
extraction yield was calculated using the following equation:

Extraction yield (%) = (gA/gB) × 100 (1)

where gA represents the weight of the extracted solid on a dry basis, and gB is the weight of
the sample on a dry basis.

4.3. Chemical Methods

The phenol-sulfuric acid colorimetric method was used to determine the total sugar
content, and galactose was used as the standard. The fucose content was determined by the
previous method [51], and L-fucose was used as the standard. Protein in the extract was
quantified by the Bradford method using BSA as the standard. Uronic acids were estimated
by the colorimetric method using D-galacturonic acid as the standard [37]. Alginate content
was measured according to the previous method [38]. Polyphenols were analyzed by the
Folin-Ciocalteu method and gallic acid was used as the standard. Sulfate content was
determined by first hydrolyzing the sample with 1 N HCl solution for 5 h at 105 ◦C. The
hydrolysate was then quantified based on the percentage of sulfate composition using
Dionex ICS-1500 Ion Chromatography (Sunnyvale, CA, USA) with an IonPac AS9-HC
column (4 × 250 mm) at a flow rate of 1 mL/min at 30 ◦C with conductometric detection.
The eluent was 9 mM Na2CO3, and K2SO4 was utilized as the standard.

4.4. Analysis of Monosaccharide Composition

The monosaccharide composition was analyzed according to our previously de-
scribed method [52], using L-fucose, D-xylose, D-galactose, D-glucose, D-glucuronic acid,
L-rhamnose, and D-galacturonic acid, as the standards.

4.5. NMR Spectroscopy

A 20 mg sample was dissolved in 550 µL of 99.9% deuterium oxide (D2O) in a NMR
tube and 1H NMR spectrum was recorded at 60 ◦C on a Varian 400-MR (400 MHz) spec-
trometer (Agilent Technologies, Santa Clara, CA, USA) for proton detection. The proton
chemical shift was expressed in ppm.

4.6. Molecular Weight Analysis

The molecular weight analysis of the polysaccharides was conducted according to the
method of Yang [37]. The standards used to calibrate the column were various dextrans
with different molecular weights (1, 12, 50, 150, and 670 kDa), which were obtained from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
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4.7. FTIR Spectroscopy

The FTIR analysis was performed according to the method of Huang [53]. In brief,
sample and KBr (w/w, 1:50) were mixed and ground evenly until particles measured less
than 2.5 µm in size. The transparent KBr pellets were made at 500 kg/cm2 under vacuum.
The FTIR spectra were obtained using a FT-730 spectrometer (Horiba, Kyoto, Japan), and
the absorbance was read between 400 and 4000 cm−1. Pellet of KBr alone was used as
a background.

4.8. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity was determined according to a method de-
scribed elsewhere [54]. Briefly, 50 µL of sample was added to 150 µL 0.1 mM freshly
prepared DPPH solution (in methanol). The mixture was shaken vigorously for 1 min,
left to stand for 30 min in the dark at room temperature, and the absorbance of all sample
solutions was measured at 517 nm using a microplate reader (SPECTROstar Nano; BMG
Labtech, Ortenberg, Germany). The radical-scavenging activity was calculated using the
following equation:

DPPHradical-scavenging (%) =

[
1−

Asample

Acontrol

]
× 100 (2)

where Asample is the absorbance of the methanol solution of DPPH with tested samples, and
Acontrol represents the absorbance of the methanol solution of DPPH without the sample.

4.9. ABTS Radical Cation Scavenging Activity

The scavenging activity of the samples against ABTS radical cation was measured
according to a method described elsewhere [35]. In brief, the ABTS•+ solution was prepared
by reacting 5 mL of ABTS solution (7 mM) with 88 µL of potassium persulfate (140 mM),
and the mixture was kept in the dark at room temperature for 16 h. The solution was
diluted with 95% ethanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. To start the
assay, 100 µL diluted ABTS•+ solution was mixed with 100 µL of various sample solutions.
The mixture was allowed to react at room temperature for 6 min, and the absorbance of
all sample solutions at 734 nm was measured using a microplate reader (SPECTROstar
Nano; BMG Labtech, Germany). The blank was prepared in the same manner, except that
distilled water was used instead of the sample. The activity of scavenging ABTS•+ was
calculated according to the following equation:

ABTScation radical-scavenging (%) =

[
1−

Asample

Acontrol

]
× 100 (3)

where Asample is the absorbance of ABTS with tested samples, and Acontrol represents the
absorbance of ABTS without the sample.

4.10. Ferrous Ion-Chelating Activity

The ferrous ion-chelating activity of polysaccharides was measured using the previous
method [35]. Briefly, 200 µL of sample, 740 µL of methanol, and 20 µL of FeCl2 solution
(2 mM) were mixed. The mixture was incubated for 30 s followed by the addition of 5 mM
ferrozine (40 µL). After allowing the reaction to continue for 10 min at room temperature, the
absorbance of the mixture was measured at 562 nm using a microplate reader (SPECTROstar
Nano; BMG Labtech, Germany). The chelating activity of ferrous ion was calculated
as follows:

Chelating activity (%) = (1 − Asample/Acontrol) × 100

where Acontrol represents absorbance without the sample, and Asample is absorbance with
tested samples.
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4.11. ACE-Inhibiting Activity

The ACE-inhibiting activities of samples were assayed by measuring the concentration
of hippuric acid liberated from HHL according to a previous method [42], with some
modifications. For each assay, 50 µL of sample solution with 50 µL of ACE solution (a
purified enzyme from rabbit lung) (60 mU in sodium borate buffer, pH 8.3) were pre-
incubated at 37 ◦C for 20 min and then incubated with 200 µL of substrate (0.67 mM HHL
in 0.05 M sodium borate buffer at pH 8.3) at 37 ◦C for 60 min. The reaction was then
stopped by adding 250 µL of 1 N HCl. Hippuric acid concentration was determined using
a Waters HPLC system (Waters Corp., Milford, MA, USA) with an Inspire C18 column
(4.6 mm × 250 mm, 5 µm) (Dikma Technologies Inc., Lake Forest, CA, USA). The column
was operated at 25 ◦C. The mobile phase consisted of 0.1% (v/v) TFA in 50% methanol. The
spectra were monitored at 228 nm and performed at a flow rate of 0.8 mL/min.

4.12. α-Amylase Inhibitory Activity

A volume of 40 µL of sample, positive control (acarbose), or negative control (distilled
water) were added to 20 µL α-amylase solution (2 U/mL in 0.02 M sodium phosphate
buffer pH 6.9). Test tubes were incubated at room temperature for 1 h. Later, 20 µL of 1%
potato soluble starch solution (previously dissolved in 0.02 M sodium phosphate buffer
pH 6.9 and boiled for 15 min) was added to each tube and incubated at 37 ◦C for 10 min.
Finally, 40 µL of dinitrosalicylic acid solution was added, and the tubes were placed in
a 100 ◦C water bath for 8 min. A volume of 780 µL of distilled water was added to the
mixture, after centrifugation at 12,000× g for 5 min, and the absorbance was read at 540 nm
in a microplate reader (SPECTROstar Nano; BMG Labtech, Germany). The percentage
inhibition was calculated relative to the negative control with 100% enzyme activity.

4.13. α-Glucosidase Inhibition

The α-glucosidase inhibition assay was performed following a previous method [55].
A quantity of 72 µL of samples, positive control (acarbose), or negative control (distilled
water) were added to 72 µL of rat intestine α-glucosidase (1 U/mL in 0.1 M maleate buffer
pH 6.9). Test tubes were incubated at 37 ◦C for 30 min. After pre-incubation, 144 µL of
substrate (2 mM maltose or 20 mM sucrose) was added to each tube. The reaction mixtures
were incubated at 37 ◦C for 20 min. Finally, reactions were stopped by adding 576 µL of 1 M
Na2CO3, after centrifugation at 12,000× g for 5 min, and the absorbance was read at 405 nm
in a microplate reader (SPECTROstar Nano; BMG Labtech, Germany). The percentage
inhibition was calculated relative to the negative control with 100% enzyme activity.

4.14. Lipase Inhibition Assay

The inhibition of pancreatic lipase activity was performed using the modified method
with p-nitrophenyl palmitate (p-NPP) as the substrate and porcine pancreatic lipase [56].
A quantity of 330 µL of samples, positive control (orlistat), or negative control (distilled
water) were added to 70 µL of pancreatic lipase (0.4 U). Test tubes were incubated at
37 ◦C for 30 min. After pre-incubation, 300 µL of substrate (0.8 mmol L–1 p-NPP) was
added to each tube. The reaction mixtures were incubated at 37 ◦C for 30 min. After
centrifugation at 12,000× g for 5 min, the absorbance was read at 405 nm in a microplate
reader (SPECTROstar Nano; BMG Labtech, Germany). The percentage inhibition was
calculated relative to the negative control with 100% enzyme activity.

4.15. Statistical Analysis

All experiments were performed in triplicate, and the results were the average of three
independent experiments. Measurements were presented as means ± standard deviation.
Statistical analysis was performed using the Statistical Package for the Social Sciences
(SPSS). The results obtained were analyzed using one-way analysis of variance (ANOVA),
followed by Duncan’s Multiple Range tests. A probability value of p < 0.05 was considered
statistically significant.
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5. Conclusions

All the extracted samples in this study had high extraction yields, low molecular
weights, and the characteristics of fucose-containing sulfated polysaccharides. These
extracts appeared to have different structural qualities as demonstrated by 1H-NMR. Dur-
A, Dur-B, and Dur-C, showed antioxidant activities as determined by DPPH, ABTS, and
ferrous ion-chelating analyses, and were capable of suppressing the activities of some of
the key enzymes involved in metabolic syndrome, i.e., ACE, α-glucosidase, α-amylase, and
pancreatic lipase. Therefore, the three extracts evaluated in this study (particularly Dur-B)
show promise as naturally occurring antioxidants and anti-metabolic syndrome agents that
could be used in various food, cosmetic, and nutraceutical products. Further studies are
thus warranted using an in vivo model to confirm the abilities of Dur-A, Dur-B, and Dur-C,
to prevent metabolic syndrome-related health ailments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12101284/s1, Figure S1: NMR analyses of Dur-A, Dur-B, and
Dur-C. (A) 1H-NMR spectra of Dur-A, Dur-B, and Dur-C. (B) 13C-NMR spectra of Dur-A, Dur-B, and
Dur-C. The characteristic peaks are indicated in each graph.
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Abstract: Cellulases are being widely employed in lignocellulosic biorefineries for the sustain-
able production of value-added bioproducts. However, the high production cost, sensitivity, and
non-reusability of free cellulase enzymes impede their commercial applications. Enzyme immo-
bilization seems to be a potential approach to address the aforesaid complications. The current
study aims at the production of recombinant endoglucanase (CelA) originated from the cellulosome
of Clostridium thermocellum in Escherichia coli (E. coli), followed by immobilization using modified
regenerated cellulose (RC) membranes. The surface modification of RC membranes was performed in
two different ways: one to generate the immobilized metal ion affinity membranes RC-EPI-IDA-Co2+

(IMAMs) for coordination coupling and another to develop aldehyde functional group membranes
RC-EPI-DA-GA (AMs) for covalent bonding. For the preparation of IMAMs, cobalt ions expressed
the highest affinity effect compared to other metal ions. Both enzyme-immobilized membranes ex-
hibited better thermal stability and maintained an improved relative activity at higher temperatures
(50–90 ◦C). In the storage analysis, 80% relative activity was retained after 15 days at 4 ◦C. Further-
more, the IMAM- and AM-immobilized CelA retained 63% and 53% relative activity, respectively,
after being reused five times. As to the purification effect during immobilization, IMAMs showed a
better purification fold of 3.19 than AMs. The IMAMs also displayed better kinetic parameters, with
a higher Vmax of 15.57 U mg−1 and a lower Km of 36.14 mg mL−1, than those of AMs. The IMAMs
were regenerated via treatment with stripping buffer and reloaded with enzymes and displayed
almost 100% activity, the same as free enzymes, up to 5 cycles of regeneration.

Keywords: enzyme immobilization; recombinant endoglucanase; regenerated cellulose membrane;
IMAM; immobilized metal ion affinity membrane

1. Introduction

The ever-increasing reliance and over-exploitation of non-renewable fossil fuels, owing
to accelerated urbanization and globalization, have led to their acute shortage, besides
raising grave environmental concerns due to greenhouse gas emissions such as methane
and carbon dioxide [1]. A large increase in methane emission (774 tera grams/year) due to
tremendous anthropogenic activities has been reported. Additionally, the adverse effects of
methane as a greenhouse gas are roughly 25 times greater than those of carbon dioxide [2].
Therefore, to meet the world’s energy demand and mitigate climate change issues, the
development of an alternative renewable and clean resource of energy is a prerequisite [3].
Plant biomass in the form of lignocellulosic biomass serves as a promising inexpensive
feedstock for the production of biofuels such as bioethanol, biohydrogen, biomethanol,
etc. to fuel the transportation sector [4–6]. Among these, presently, bioethanol is the
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most common biofuel, owing to the transportation/storage and economical production
constraints associated with biohydrogen and biomethanol, respectively [6]. Lignocellulosic
biomass, such as forest materials and agro-industrial and municipal wastes, consist of
an intricate network of biopolymers, such as cellulose, hemicellulose, and lignin [7]. The
cellulose and hemicellulose fractions from the biomass can be hydrolyzed using cellulases
and hemicellulases, respectively, into monomeric sugars, which are subsequently fermented
to produce bioethanol [8]. The intense bonding between cellulose, hemicellulose, and lignin
leads to biomass recalcitrance, which can be reduced by employing various pretreatment
strategies, such as chemical, enzymatic, or microbial strategies [1]. Whole-cell-based
cultures are also useful and economical for biomass treatment to release sugars [9]. While
whole-cell-based cultures require nutrients and energy for growth and enzyme production,
the enzymatic hydrolysis of cellulose is faster and yields more product than microbial
action because it is a specific catalytic reaction that only needs ideal physical conditions
(temperature, pH, and time) for efficient hydrolysis. Additionally, the product yield can also
be enhanced by using purified enzymes, whereas whole-cell-based cultures may lead to the
production of various unwanted enzymes/products, which may further interfere with the
desired enzymatic hydrolysis reaction. The cellulase enzymes for industrial applications
are naturally produced from various bacterial and fungal species on a large scale. However,
the low concentrations, unfavorable conditions, specific substrate requirements, and high
production cost, among others, are the few limitations associated with natural enzyme
production [10]. Therefore, the focus has been shifted to the production of enzymes through
recombinant technology using Escherichia coli as a host. Since E. coli can grow profusely on
any growth medium, this approach offers the advantage of enabling the scaling up of the
production of recombinant cellulase without the use of any particular substrates [10].

The production of cellulolytic enzymes for enzymatic hydrolysis in lignocellulosic
biorefineries is a major bottleneck due to the high production cost of enzymes, which
significantly impacts the cost-economics of biomass-to-biofuel conversion [5]. Furthermore,
the high sensitivity of free enzymes, difficulty in separation from the reaction medium,
non-reusability, and poor stability in extreme environmental conditions (temperature and
pH) are several other hurdles that reduce the overall viability of the process. Consequently,
the whole catalytic process is substantially hindered by their low operational stability, eco-
nomic constraints, and short lifetime [11,12]. To overcome the aforementioned challenges
and increase the enzyme’s catalytic stability for the enzymatic saccharification of complex
biopolymers such as cellulose and hemicellulose, enzyme immobilization appears to be
a promising method [5]. Immobilization not only enhances enzyme stability in robust
environments but also enables the recovery and reuse of enzymes for multiple cycles.
This improves the overall process economy and efficient output in terms of high product
yield [13]. Enzyme immobilization involves the binding or localization of enzymes onto
a support surface or within a specific matrix. Immobilized enzymes replicate the natural
mode of action and are more resistant to harsh milieu when they are bound to a support
surface [14,15]. Enzyme immobilization can be achieved through physical interactions
such as encapsulation and entrapment and chemical interactions such as covalent bonding,
electrostatic interactions, hydrogen bonds, hydrophobic interactions, van der Waals interac-
tions, and magnetic nanoparticles [5,12,16]. Enzymes immobilized via the covalent bond
formation method can be used in reaction catalysis more frequently as it provides a more
stable connection between the enzymes and support [12]. In this method, the surface of
the carrier is first activated to produce functional groups (-COOH, -NH2, and -SH), which
are then covalently linked with the enzyme using a cross-linker. Glutaraldehyde (GA) is
used as a cross-linking reagent in covalent enzyme immobilization, which usually reacts
with the amino group of the enzyme [17,18]. Moreover, it also prevents the leaching of the
enzyme during recycling and maintains the robustness of the immobilized system [19].
Efficient enzyme immobilization is influenced by various factors, including the type of
immobilization method and enzyme, immobilization conditions, enzyme loading, protein
concentrations, etc. [20].
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Enzyme purification is one of the crucial steps towards its biochemical and kinetic
characterization for diverse industrial applications [21]. Moreover, the production of recom-
binant cellulases in E. coli also produces various unwanted proteins, making the purification
of the protein a prerequisite [22]. Immobilized metal ion affinity chromatography (IMAC)
has emerged as a well-accepted technology for protein purification from a bench scale to
an industrial scale. Conventionally, it was based on the affinity of transitions metal ions,
such as Cu(II), Co(II), Fe(III), Zn(II), and Ni(II), towards histidine, tryptophan, and cysteine
in aqueous solution, which was further extended to include the concept of using metal ions
immobilized on a substrate to separate and purify proteins in liquids [23]. The interaction
between an immobilized metal ion and electron donor groups on the surface of proteins
forms chelated complexes that provide the basis for protein adsorption. The availability
of histidine residues controls the actual protein binding in IMAC. The high specificity of
IMAC is based on the difference between the strength of the various complexes formed [23].
The targeted protein can be eluted by using a low-pH buffer, a competitive displacement,
or chelating agents.

The use of granular solid carriers in IMAC results in a pressure drop and often hinders
the reaction. This shortcoming of IMAC can be overcome by using immobilized metal affin-
ity membranes (IMAMs) [22]. This is the most widely used technique for the purification of
proteins with mainly surface-exposed amino acids, such as histidine, tryptophan, cysteine,
and tyrosine, or polyhistidine-tagged biomolecules [24,25]. Numerous membranes, viz.,
cellulose nitrate, regenerated cellulose (RC), and cellulose acetate, are used to prepare
IMAMs; however, regenerated cellulose membranes (RCMs) offer various advantages, such
as high hydrophilicity, chemical stability, biocompatibility, strong mechanical properties,
and low non-specific adsorption [22]. Previously, our laboratory has purified penicillin
G acylase using a modified RC-based IMAM technique. The membrane was successfully
reused more than eight times after activation by regeneration [26].

Consequently, in the present study, the expression plasmid of endoglucanase (CelA)
from the cellulosome of Clostridium thermocellum was constructed and expressed in E. coli
and immobilized on a modified RC membrane. Two different membranes, i.e., IMAM
(RC-EPI-IDA-Co2+; EPI, epichlorohydrin; IDA, iminodiacetic acid) for coordination cou-
pling and the aldehyde functional group membrane (AM) RC-EPI-DA-GA (DA, 1,4-
Diaminobutane) for covalent bonding, were prepared by subjecting the RC membranes to
two different surface modifications. Moreover, the characterization of free and immobilized
enzymes has been executed, and the difference in their kinetics is also discussed.

2. Results and Discussion
2.1. Cloning of Cellulase Gene in Plasmid

The cellulase gene CelA was inserted in plasmid pET21b to form the construct pET21b-
CelA-his, which was further transformed into E. coli strains, namely, E. coli ER2566 and
E. coli BL21. The plasmid was extracted and subjected to PCR and gene shearing. A clear
band was visible after PCR, which is indicative of the presence of the target gene CelA
fragment, with a molecular weight of 1.6 kb (Figure S1). Similar to the present study, the
cellulase gene from Bacillus subtilis and B. licheniformis ATCC 14580 was cloned in E. coli,
where the band appeared near 1.5 and 1.6 kb, respectively [10,27].

2.2. Recombinant Cellulase Expression under Different Conditions
2.2.1. Effect of Different Hosts and Temperatures

After the pET21b-CelA-his plasmid was successfully transformed into E. coli ER2566
and E. coli BL21, protein expression analysis was carried out. The amount of protein
expression is positively correlated with temperature, as the higher the temperature, the
shorter the incubation time and the faster the protein expression. However, an induction
at higher temperatures may result in the formation of the insoluble proteinaceous matter
known as inclusion bodies, which blocks protein translocation and cannot be used [28]. In
the current study, the induction was set at 15 ◦C for 24 h and at 37 ◦C for 6 h to observe
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the performance of the target protein at different induction temperatures and times. The
protein expression was confirmed by the presence of a bright band after sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of the target protein of a molecular
weight of about 60 kDa, irrespective of the host and culture conditions used (Figure 1a). The
integrated color intensity of each band was calculated by ImageJ software to quantify the
target protein (Figure 1b). The results indicated that the maximum amount of protein was
obtained when E. coli ER2566 was used as the expression host under the culture condition
of 37 ◦C for 6 h. Therefore, E. coli ER2566 was used as the expression host in subsequent
experiments and was induced and cultured at 37 ◦C for 6 h.

Figure 1. (a) SDS-PAGE electropherogram of pET21b-CelA-his with different hosts and tempera-
tures. Lane M: marker (kDa); Lane 1: pET21b; Lane 2: pET21b-CelA-his/ER2566 (15 ◦C/24 h);
Lane 3: pET21b-CelA-his/ER2566 (37 ◦C/6 h); Lane 4: pET21b-CelA-his/BL21 (15 ◦C/24 h);
Lane 5: pET21b-CelA-his/BL21 (37 ◦C/6 h). (b) ImageJ analysis of protein content of pET21b-
CelA-his in different hosts and temperatures.
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2.2.2. Effect of Different Inducer Concentrations

The production of recombinant proteins in E. coli has been extensively carried out
using a T7-promoter-based expression system, with isopropyl β-D-1-thiogalactopyranoside
(IPTG) as an inducer [28]. Recombinant protein expression is greatly influenced by the
concentration and timing of the addition of the inducer IPTG. Higher concentrations of
IPTG, apart from impacting the cost-economics of the process, may cause cell toxicity,
whereas lower concentrations result in inadequate protein induction, thus, reducing the
efficiency. Therefore, the regulation of IPTG concentration is vital for successful protein
expression [29]. In this study, different IPTG concentrations, viz., 0.1, 0.3, 0.5, and 0.7 mM
were used. A sharp band of the target protein of molecular weight 60 kDa was observed
after induction, which indicated that a higher amount of target protein was produced
after induction compared to without induction (Figure 2a). At the IPTG concentration
of 0.1 mM, the sharpest and brightest band was observed. The amount of target protein
was estimated by determining the integrated color intensity of each band by using ImageJ
software (Figure 2b). Therefore, IPTG was used at the 0.1 mM concentration as the inducer
in subsequent experiments. In another research work, Mühlmann et al. demonstrated
the relationship between inducer concentration and induction temperature and time on
the metabolic state of E. coli. and the formation of the product. Their results exhibited a
decrease in the optimal inducer concentration to 0.05 mM IPTG from 0.1 mM IPTG at 28 ◦C
and at elevated temperatures (34 and 37 ◦C) [30]. These findings indicate that lower IPTG
concentrations are favorable at higher temperatures.

Figure 2. (a) SDS-PAGE electrophoresis of recombinant protein induced by different IPTG concentra-
tions. Lane M: marker (kDa); Lane 1: pET21b; Lane 2: not induced; Lane 3: 0.1 mM; Lane 4: 0.3 mM;
Lane 5: 0.5 mM; Lane 6: 0.7 mM. (b) ImageJ analysis of the protein amount induced by different
IPTG concentrations.
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2.3. Characterization of Modified RC Membranes

The RC membrane used in this study is reinforced with nonwoven cellulose, which
has been tested not to be digested by CelA prior to immobilization experiments. The
preparation steps of RC-EPI-IDA and RC-EPI-DA-GA membranes for CelA immobilization
are shown in Schemes 1 and 2. The Fourier-transformed infrared spectroscopy (FTIR)
analysis was performed after the surface modification of RC membranes to understand
the functional group changes that occurred in membranes post-modification in contrast
to RC membranes without modifications. Figure 3a shows the FTIR spectra of the RC
membrane and the RC-EPI-IDA membrane after surface modification with EPI and IDA
(before metal chelation). The intensity of absorption peak at 901 cm−1 for the OH group in
the unmodified RC membrane was reduced in the modified RC membrane, indicating the
activation of the membrane by EPI [31]. The characteristic absorption peak of the epoxy
group in the range of 950 to 815 cm−1 in the spectrum of the EPI-activated RC membrane
was observed [31]. After adding IDA, the absorption peaks at 1774 and 1196 cm−1 for the
carboxylate group were visible [31]. The peaks for the C-N and C=O groups of IDA were
also observed at 1368 and 1680 cm−1, respectively, confirming the successful modification
of the surface of the RC membrane by EPI and IDA.

Scheme 1. RC-EPI-IDA membrane preparation.

Scheme 2. RC-EPI-DA-GA membrane preparation.
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Figure 3. FTIR characterization of (a) RC-EPI-IDA membrane and (b) RC-EPI-DA-GA membrane.

Figure 3b shows the FTIR spectra of the RC membrane and the RC-EPI-DA-GA
membrane after surface modification with 1,4-DA and GA. Modification by 1,4-DA was
confirmed by the presence of an absorption band at 1602 cm−1, corresponding to N-H
bending in 1,4-DA [32]. A peak at 1720 cm−1, representing the free aldehyde group of GA,
confirmed the successful membrane activation by GA [33].

2.4. Metal Ion Selection for IMAM Chelation and Effect on Enzyme Activity

In order to couple metal ions with the modified membrane RC-EPI-IDA, first, the
effect of metal ions on the activity of free enzyme CelA must be determined. Therefore,
the effect of various metal ions, viz., Zn2+, Al3+, Cu2+, Ni2+ Fe3+, Mn2+, and Co2+, on the
activity of free CelA enzymes was studied. The initial activity of the free enzymes was
1.25 U/mL, which was taken as control (100%). The Zn2+, Al3+, Cu2+, and Ni2+ metal ion
solutions exhibited an inhibitory effect on the endoglucanase activity. However, the CelA
endoglucanase activity was improved in the Fe3+, Mn2+, and Co2+ metal ion solutions
(Figure S2). Metal ions facilitate the binding of enzymes to the substrate to enhance
enzymatic action by activating electrophiles or nucleophiles via electron transfer reactions.
Metal ions may also help in maintaining three-dimensional active confirmation by bringing
the enzymes and substrate into close proximity via a coordinate [21]. However, the enzyme–
substrate complex may sometimes be broken up by metal ions action, changing the proper
interactions between the substrate and the enzyme and resulting in a loss of activity [21].
The metal ions Mn2+ and Co2+ have been reported to improve the hydrolysis activity of
endoglucanase in the literature. CTendo7’s endoglucanase activity was increased in the
presence of Mn2+ and Co2+, which are heterologously expressed in Pichia pastoris [34].

The amount and activity of the adsorbed protein were measured to calculate the
specific activity of the enzyme after the chelation of different metal ions on IMAM and
enzyme immobilization. The results indicated that IMAMs with Cu2+ on chelation were
able to adsorb the most amount of protein, but the specific activity (0.80 U mg−1) was lower
than in other metal ions, which might be due to inhibition of CelA endoglucanase by Cu2+

(Figure 4). Cu2+ is known for its inhibitory effect on many glycoside hydrolases due to the
auto-oxidation of proximal cysteine residues, which results in the formation of inter- and
intra-molecular disulfide bridges [34]. The amount of protein adsorbed by other metal ions
was almost similar; however, Co2+ and Mn2+ significantly increased the endoglucanase
activity, which further resulted in high specific activity (2.07 and 2.00 U mg−1) in the case
of these two metal ions (Figure 4). Therefore, the IMAMs coupled with Co2+ and Mn2+

were further analyzed to check their reuse ability. It was observed that the activity of
the IMAM-Mn2+ immobilized enzyme decreased very quickly after several repeated uses

29



Catalysts 2022, 12, 1356

(Figure 5). Co2+, being an intermediate metal ion, tends to form a covalent bond with
oxygen, sulfur, nitrogen, and histidine and, thus, may improve the catalytic efficiency of
the enzyme [35]. Therefore, Co2+ was used for the chelation of IMAMs in the subsequent
experiments. The chelation was executed with 50 mM cobalt ion solution for 3 h, and the
immobilized enzyme was referred to as RC-EPI-IDA-Co2+-CelA. IMAMs chelated with
Co2+ have been used for the simultaneous purification and immobilization of the xylanase
enzyme, which is heterologously expressed in E. coli. The presence of Co2+ metal ions
increased the activity of both free and immobilized enzymes [22].

Figure 4. Protein adsorption capacity, activity, and specific activity of IMAMs chelated with different
metal ions on CelA.

Figure 5. Reusability of immobilized enzymes using IMAM-Co2+ and IMAM-Mn2+.
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2.5. Effect of GA Concentration and Treatment Time

The enzyme immobilization was also executed using an RC-EPI-DA-GA membrane,
wherein GA was used as an activator, and the immobilized enzyme was referred to as
RC-EPI-DA-GA-CelA. GA, a bi-functional chemical, condenses aldehyde on the surface
of the RC membrane to produce active α, β-unsaturated aldehyde, which subsequently
binds to an amino group of protein, resulting in the formation of a complex and stable
product via covalent bonding [18]. The immobilization of the enzyme is greatly influenced
by GA concentration and the duration of its treatment. Therefore, in the current study,
GA concentration (0.05, 0.1, 0.2, 0.5, and 1%, v/v) and its treatment time (1–5 h) were
optimized to evaluate the effect on enzyme activity. It was observed that at the GA
concentration of 0.5% (v/v), the maximum amount of protein immobilization occurred.
However, the maximum CelA endoglucanase activity of 8.1 U was obtained at 0.1% (v/v)
GA concentration, which was reduced at 0.2% (v/v) (Figure 6). The decrease in CelA
endoglucanase activity at higher GA concentrations is attributed to the fact that higher
GA concentrations alter the enzyme conformation since it is a protein denaturant and
also increase the rigidity of the enzyme because of too much cross-linking, which reduces
enzyme activity [18,36]. Moreover, insufficient endoglucanase-GA cross-linking may also
cause the activity to decline at lower GA concentrations [36].

Figure 6. Effect of different concentrations of GA on CelA endoglucanase activity, and protein adsorption.

In the case of GA treatment time with RC-EPI-DA, the maximum CelA endoglucanase
activity was found at 2 h of treatment time. A reduction in CelA endoglucanase activity
was seen when the treatment time was 4 h (Figure S3). The optimization of GA treatment
time is crucial for efficient enzyme activity as the longer duration of treatment may result
in interactions at multiple sites on the carrier, thereby reducing the number of sites for
enzyme immobilization, whereas shorter treatment time may not be sufficient to completely
activate the functional groups on the matrix for enzyme immobilization, leading to reduced
activity [18]. Therefore, in the subsequent experiments, the GA treatment was carried out
for 2 h at a concentration of 0.1% (v/v). There are many reported studies wherein GA
has been used as a cross-linking agent, and emphasis has been laid on the impact of GA
concentration and treatment time. In a study, cross-linked cellulase aggregates (C-CLEAs)
were synthesized, and GA was used as a cross-linker. The concentrations of GA and cross-
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linking time were optimized, and the maximum cellulase activity was achieved at 2% (v/v)
concentration with 3.5 h of cross-linking time [37]. Similarly, the maximum activity of the
inulinase enzyme was observed at 1.59% concentration and the treatment time of 4 h [18].

2.6. Purification Analysis

For a thorough examination of the catalytic, kinetic, structural, and functional properties
of enzymes, enzyme purification is considered a crucial step [21]. Therefore, the purification
efficiency achieved from the immobilization of enzymes on two different membranes was
estimated. A 3.192 and 1.536 purification fold was achieved with RC-EPI-IDA-Co2+-CelA
and RC-EPI-DA-GA-CelA, respectively (Table 1). A single band of purified CelA was
obtained on SDS-PAGE (Figure S4). The CelA endoglucanase enzyme contained His-tag,
which could bind more strongly to the IMAM membrane because of an affinity for Co2+

metal ions and, therefore, result in the high purification of the enzyme [23]. IMAMs have
been used for the purification of His-tagged recombinant serine hydroxymethyl transferase
using various metal ions, and 5-fold purification has been achieved with Co2+ ions [37].

Table 1. Activity and purification effect of free and immobilized enzymes.

Sample Activity
(U/mL or U/disc)

Protein
(mg/mL)

Specific Activity
(U/mg) Purification Fold

Free CelA a 1.250 1.322 0.946 1.00
RC-EPI-IDA-Co2+-CelA b 9.42 3.12 3.02 3.19
RC-EPI-DA-GA-CelA b 7.24 4.98 1.45 1.54

a activity expressed in U/mL; b activity expressed in U/disc.

2.7. Optimal pH and Enzyme Stability

Any industrially significant enzyme must be able to maintain its catalytic activity
and stability in extreme pH environments. In acidic or alkaline pH, the ionic group of the
enzyme shows varying degrees of protonation, which result in a change in enzyme configu-
ration and, ultimately, affect enzyme activity [22]. In our present study, the effect of different
pH levels and the pH stability of free enzymes and immobilized CelA endoglucanase was
studied. The maximum activity (100%) of free enzymes was obtained at optimal pH 5,
which increased to pH 6 (100%) for RC-EPI-IDA-Co2+-CelA and RC-EPI-DA-GA-CelA
enzymes (Figure 7a). The activity of free enzymes decreased at pH 6; however, immobilized
enzymes demonstrated high relative activity (80–60%) over a broad pH range (pH 4–9). The
high activity retention of immobilized enzymes in a wide pH range may be attributed to
the stable rigidity and confirmation of the enzyme provided by multipoint attachment due
to interaction between the charged groups of the enzyme and carrier [38,39]. The results
were aligned with previously reported studies. The optimal pH value of the endoglucanase
of Arachniotus citrinus was increased from 4.9 to 5.6 after immobilization on polyacrylamide
gel [40]. Similarly, cellulase immobilization on sodium alginate-polyethylene glycol showed
maximum activity at the optimal pH value of 5, whereas for free cellulase, the optimal
pH was 4 [41]. The current and previous findings indicate that cellulase shows proficient
activity in the pH range of 4–6.

The stability of free enzymes and immobilized CelA endoglucanase at varying pH
ranges was also analyzed, as the enzyme activity is highly influenced by its storage envi-
ronment. The enzyme was exposed to various pH values for 2 h at 4 ◦C. The initial enzyme
activity was taken as 100%. It was observed that the stability trend for free and immobi-
lized enzymes over a pH range of 4–9 was similar, and enzymes exhibited approximately
80% relative activity in both free and immobilized forms (Figure 7b). It was evident from
the results that immobilization did not lead to any change in the confirmation of CelA
endoglucanase, and it was able to retain active three-dimensional orientation, indicated by
efficient catalytic activity. The stability of free or immobilized enzymes at a wide pH range
also exhibited its potential for industrial applications.
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Figure 7. (a) Optimum pH and (b) pH stability of free and immobilized CelA endoglucanase.

2.8. Optimal Temperature and Thermo-Stability

Enzyme stability at extreme temperatures is also very crucial for industrial potential.
High temperatures increase the rate of reaction by increasing the rate of effective collision
between molecules. However, in an enzymatic reaction at a high temperature, the catalytic
efficiency of the enzyme is reduced as the elevated temperature leads to changes in the
active structure of the enzyme. Therefore, the optimal temperature and thermo-stability
of free and immobilized enzymes were investigated. It was observed that the relative
activity of the immobilized enzyme was higher compared to the free enzyme over a
temperature range of 50–80 ◦C, with a temperature optima of 60 ◦C for free and RC-EPI-
IDA-Co2+-CelA enzymes and 70 ◦C for the RC-EPI-DA-GA-CelA enzyme (Figure 8a). The
increase in optimal temperature for the RC-EPI-DA-GA-CelA enzyme could be explained
by a decrease in the flexibility of the enzymes on a solid matrix, resulting in improved
tolerance to unfolding and denaturation owing to conformational changes [39]. The results
were inconsistent with previous studies, where the optimum temperature for free and
immobilized cellulase is reported to be between 50–70 ◦C [39,41]. The temperature optima
of cellulase enzyme from Aspergillus fumigatus immobilized on magnetic nanoparticles
was 60 and 50 ◦C for free enzymes [39]. Likewise, the immobilization of cellulase on
sodium alginate-polyethylene glycol resulted in an increased optimal temperature (70 ◦C)
compared to free enzymes (50 ◦C) [41]. Therefore, the findings from this study and the
literature substantiate that the optimal temperature falls within the range of 50–70 ◦C.

The thermal stability of enzymes is a crucial characteristic since enzyme activity can be
affected by the extreme temperatures employed in various industrial processes. Therefore,
the thermo-stability of free and immobilized CelA endoglucanases was also evaluated.
The free and immobilized CelA endoglucanases were incubated at different temperatures
(50–90 ◦C) for 1 h, and then, activity was measured. Figure 8b reveals that both the free
enzyme and the immobilized enzyme exhibit 85% relative activity within a temperature
range of 50–70 ◦C. The enzyme activity of the free enzymes drastically declined at 80
and at 90 ◦C, and the free enzyme relative activity decreased to 20%. However, in the
case of immobilized enzymes, even though the reduction in activity was seen after 80 ◦C,
the RC-EPI-IDA-Co2+-CelA-immobilized enzymes retained 54% of the initial activity, and
RC-EPI-DA-GA-CelA also retained 65% of the initial activity. The higher thermo-stability
of the immobilized enzyme might be due to the more stable spatial configuration of the
enzyme due to immobilization [41]. Thus, it was evident that the two immobilization
methods made the enzyme more resistant to high temperatures and increased thermal
stability over a wider temperature range.
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Figure 8. (a) Optimum temperature, (b) thermo-stability, and (c) storage stability of free and immobi-
lized CelA endoglucanase.

The free and immobilized enzymes were analyzed for their storage stability at 4 ◦C
for 5, 10, and 15 days. The activity on the 0th day was considered as the initial activity.
Figure 8c reveals that RC-EPI-DA-GA-CelA maintained the best relative activity within
15 days, followed by RC-EPI-IDA-Co2+-CelA. Both immobilization methods showed better
preservation compared with free enzymes, retaining 91% and 82% of their relative activities
after 15 days, respectively (Figure 8c). The results indicated that immobilization increased
the shelf life of an enzyme [42]. The increased stability at 4 ◦C could be attributed to the
rigidity and decreased flexibility of enzymes due to immobilization.

2.9. Enzyme Reusability Analysis

The most important advantage of enzyme immobilization is the ability to reuse the
enzymes. The reusability of enzymes is a decisive factor that significantly governs the
techno-economically viability of any enzyme-driven process. Therefore, under the opti-
mized conditions discussed in the above experiments, the activity of both membranes
was repeatedly investigated (five times) to determine the change in relative activity after
multiple uses. The results revealed that 63% and 53% of the relative activity was retained
for RC-EPI-IDA-Co2+-CelA and RC-EPI-DA-GA-CelA, respectively, after five times of
reuse (Figure 9). The loss of relative activity could be attributed to inadequate binding be-
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tween the enzyme and the support [43]. In previously reported studies, chitosan–cellulase
nanomixtures immobilized in alginate beads retained only 18% activity after five cycles of
reuse [43], whereas 59.42% enzyme relative activity was observed after five cycles when the
cellulase was immobilized on sodium alginate-polyethylene glycol-chitosan [44]. Therefore,
it can be concluded that the immobilization of enzymes on RC-EPI-IDA-Co and RC-EPI-
DA-GA is economically beneficial for the process as the membranes can be reused multiple
times and retain sufficient enzyme activity.

Figure 9. Reusability of RC-EPI-IDA-Co2+-CelA and RC-EPI-DA-GA-CelA enzymes.

2.10. Kinetics Study of Free and Immobilized Enzymes

A kinetic parameter analysis of free and immobilized enzymes was carried out to study
the catalytic rate of enzyme-catalyzed reactions. Free and immobilized enzyme activity was
assayed at different substrate concentrations to determine Km (Michaelis–Menton constant)
and Vmax (maximal velocity). The behavior of enzymes is best described by enzyme
kinetic constants, i.e., Km and Vmax, which are dependent on varying concentrations of
the substrate [45]. Km defines the affinity of an enzyme towards a substrate. A lower
Km value indicates the higher affinity of an enzyme to its substrate and vice versa. Vmax
denotes a maximum rate of enzyme-catalyzed reaction when a substrate is converted into a
product under specific conditions [46]. The Lineweaver Burk plot, depicted in Figure 10,
shows a straight line between substrate concentrations (1/[S]) and reaction velocity (1/[V]).
The Km and Vmax of free and immobilized enzymes were determined by analyzing the
intercepts on the X- and Y-axes of the double reciprocal plot. The results revealed that
immobilized enzymes have better Vmax and Km compared to free enzymes (Table 2).
Among all enzymes, the RC-EPI-IDA-Co2+-CelA enzyme had the lowest Km value, which
indicated its maximum affinity for the substrate, followed by RC-EPI-DA-GA-CelA, and
then the free enzyme. Similar trends of results were found in the case of the Vmax value.
The decrease in the Km value and the increase in the Vmax value of immobilized enzymes
compared to free enzymes could be attributed to the structural changes that occurred in
the enzyme due to immobilization [47]. Moreover, it is speculated that the immobilized
enzyme has the effect of preliminary purification due to IMAM immobilization, which
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eliminates protein impurities, lowers hindrances between the enzyme and the matrix,
and increases affinity. Additionally, as described in Section 2.4, the cobalt ions can boost
the activity of CelA endoglucanase, thereby increasing the maximal reaction rate and
Vmax and making the immobilization approach of IMAMs more effective. The results are
consistent with other studies, wherein the decrease in Km and increase in Vmax values
have been reported for different enzymes immobilized using IMAM/IMAC [47,48]. In our
previous study, the Km value of xylanase immobilized on IMAMs decreased compared to
free enzymes (8.445 mg/mL), with a minimum Km of 1.513 mg/mL for IMAM-Co2+-CipA-
XynCt. Similarly, a maximum Vmax of 3.831 U/mg was achieved for IMAM-Co2+-CipA-
XynCt compared to free enzymes (2.235 U/mg) [22].

Figure 10. Lineweaver Burk plot mapping of free and immobilized CelA endoglucanase.

Table 2. Kinetic parameters of free and immobilized CelA endoglucanase.

Enzymes Vmax (U/mg) Km (mg/mL)

Free enzyme 7.61 51.45
RC-EPI-IDA-Co2+-CelA 15.57 36.14
RC-EPI-DA-GA-CelA 10.85 37.99

2.11. Regeneration of IMAM

The IMAM prepared in this study was a reversible immobilized membrane, and the
catalytic activity of the enzyme immobilized on the membrane decreased with multiple
uses over a longer period of time. Thus, the regeneration of enzyme-immobilized IMAMs is
important, wherein the enzyme and metal ions are desorbed and re-adsorbed again. There
are two proposed approaches commonly applied to regenerate membranes. The use of
imidazole is the most common way to desorb the His-tag target protein in many purification
processes, while the use of ethylenediaminetetraacetic acid (EDTA) can desorb not only
protein but also the chelated metal ion [49]. It can be seen in Figure 11 that the use of 250 mM
imidazole resulted in a drop in relative activity to 38.4% of the original after five times of
regeneration, while with the use of 100 mM EDTA to desorb metal ion, a relative activity of
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51.2% was obtained after five times of regeneration. It is proposed that when the metal ion
membrane is regenerated using the imidazole of EDTA, a thin layer of precipitate is formed
on the IMAM membrane surface. These precipitates are mainly the cell debris and non-
specific protein present in the crude enzyme extract, which adsorbs to the membrane surface.
Although these precipitates do not interfere with metal ion adsorption, they, however, affect
the adsorption capacity of the enzyme due to steric hindrance, resulting in lower enzyme
activity [49]. Therefore, in the regeneration process, various other stripping solutions,
alone or in combination, including EDTA, hydrodrochloric acid (HCl), sodium hydroxide
(NaOH), and binding buffer, were investigated for the removal of precipitated contaminants.

Figure 11. Impact of various stripping solutions on IMAM regeneration.

The combination of HCl or/and NaOH with EDTA sequentially in binding buffer as a
stripping solution resulted in almost the same levels of metal ion and protein adsorption
in the regenerated membrane (Figure 11). In addition, the adsorbed CelA endoglucanase
activity after each regeneration process was almost similar to the original activity. This
indicated that the proposed regeneration methods, by the addition of either HCl or NaOH,
can effectively remove the impurity contaminants on the surface of IMAMs to regenerate a
new IMAM for effective CelA coupling. This is the first report on developing and using
reversible IMAMs as a matrix for recombinant endoglucanase immobilization.
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3. Materials and Methods
3.1. Chemicals, E. coli Strains, and Plasmid Sources

The chemicals used in the study were purchased from Showa (Gunma, Japan), BD
Biosciences (San Jose, CA, USA), Amresco (Solon, OH, USA), Fisher Scientific (San Jose, CA,
USA), Sartorius (Gottingen, Germany), Sigma (St. Louis, MO, USA), BIO-RAD (Hercules,
CA, USA), and Alfa Aesar (Karlsruhe, Germany) and were of analytical grade. An RC
disc film, procured from Sartorius Stedim Biotech, was used as the solidified carrier,
with a diameter of 4.7 cm and a pore size of 0.45 µm. The recombinant endocellulase
(Endoglucanase, CelA) and anchoring region protein (Dockerin, docT) genes used were
provided by the Department of Life Sciences, National Chung Hsing University (Taichung,
Taiwan), and the Biodiversity Research Center, Academia Sinica (BRCAS, Taipei, Taiwan),
respectively. The pET21b-CelA-docT-his plasmid was constructed by gene recombination
technology in our laboratory (Figure S5). Moreover, E. coli DH5α was used as host cells for
gene transformation, and E. coli ER2566 and E. coli BL21 (DE3) were used as host cells for
recombinant protein expression. The source of plasmid and E. coli strains are mentioned in
Table S1.

3.2. Gene Cloning and E. coli Culture

In this study, the endoglucanase (CelA) gene from the cellulosome of Clostridium thermocellum
was expressed in E. coli. The competent cells to be used for transformation were prepared by
using the heat shock method [50]. The procedure was performed under sterile conditions
and at low temperatures. The transformation was achieved by adding plasmid DNA
(pET21b-celA-docT-his) to 100 µL of previously prepared competent cells. The contents
were placed on ice for 30 min, and plasmid was allowed into the channel on the membrane
by calcium ions. After this, the contents were placed in a dry bath at 42 ◦C for 2 min
and immediately placed on ice for 3–5 min. The presence of the targeted gene in the
plasmid DNA was detected by polymerase chain reaction (PCR) using gene-specific primers.
Plasmid DNA from the recombinant cells was extracted using the QIAprep® Spin Miniprep
Kit (QIAGEN, Hilden, Germany) and stored at −20 ◦C. The PCR-amplified product was
subjected to agarose gel electrophoresis for the confirmation of gene fragment size.

3.3. Gene Expression and Enzyme Extraction

After transformation, the bacterial cells were cultured on Luria–Bertani (LB) agar
medium at 37 ◦C. A single colony was inoculated in 10 mL LB broth containing ampicillin
(50 µg/mL) and incubated overnight at 37 ◦C and 200 rpm. For expression, 1% of the
inoculum (O.D600 = 0.6–0.8) to 100 mL was added to the LB broth medium and induced
with IPTG (0.1–0.7 mM). The culture was incubated at 37 ◦C and 200 rpm for 6 h or 15 ◦C
and 200 rpm for 24 h. Protein expression was confirmed with 10% SDS-PAGE.

The harvested broth was subjected to centrifugation at 4 ◦C/8500 rpm for 10 min to
separate the supernatant. The obtained pellet was dissolved in lysis buffer (pH 8.0, 20 mM,
Tris-buffer) solution. The bacterial cells were broken by using an ultrasonic sterilizer at
45% amplitude with a pulse of 30 s on and 30 s off for 10 min. The suspension was then
subjected to centrifugation at 4 ◦C/8500 rpm for 20 min and the supernatant collected was
considered crude CelA enzymes.

3.4. Preparation of IMAMs and Enzyme Immobilization

IMAMs were prepared according to the method of Liu et al. [26]. A piece of the RC
membrane was placed in a glass jar, followed by the addition of 20 mL of 1.4 M NaOH
and 5 mL of EPI (activator). The solution was reacted at 24 ◦C/150 rpm for 12 h. The
membrane was washed three times with deionized water, and 20 mL of 1 M IDA (pH 11)
was added thereafter. The reaction was carried out at 24 ◦C/100 rpm for 12 h. The modified
membrane was washed with deionized water 3 times. Before the chelation of metal ions
to the IMAM membrane, the impact of various metal ions on the enzyme activity of
recombinant free cellulase was determined. Different metal ions, viz., Zn2+, Al3+, Cu2+,
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Ni2+ Fe3+, Mn2+,and Co2+, were used to study their effect on enzyme activity. The metal
ion solution of concentrations of 1, 5, and 10 mM was used. The metal ion with a significant
positive impact on enzyme activity was used to chelate the membrane by soaking the
membrane in 20 mL of metal ion solutions at 25 ◦C for 2 h. The membrane was washed
with deionized water 3 times to obtain IMAMs (Scheme 1). For enzyme immobilization,
20 mL (1.32 mg/mL) crude CelA with an activity of 1.25 U/mL was loaded onto one piece
of IMAM and kept at 4 ◦C for 16 h. The scanning electron microscopy (SEM) images of the
RC membrane before and after immobilization are shown in Figure S6.

3.5. Preparation of RC-EPI-DA-GA Membranes and Enzyme Immobilization

According to the method of Chen et al., a piece of the RC membrane was placed in a
glass jar, 1.4 M NaOH (20 mL) and 5 mL EPI were added, and the reaction was carried out
at 24 ◦C/150 rpm for 12 h [32]. After the reaction, the membrane was washed three times
with deionized water, followed by the addition of 10 mL of 1 M DA (pH 11). The reaction
was carried out at 24 ◦C for 12 h, and the membrane was washed with deionized water
thrice. GA (10 mL of 0.1%, v/v) was used for activating the membrane. The membrane was
incubated with GA at 25 ◦C for 2 h to obtain the RC-EPI-DA-GA membrane (Scheme 2). The
impact of GA concentration and treatment time on enzyme activity was also determined.
The enzyme was immobilized in the same manner as explained above.

3.6. Characterization of Thin Films by FTIR Analysis

The RC membranes before and after modification with EPI and IDA were subjected to
FTIR characterization to directly measure the change in the functional group. FTIR analysis
was carried out by using a Horiba FT-720 spectrometer (Horiba Ltd., Kyoto, Japan). The
spectra (4000–400 cm−1) were recorded with a resolution of 4 cm−1, and 64 scans were
performed per sample.

3.7. Assays

The cellulolytic activity of the enzyme was determined by using carboxymethyl
cellulose sodium salt (CMC) as a substrate. The amount of reducing sugars liberated
was estimated by the 3,5-dinitrosalicylic acid (DNS) method [51]. Precisely, free enzymes
(0.2 mL) and one immobilized membrane were separately mixed with 0.8 mL of 1% CMC
solution and 10 mL of 1% CMC solution, respectively, and incubated in a water bath at
60 ◦C/100 rpm for 10 min. After incubation, the reaction mixture of free enzymes was
mixed with 1 mL DNS, whereas for the immobilized membrane, 1 mL of the hydrolytic
product was taken after incubation and mixed with 1 mL DNS. The reaction mixture was
kept at 100 ◦C for 10 min. The mixture was cooled down after incubation by adding 8 mL
of deionized water, and sugars were quantified by measuring absorbance at 540 nm. The
amount of enzyme required to release one micromole of glucose per min was defined as
one unit (IU) of enzyme activity. The protein estimation was done using the Bradford assay,
with bovine serum albumin (BSA) as the standard [52].

3.8. Effect of pH and Temperature

The optimum pH of free and immobilized enzymes was estimated. The enzymes
were incubated with CMC substrate prepared at varying pH values, i.e., pH 4–9, using
Britton–Robinson buffer. The reaction was executed at 60 ◦C/100 rpm for 10 min, and then,
enzyme activity was evaluated. The pH stability of the enzyme was also studied. Free and
immobilized enzymes were pre-incubated at pH 4–9 for 2 h at 4 ◦C, followed by cellulase
activity analysis. Similarly, optimum temperatures of free and immobilized enzymes were
also assessed. The enzyme was incubated with CMC substrate (pH 6), and the reaction was
executed at different temperatures (50–90 ◦C) and 100 rpm for 10 min, followed by enzyme
activity analysis. For the thermo-stability analysis, free and immobilized enzymes were
pre-incubated at temperatures of 50–90 ◦C for 1 h at pH 6, followed by cellulase activity
analysis. Enzyme storage stability was also evaluated. Free and immobilized enzymes
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were stored at 4 ◦C for 5, 10, and 15 days and an enzyme activity assay was performed.
The ratio of the enzyme’s activity to the maximum activity was used to determine the
relative activity.

3.9. Kinetic Analysis

The Michaelis–Menten kinetic constant, i.e., Km and the maximal velocity rate Vmax,
was calculated for the free and immobilized enzymes using the Lineweaver Burk double
reciprocal plot. The free and immobilized enzymes were allowed to react with varying
CMC substrate concentrations. The activities obtained at different substrate concentrations
were used to plot the Michaelis–Menten equation double reciprocal graph (Equation (1)).
The linear relationship on this plot was used to calculate the maximum reaction rate (Vmax)
and the Michaelis–Menten constant (Km).

1
V0

=

(
Km

Vmax

)(
1
S0

)
+

1
Vmax

(1)

where S0 is the initial concentration of the substrate; V0 is the initial rate of the reaction; Km
is the Michaelis–Menten constant; Vmax is the maximum rate of reaction.

3.10. Reusability Study for Immobilized CelA

To test the reusability of the immobilized CelA, a disc of the prepared CelA membrane
was used. Prior to each reusability cycle, the membrane was taken out of the reaction
mixture and washed twice with PBS buffer. The reaction conditions and the residual CelA
activity on the membrane were determined according to the methods listed in Section 3.7.
The relative activity was calculated as the ratio of the residual CelA activity after each use
to that of the original activity.

3.11. IMAM Regeneration

The removal of immobilized enzymes and coupled metal ions is imperative for the
regeneration of the IMAM membrane. Various stripping solutions, viz., EDTA, HCl, NaOH,
and binding buffer, were used, and the feasibility of stripping using different agents was
investigated. The membrane regeneration with imidazole was carried out by washing
the membrane thrice with deionized water and soaking it in 10 mL of 250 mM imidazole
solution for 30 min, followed by rinsing twice with phosphate buffer (PB, 25 mM, pH 8).
For stripping with EDTA alone, the membrane was subjected to washing with deionized
water three times and soaked in 10 mL, 100 mM EDTA for 1 h. It was then rinsed twice
with phosphate buffer (25 mM, pH 8). Membrane regeneration using EDTA sequentially
combined with HCL and/or NaOH was also executed. For EDTA + HCl, treatment with
100 mM EDTA was carried out, as explained above, followed by immersing the membrane
in 10 mL 0.5 M HCl for 10 min and then washing twice with deionized water. Similarly, for
EDTA + NaOH, after soaking the membrane in 100 mM EDTA and washing, it was dipped
in 10 mL 0.5 M NaOH for 10 min. For regeneration using combined EDTA + HCl + NaOH,
the membrane was sequentially treated with each chemical, as explained above, and
washed twice after every treatment. Finally, to complete the regeneration process for each
treatment, the membrane was soaked in 10 mL binding buffer (300 mM NaCl, 25 mM PB
buffer, pH 8) for 20 min [49]. The regeneration efficiency was evaluated by coupling metal
ions and immobilizing the enzyme again to the membrane, as described in Section 3.4, after
regenerating the membrane with different solutions, alone or in combination.

4. Conclusions

The current study is the first to report the immobilization of recombinant endoglu-
canase (CelA) on RC membranes modified using two different approaches, i.e., RC-EPI-
IDA-Co2+ (IMAM) and RC-EPI-DA-GA. FTIR analysis revealed the successful modification
of the RC membrane using EPI-IDA and DA-GA. The immobilization improved the temper-
ature (50–90 ◦C) stability of the enzyme compared to free enzymes, whereas the pH (4–9)
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stability of free and immobilized enzymes was similar as both displayed approximately
80% relative activity. Enzyme immobilization aided in enzyme reusability, which is a
crucial factor in maintaining the economic sustainability of the process. The immobilized
enzyme was effectively used for five cycles, with 63% and 53% of relative activity for
RC-EPI-IDA-Co2+-CelA and RC-EPI-DA-GA-CelA, respectively. Moreover, the coupling of
Co2+ ions on the IMAM increased the enzyme activity and preliminary purification due to
the RC-EPI-IDA-Co2+-CelA immobilization, leading to a 3.19-fold purification, followed
by RC-EPI-DA-GA-CelA (1.54-fold purification). In comparison with free enzymes, the
enzyme immobilized on the membrane had better kinetic characteristics (Km and Vmax).
An effective five-times regeneration of RC-EPI-IDA-Co2+ was achieved with almost 100%
activity. Although both approaches of immobilization improved enzyme characteristics and
efficacy, RC-EPI-IDA-Co2+ showed a better performance than the RC-EPI-DA-GA-modified
membrane for CelA immobilized with respect to purification and reusability. Therefore,
IMAM immobilization emerges as a potential approach for increasing enzyme efficacy
and reusability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12111356/s1, Figure S1: DNA electropherogram of pET21b-
CelA-his plasmid in E. coli BL21 (a) and E. coli ER2566 (b), confirmed by gene cleavage. Lane M:
1 Kb marker; Lane 1–3: CelA digested with Nde I and Xho I, Figure S2: Effects of different metal
ions on the activity of CelA endoglucanase enzyme, Figure S3: Effect of GA treatment time on CelA
endoglucanase activity, Figure S4: SDS-PAGE electrophoresis of the His-tag-purified CelA. Lane
M: marker (kDa); Lane 2: crude CelA; Lane 3: purified CelA, Figure S5: pET21b-CelA-docT gene
construction; Figure S6: SEM micrographs of IMAM RC membrane (a) before (b) after immobilization;
Table S1: Escherichia coli strains and plasmids used in the study.
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Abstract: Endo-1,4-β-xylanase catalyzes the random hydrolysis of β-1,4-D-xylosidic bonds in xylan,
resulting in the formation of oligomers of xylose. This study aims to demonstrate the promise
of endoxylanases from alkaliphilic Bacillus halodurans for the production of xylooligosaccharides
(XOS) from oil palm empty fruit bunch (EFB) at high pH. Two enzyme preparations were employed:
recombinant endoxylanase Xyn45 (GH10 xylanase) and nonrecombinant endoxylanases, a mixture of
two extracellular endo-1,4-β-xylanases Xyn45 and Xyn23 (GH11 xylanase) produced by B. halodurans.
EFB was first treated with an alkaline solution. Then, the dissolved xylan-containing fraction was
retained, and a prepared enzyme was added to react at pH 8 to convert xylan into XOS. Compared
with the use of only Xyn45, the combined use of Xyn45 and Xyn23 resulted in a higher yield of XOS,
suggesting the synergistic effect of the two endoxylanases. The yield of XOS obtained from EFB was
as high as 46.77% ± 1.64% (w/w), with the xylobiose-to-xylotriose ratio being 6:5. However, when the
enzyme activity dose was low, the product contained more xylotriose than xylobiose. Four probiotic
lactobacilli and bifidobacteria grew well on a medium containing XOS from EFB. The presence of
XOS increased cell mass and reduced pH, suggesting that XOS promoted the growth of probiotics.

Keywords: endo-1,4-β-xylanases; xylooligosaccharides (XOS); empty fruit bunch (EFB);
Bacillus halodurans; xylan

1. Introduction

The alkaliphilic Bacillus halodurans can secrete enzymes to break down insoluble xylan,
the main component of hemicellulose, into a carbon source for cell growth. According
to the whole-genome sequencing data of B. halodurans C-125 [1], this alkaliphilic bac-
terium can synthesize endo-β-1,4-xylanase, acetylxylan esterase, α-L-arabinofuranosidase,
α-glucuronidase, β-xylosidase, xylan β-1,4-xylosidase, and a reducing-end xylose-releasing
exo-oligoxylanase to completely utilize xylan. During its growth on xylan-containing
substrates, B. halodurans induces the production of some xylanolytic enzymes and their
subsequent secretion into the environment; however, some enzymes are bound by cells [2,3].
Among xylanolytic enzymes, two isozymes of endo-β-1,4-xylanase are considered extracel-
lular because they contain signal peptides. Our previous study indicated that B. halodurans
BCRC 910501 can synthesize extracellular endo-1,4-β-D-xylanases, which are highly active
and could effectively hydrolyze xylan extracted from various types of agricultural waste
to produce xylo-oligosaccharides (XOS). These extracellular enzymes have potential for
industrial application and are suitable for use in free and immobilized forms [4].

Endo-1,4-β-xylanase (EC 3.2.1.8) is an enzyme belonging to the class of glycoside hy-
drolases and catalyzes the random hydrolysis of β-1,4-D-xylosidic bonds within xylan [5].
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Two endo-1,4-β-xylanases purified from B. halodurans BCRC 910501 had molecular weights
of 45 and 23 kDa, respectively, and at 37 ◦C, they exhibited enzymatic activity over the
pH range 5.0–11.0 [6]. This bacterium was previously named Bacillus firmus [6,7], but later
reidentified as B. halodurans on the basis of the findings of 16S rDNA gene sequencing. The
two cellulase-free endoxylanases are abbreviated Xyn45 and Xyn23, respectively, due to
their molecular weights. Xyn45 belongs to glycoside hydrolase family 10 (GH10), which is
characterized by high molecular weight and low pI. Xyn23 belongs to family 11 (GH11),
which is characterized by low molecular weight and high pI [7]. These enzymes cause the
cleavage of glycosidic bonds inside the xylan backbone, reducing the degree of polymer-
ization of substrates and releasing xylose, with the main product being XOS [8–10]. The
breakdown of xylan by endoxylanases mainly leads to the production of xylobiose and
xylotriose [9]. Because of its relatively large molecular size, the endoxylanase of GH10 is
more capable of attacking the nonreducing end of the glycosidic bond than that of GH11.
The amino acid sequences of Xyn45 and Xyn23 are identical to those encoded by two
endoxylanase genes in B. halodurans C-125: BH2120 and BH0899, respectively [11]. The
gene (BH0899) encoding a GH11 xylanase from B. halodurans strain C-125 was overexpressed
in Kluyveromyces lactis [12]. A cellulase-free GH11 endo-1,4-β-xylanase with a molecu-
lar mass of 24 kDa, as determined through sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE), was identified in B. halodurans PPKS-2 [13]. However, this
endoxylanase exhibited maximal activity at pH 11 and 70 ◦C, which are slightly different
from the conditions for maximal activity of the enzyme of B. halodurans BCRC 910501 [7].

Endoxylanases are key enzymes in the production of prebiotic XOS from biomass. XOS
have varying degrees of polymerization (DP). They are oligomers composed of 2–10 xylose
units through β-1,4-xylosidic linkages, and they are called xylobiose (DP2), xylotriose (DP3),
xylotetraose (DP4), and so on depending on the number of xylose residues they contain.
XOS can be produced from lignocellulosic biomass through alkaline extraction of xylan and
subsequent enzymatic hydrolysis. Breaking the internal β-1,4-xylosidic bonds of xylan by
enzymatic and/or chemical hydrolysis leads to XOS formation. Although some chemical
methods are available for producing XOS [14], such as nonisothermal autohydrolysis
treatment at elevated temperature, the enzymatic method is preferred in the food industry
because it produces no undesirable side reactions or products [15]. Oil palm empty fruit
bunch (EFB) is a type of lignocellulosic biomass produced in a large quantity during the
production of palm oil; it accounts for approximately 20% of the byproducts produced
during palm oil production [16]. In addition to cellulose and lignin, hemicellulose with
xylan is the main component of EFB. The proportion of dry biomass in EFB varies widely,
ranging from 14.62% to 33.6% (Table 1) [17–21].

Table 1. Chemical composition of EFB.

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%) Ash (%) Extractive

(%) References

37.26 14.62 31.64 6.69 1.34 [17]

35.8 19.9 * 32.1 - - [18]

59.7 22.1 18.1 - - [19]

47.6 28.1 13.1 - - [20]

28.3 36.6 35.1 - - [21]
*, counted xylan only; -, not determined.

Endoxylanases from Thermomyces lanuginosus have been used to produce XOS from
EFB [22,23]. Before enzymatic hydrolysis by an immobilized enzyme in a packed bed
column reactor for XOS production, xylan was extracted from EFB in one study by using
a complex process. Alkaline extraction (12% NaOH) of EFB was performed in combina-
tion with steam explosion for prolonged treatment at elevated temperature (120 ◦C, 2 h),
followed by further hydrolysis at 25 ◦C for 16 h. Finally, xylan was precipitated from the

45



Catalysts 2023, 13, 39

neutralized crude hydrolysate by using isopropanol [22]. In another process, a two-step
chemical treatment was employed to recover the hemicellulose-rich fraction of EFB. EFB
fibers were sequentially treated with peracetic acid and alkaline peroxide. Peracetic acid
treatment removed approximately 50% of its lignin. The subsequent alkaline peroxide
treatment recovered hemicellulose with xylan for enzymatic hydrolysis [23]. The present
study explored the use of B. halodurans endo-1,4-β-xylanases to produce XOS from EFB,
which was enzymatically reacted at high pH only after being subjected to alkali treatment.

This study determined whether XOS obtained from EFB can promote probiotic growth.
Prebiotics are nondigestible food ingredients that can modulate microbiota to provide
health benefits to the host. Moreover, prebiotics are considerably effective and essential
for many medical applications. They do not contribute to the body’s nutrition and are
not absorbed but exert a profound effect on human gut flora. Prebiotics, such as XOS,
can promote probiotic growth and enhance the function of probiotics to ensure a healthy
balance [24]. Prebiotics could stimulate the growth of Bifidobacterium and Lactobacillus in the
human intestine [25]. The main characteristics of XOS are heat resistance, acid and alkali
resistance, sweet taste, and low calories. Moreover, XOS are not decomposed by bacteria in
the oral cavity to produce acidic substances and cause tooth decay [26]. Recently, XOS have
been recognized as novel non-digestible oligosaccharides widely used as a functional food
ingredient or supplement. The global market for prebiotic XOS is growing rapidly due to
their wide application in animal feed, human food additives, and medicine [27]. Given the
growing global demand for prebiotics, a cost-effective method for producing XOS from
various xylan-rich biomasses, including EFB, should be developed. The objective of this
study was to confirm a reliable enzyme source for the efficient production of XOS from
EFB. Since alkaline solutions are commonly used to dissolve xylan in EFB as a substrate,
it is expected that enzymes can be applied preferentially at higher pH values. Xyn45 and
Xyn23 from alkaliphilic B. halodurans are thus advantageous for XOS production.

2. Results
2.1. Production of Endo-1,4-β-Xylanases

B. halodurans BCRC 910501 was grown in Emerson medium containing both xylan
and XOS, and endo-1,4-β-xylanases were synthesized and secreted into the medium. SDS–
PAGE of extracellular proteins revealed bands corresponding to the endoxylanases Xyn45
and Xyn23, which have molecular masses of 45 and 23 kDa, respectively (Figure 1). Xy-
lan can be extracted from agricultural waste, such as pineapple peel. Sodium hydroxide
treatment destroyed the structure of lignocellulose and dissolved lignin and hemicellulose.
Then, xylan was precipitated through soaking the alkali-soluble part in alcohol. XOS
(including xylobiose and xylotriose) were obtained after enzymatic hydrolysis of xylan by
endoxylanase, and both xylan and XOS could be used as substrates on which B. halodu-
rans could synthesize endoxylanases. The xylanase activity per unit volume induced by
pineapple peel xylan (0.5%, w/w) was 50.8 U/mL.

XOS containing mainly xylobiose and xylotriose induced the production of endoxy-
lanases, and the yield of the enzyme could be improved, irrespective of the increase in the
amount of xylobiose or xylotriose. To prepare the induction agent, the product generated
through alkali treatment, alcohol precipitation and the enzymatic reaction of pineapple peel
was filtered through a hollow fiber membrane to obtain a solution containing xylobiose
(DP2) and xylotriose (DP3). The xylanase activity per unit volume increased to 135.6 U/mL
after 5 days of incubation with 0.5% xylan plus 0.57% XOS (0.5% DP2 and 0.07% DP3; the
xylan-DP2-DP3 ratio of 1:1:0.14 in Table 2). The specific activity was 106.1 U/mg protein.
However, the production of enzymes with more XOS above this level led to reduced activity.
Although the amount of protein decreased only slightly, the activity declined to 121.2 U/mL
when the proportion of XOS was increased from 0.57% to 0.63% (0.5% DP2 and 0.13% DP3;
the xylan-DP2-DP3 ratio of 1:1:0.26). Thus, an appropriate amount of XOS should be used
as an inducer because bacteria can take up xylobiose and xylotriose and hydrolyze them
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into xylose. Once the intracellular xylose concentration has increased, bacteria no longer
secrete enzymes.
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Figure 1. SDS–PAGE gel image of extracellular proteins produced by B. halodurans. Lane M
is the marker (PageRuler prestained protein ladder), lane 1 is the extracellular protein induced
by the combination of xylan and xylo-oligosaccharides, and lanes 2 and 4 are those induced by
xylo-oligosaccharides.

Table 2. Concentration and activity of extracellular proteins induced by B. halodurans with xylan and
xylo-oligosaccharides (DP2 and DP3).

Inducer
(Xylan:DP2:DP3) * 1:0:0 1:0.15:0.04 1:0.28:0.04 1:1:0.04 1:1:0.14 1:1:0.26

Protein concentration
(mg/mL) 1.03 ± 0.04 0.85 ± 0.02 0.88 ± 0.04 1.09 ± 0.25 1.27 ± 0.02 1.25 ± 0.08

Activity (U/mL) 50.8 ± 9.3 85.1 ± 4.5 89.1 ± 49.5 127.2 ± 54.4 135.6 ± 27.8 121.2 ± 15.8

Specific activity (U/mg) 49.6 ± 11.0 100.8 ± 7.5 102.1 ± 60.1 114.4 ± 41.1 106.1 ± 20.1 96.5 ± 11.6

* The mass ratio of xylan, DP2 and DP1 is based on 0.5% as a unit.

Recombinant endo-1,4-β-xylanase Xyn45 was produced using the bacterium harboring
the plasmid-containing gene of Xyn45, Escherichia coli BL21(DE3)-pET29a(+)-xyn45. After
induction with isopropyl β-D-1-thiogalactopyranoside (IPTG), the recombinant bacterium
overexpressed the target protein Xyn45 and secreted it into the medium, suggesting that the
original signal peptide from B. halodurans performed well in E. coli. When the recombinant
E. coli was induced with 0.2 mM IPTG at 25 ◦C for 18 h, the harvested fermentation broth
contained 0.21 mg/mL of protein and exhibited xylanase activity per unit volume of
52.1 U/mL, corresponding to specific activity of 240.2 U/mg.

2.2. XOS Production

XOS production was divided into two major steps. First, xylan was extracted from
EFB through alkaline pretreatment. Second, the supernatant (the mixture of hemicellulose
and lignin) obtained from the alkaline pretreatment was used to produce XOS through en-
zymatic hydrolysis. When the recombinant endo-1,4-β-xylanase Xyn45 produced by E. coli
BL21 harboring the plasmid pET29a(+)-xyn45 was used as the catalyst, the concentration
of xylobiose increased with the reaction time (Figure 2). When the xylotriose concentration
increased at the beginning and then decreased in the fourth hour, it was degraded into
xylobiose and xylose. After reaction for 48 h, the yield of XOS was 19.58% ± 0.52%, with a
xylobiose-to-xylotriose ratio of 10:3.
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Figure 2. Time course of XOS production from EFB when using the recombinant endo-1,4-β-xylanase
Xyn45. The enzyme dose was 0.5 U/mL. Each error bar represents the standard deviation of tripli-
cate experiments.

When extracellular endo-1,4-β-xylanases (a mixture of Xyn45 and Xyn23) produced by
wild-type B. halodurans were used on the basis of the same activity dose, the time course of
XOS production was different. As illustrated in Figure 3, the concentrations of xylobiose and
xylotriose increased with time from the beginning to the end of the reaction. A comparison
of Figures 2 and 3 indicates that combined use of the endo-1,4-β-xylanases Xyn45 and
Xyn23 was more efficient than use of the single endo-1,4-β-xylanase Xyn45. Because of its
steric effect, Xyn45 could not cleave bonds in the internal xylan chain. However, Xyn23
could cleave bonds in the internal xylan chain. The highest yield of XOS (38.15% ± 1.30%)
with a xylobiose-to-xylotriose ratio of 5:6 was obtained at 48 h through enzymatic action of
the mixed endoxylanases Xyn45 and Xyn23.
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When a mixture of extracellular Xyn45 and Xyn23 produced by B. halodurans was
used, the time course of XOS production varied depending on the dosage of the enzyme.
When a low dose was used (0.5 U/mL), the concentrations of both xylobiose and xylotriose

48



Catalysts 2023, 13, 39

increased with time up to 48 h (Figure 3). However, use of a high dose (2 U/mL) resulted
in higher total concentrations of xylobiose and xylotriose (Figure 4). As presented in
Figure 4, the concentrations of xylobiose and xylose increased with time because soluble
high-DP xylo-oligomers were gradually degraded into low-DP oligomers. The xylotriose
concentration increased from the beginning of the reaction to the 24th hour and then
decreased because it was degraded to produce xylobiose and xylose. A comparison of
Figures 3 and 4 indicates that due to the higher dosage of the enzyme, the reaction speed of
the latter (Figure 4) was faster than the former (Figure 3). The yield of XOS (xylobiose and
xylotriose) was highest after 24 h of reaction, reaching 46.77% ± 1.64% (w/w). The ratio of
xylobiose to xylotriose was 6:5.
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Figure 4. Time course of XOS production from EFB when using nonrecombinant endo-1,4-β-xylanases.
The enzyme dose was 2 U/mL. Each error bar represents the standard deviation of triplicate experiments.

2.3. Promotion of the Growth and Metabolism of Bifidobacteria and Lactobacillus

The growth of Bifidobacterium animalis, Bif. catenulatum 14667, Lactobacillus plantarum
10069, and L. acidophilus NCFM on deMan, Rogosa, and Sharpe (MRS) medium was exam-
ined by measuring the optical density (OD) at 600 nm and the pH value. All Bifidobacteria
and Lactobacillus species grew well on the MRS medium (Supplemental Table S1). L. plan-
tarum 10069 had the highest growth rate on the MRS medium within 72 h, resulting in
the maximum OD600 of 1.551 ± 0.008 and the lowest pH of 3.73 ± 0.02, followed by Bif.
catenulatum 14667, L. acidophilus NCFM, and Bif. animalis.

Supplemental Table S2 presents the ability of Bif. animalis, Bif. catenulatum 14667,
L. plantarum 10069, and L. acidophilus NCFM to ferment glucose as a carbon source in
the MRS medium. L. plantarum 10069 had the highest growth rate on the MRS medium
containing 2% (w/v) glucose in 72 h, resulting in a maximum OD600 of 1.543 ± 0.002 and
the lowest pH of 3.41 ± 0.01, followed by Bif. catenulatum 14667, L. acidophilus NCFM, and
Bif. animalis.

Supplemental Table S3 presents results obtained when XOS (originally 34.2 g/L with
a xylobiose-to-xylotriose ratio of 6:5) from EFB instead of glucose in the MRS medium was
fermented by Bif. animalis, Bif. catenulatum 14667, L. plantarum 10069, and L. acidophilus
NCFM. L. plantarum 10069 had the highest growth rate on MRS medium containing 2%
(w/v) XOS from EFB in 72 h, resulting in the maximum OD600 of 1.691 ± 0.007 and the
lowest pH of 4.02 ± 0.01, followed by Bif. catenulatum 14667, L. acidophilus NCFM, and
Bif. animalis.

Figure 5 presents the comparison of ∆OD600 and ∆pH for Bifidobacteria and Lactobacillus
growth. The four bacterial strains grew well on the MRS medium containing XOS from EFB.
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Compared with glucose as a supplemented carbon source, XOS resulted in a higher OD
and lower pH. Among the four bacteria, L. plantarum 10069 exhibited the highest growth
rate and maximum pH decrease on all the media, followed by Bif. catenulatum 14667,
L. acidophilus NCFM, and Bif. animalis. The maximum ∆OD600 of 1.28 and ∆pH of −3.05
were obtained by cultivating L. plantarum 10069 on the MRS medium containing XOS from
EFP for 72 h. The decline in pH in the culture of the probiotic strains was attributed to
the production of short-chain fatty acids. The findings indicated that the prepared XOS
enhanced the growth of all the examined probiotic stains.

Catalysts 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

 

 
Figure 5. Biomass increment (∆OD600) and pH decline (∆pH) of Bifidobacteria and Lactobacillus cul-
tured in MRS medium without and with glucose or XOS for 72 h. Each error bar represents the 
standard deviation of triplicate experiments. 

3. Discussion 
Enzymes obtained from Bacillus strains are not only of academic but also industrial 

importance. The alkaliphilic B. halodurans C-125 was identified as a xylanase producer in 
1985 [28]. The results of the present study revealed that wild-type B. halodurans BCRC 
910501 produced two extracellular endo-1,4-β-xylanases, which were active under alka-
line conditions and converted lignocellulosic xylan into xylo-oligomers. In Bacillus and 
other Gram-positive bacteria, the expression of extracellular xylanases is subject to carbon 
catabolite repression, a regulatory mechanism by which the expression of several catabo-
lite genes and others are repressed in the present metabolizable carbon source, such as 
glucose, fructose, and mannose. For example, there is a report on glucose catabolite re-
pression on the expression of xylanase gene (xynA) in B. stearothermophilus [29]. Expression 
of extracellular xylanase was repressed in a medium containing glucose, suggesting that 

0.80
0.90
1.00
1.10
1.20
1.30
1.40

MRS MRS+Glucose MRS+XOS(EFB)

ΔOD600 value

B. animalis B. catenulatum 14667
L. plantarum 10069 L. acidophilus NCFM

-3.50

-2.50

-1.50

-0.50

0.50
ΔpH value

B. animalis B. catenulatum 14667
L. plantarum 10069 L. acidophilus NCFM

Figure 5. Biomass increment (∆OD600) and pH decline (∆pH) of Bifidobacteria and Lactobacillus
cultured in MRS medium without and with glucose or XOS for 72 h. Each error bar represents the
standard deviation of triplicate experiments.

3. Discussion

Enzymes obtained from Bacillus strains are not only of academic but also industrial
importance. The alkaliphilic B. halodurans C-125 was identified as a xylanase producer
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in 1985 [28]. The results of the present study revealed that wild-type B. halodurans BCRC
910501 produced two extracellular endo-1,4-β-xylanases, which were active under alka-
line conditions and converted lignocellulosic xylan into xylo-oligomers. In Bacillus and
other Gram-positive bacteria, the expression of extracellular xylanases is subject to carbon
catabolite repression, a regulatory mechanism by which the expression of several catabolite
genes and others are repressed in the present metabolizable carbon source, such as glucose,
fructose, and mannose. For example, there is a report on glucose catabolite repression on
the expression of xylanase gene (xynA) in B. stearothermophilus [29]. Expression of extra-
cellular xylanase was repressed in a medium containing glucose, suggesting that carbon
catabolite repression plays a role in regulating xynA [30]. Thus, in this study, we used a
glucose-free medium for the production of endoxylanases by B. halodurans. Either xylan or
XOS were present in the medium as the inducer for the expression of Xyn45 and Xyn23.
The end-xylanases Xyn45 and Xyn23 with molecular weights of 45 and 23 kDa, respectively,
were both secreted into the extracellular space by the wild-type bacterium B. halodurans.
Short XOS, xylobiose (DP2) and xylotriose (DP3), effectively induced the expression of
endoxylanases (Table 2). Moreover, the results revealed that the induction of xylobiose
was slightly better than that of xylotriose. Although studies have extensively determined
the utilization of xylan by cells and carbon catabolite repression in B. subtilis [31–34], the
regulatory mechanisms of endoxylanase genes are not yet fully understood. For example,
the presence of a cis-acting catabolite responsive element in endoxylanase genes in B. halo-
durans and the interaction of this element with the global transcription regulator should
be evaluated.

Although both Xyn45 and Xyn23 catalyzed hydrolysis of the linear polysaccharide
β-1,4-xylan, the product patterns were slightly different. The endoxylanase in the GH10
class is usually called XynA [35]. The GH10 endoxylanase from B. halodurans BCRC 910501,
named Xyn45, was stable over a wide pH range, including under neutral and alkaline con-
ditions, similar to the endoxylanases from B. halodurans TSEV1 [36] and B. halodurans S7 [37].
To obtain more benefits, the endoxylanase gene should not be overexpressed in its native
host cell due to the carbon catabolite repression described previously. Thus, we constructed
recombinant-strain E. coli BL21(DE3)-pET29a(+)-xyn45 to overexpress the endoxylanase
Xyn45. Higher specific activity of xylanase was achieved using recombinant bacterial cells
(240.2 U/mg) compared to wild-type B. halodurans (114.4 U/mg, the maximum value in
Table 2).

EFB is a rich source of hemicellulose, which can be extracted through alkaline pre-
treatment. Endoxylanases were used to generate XOS by hydrolyzing xylan chains, that is,
hemicellulosic polysaccharides, in EFB. When GH10 Xyn45 [recombinant protein produced
by E. coli BL21(DE3)-pET29a(+)-xyn45] was used alone, due to its large molecular size, it
mainly acted on the ends of xylan chains. Thus, the reaction began with the generation of
xylobiose and xylotriose. This is similar to the finding that XynA (a GH10 endoxylanase) in
B. halodurans S7 mainly resulted in the production of xylobiose and xylotriose unless the
reaction was performed at high temperature, such as 65 ◦C [38]. With an increase in time,
some xylotriose was further hydrolyzed into xylose and xylobiose, and more xylobiose was
produced due to the hydrolysis of terminal xylan chains. Thus, the major reaction product
was xylobiose. However, at the same activity dose (0.5 U/mL) of nonrecombinant endo-
1,4-β-xylanases (a mixture of Xyn45 and Xyn23 produced by B. halodurans), the product
distribution was considerably different. In addition to the cleavage of xylan chain ends
by GH10 Xyn45 to yield xylobiose and xylotriose, the action of GH11 Xyn23 generated
oligomers, including xylotriose, through cleavage in the middle of xylan chains. Therefore,
xylotriose was the main reaction product. As revealed in the literature, a synergistic effect
could be observed in a 48 h hydrolysis experiment, and the degradation efficiency (reducing
sugar generation) of the double enzyme was higher than that of the single enzyme [39].
Because of the synergistic effect of Xyn45 and Xyn23, the overall yield of XOS (the sum of
xylobiose and xylotriose) after reaction for 48 h was higher than that obtained when using
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a single enzyme (Xyn45). Using a mixture of enzymes nearly doubled the yield of XOS
compared to using a single enzyme.

The results indicated that the reaction rate was proportional to the activity-based
enzyme dose. When the dose of nonrecombinant endo-1,4-β-xylanases was increased from
0.5 to 2 U/mL, the formation of xylobiose and xylotriose was accelerated. At the 12th
hour of the reaction, the concentration of xylobiose began to exceed the concentration
of xylotriose, and this phenomenon was observed until the end of the reaction because
xylotriose was hydrolyzed into xylose and xylotriose. At the end of the reaction, we
discovered improved yield of XOS and more xylobiose than xylotriose. These experimental
results indicate that by appropriately controlling the enzyme dosage and reaction time,
the distribution of products can be manipulated and the yield of xylose as a byproduct
can be kept very low. After 48 h of reaction, the concentrations of xylose were respectively
0.195 ± 0.004 g/L, 0 g/L, and 0.156 ± 0.034 g/L, corresponding to the data in Figures 2–4.

XOS are prebiotics that confer a health benefit on hosts by modulating microbiota.
XOS can reduce intestinal pathogens, blood cholesterol, triglycerides, and glucose and
can enhance antioxidant activity. Enhancement of the growth and metabolic activity
of prebiotic bacteria can be quantified by an increase in OD and a decrease in pH. The
decline in pH can be due to the production of short-chain fatty acids, the main metabolites
produced by probiotics. The four probiotic bacteria investigated in this study—Bif. animalis,
Bif. catenulatum 14667, L. plantarum 10069, and L. acidophilus NCFM—grew well on MRS
medium containing XOS from EFB. Among them, L. plantarum 10069 exhibited the highest
growth on the XOS-containing medium. Similarly, XOS were tested as a prebiotic for two
probiotic bacteria, and XOS more efficiently enhanced the growth of L. plantarum WU-P19
than that of Bif. bifidum TISTR 2129 [23]. The ability of Lactobacillus strains to compete with
other gut bacteria can be determined by examining their XOS utilization pattern [40]. In
summary, XOS caused an increase in cell mass (OD) and a decrease in pH, suggesting that
XOS enhanced the growth of all the studied probiotic strains. XOS from other types of
lignocellulose waste have been demonstrated to exert similar prebiotic effects [41–43].

4. Materials and Methods
4.1. Preparation of Nonrecombinant Endoxylanases

Two types of enzymes were prepared in this study: (1) nonrecombinant endo-1,4-
β-xylanases (a mixture of Xyn45 and Xyn23) produced by wild-type B. halodurans and
(2) recombinant endo-1,4-β-xylanase Xyn45.

To produce the mixture of nonrecombinant endoxylanases, B. halodurans BCRC 910501
was grown on xylan-containing medium to induce the production of extracellular proteins.
An inoculum was prepared by growing the bacterium in 5 mL of basal salt medium
(composed of 1 g/L K2HPO4, 5 g/L NaCl, 0.2 g/L MgSO4·7H2O, 5 g/L peptone, 2 g/L
yeast extract, and 10 g/L glucose) at 37 ◦C for 16 h. Then, 5 mL of the precultured
bacterial solution was poured into 100 mL of glucose-free Emerson medium (composed of
1 g/L K2HPO4, 0.2 g/L MgSO4·7H2O, 5 g/L peptone, and 5.5 g/L yeast extract; pH 10)
supplemented with xylan or a mixture of xylan and XOS from pineapple peel as the sole
carbon source. The culture was grown at 37 ◦C with shaking at 175 rpm for 5 days. Then, the
fermentation broth was centrifuged, and the obtained supernatant contained extracellular
proteins secreted by bacterial cells into the culture medium.

Xylan was prepared from pineapple peel through alkaline pretreatment followed by
ethanol precipitation. Briefly, pineapple peel waste was soaked in 4% sodium hydroxide
solution at a solid-to-liquid ratio of 1:15 (w/v) in an incubator; the waste was incubated
at 30 ◦C with shaking at 100 rpm for 24 h. Subsequently, after centrifugation at 2560× g
to separate the precipitate out of the solution, the supernatant was adjusted to pH 7 by
using concentrated hydrochloric acid. Three volumes of 95% ethanol were added to the
supernatant, and the mixture was placed in a refrigerator at 4 ◦C. After 24 h, the sample was
centrifuged to separate the precipitate (hemicellulose) from the solution. The precipitate
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(xylan) was dried in an oven and then used to induce the production of endoxylanases by
B. halodurans.

Combinations of xylan and XOS containing certain amounts of xylobiose and xy-
lotriose were also used for the induction of endoxylanases. To produce xylobiose and
xylotriose, xylan obtained from pineapple peel was hydrolyzed using the recombinant
endoxylanase Xyn45 (prepared in accordance with the protocol described in the next sec-
tion). Hemicellulose (xylan) from pineapple peel was mixed with 100 mM Tris HCl buffer
(pH 8.0) to obtain 2% (w/w) hemicellulose solution. Then, 2 U/mL Xyn45 was added, and
the reaction was conducted at 50 ◦C in a water bath with shaking at 50 rpm for 24 h. Subse-
quently, the reaction mixture was placed in a water bath at 100 ◦C for 5 min to inactivate
the enzyme and then centrifuged at 2560× g at 25 ◦C for 20 min. The supernatant was
filtered using a 0.22-µm filter to yield XOS solution. After it was decolorized using the
anion exchange resin HYDROLUX S5458, the XOS solution was ultrafiltered through a 1-kD
hollow fiber membrane to a tenth of the original volume of the filtrate. High-DP oligomers
and unhydrolyzed xylan were removed from the XOS solution. Finally, the filtrate was
concentrated in a vacuum concentrator, and the concentration of each oligosaccharide in it
was measured through high-performance liquid chromatography (HPLC) performed on a
Rezex RSO-Oligosaccharide Ag+ 4% column (Phenomenex, Torrance, CA, USA).

4.2. Preparation of Recombinant Endoxylanase Xyn45

Recombinant B. halodurans endo-1,4-β-xylanase was prepared from E. coli BL21(DE3)-
pET29a(+)-xyn45. To construct the recombinant plasmid, the gene encoding Xyn45 in
B. halodurans was amplified through polymerase chain reaction (PCR) by using the forward
primer 5′-GGA ATT CCA TAT GAT TAC ACT TTT TAG AAA GCC TTT TGT TGC TGG G-
3′ and the reverse primer 5′-CCG CTC GAG CTA ATC AAT AAT TCT CCA GTA AGC AGG
TTT CAC TCG-3′. The PCR-amplified product was purified and double-digested using the
restriction endonucleases NdeI and XhoI. Furthermore, the vector plasmid pET-29a(+) was
purified and double digested using the same restriction endonucleases. After ligation of
the PCR-amplified product and vector plasmid, the resulting recombinant plasmid was
transformed into E. coli DH5a. This recombinant plasmid was named pET-29a(+)-xyn45.
Confirmed by DNA sequencing, it was transformed into E. coli BL21 (DE3) to yield a
recombinant strain called E. coli BL21(DE3)-pET29a(+)-xyn45.

To produce the endoxylanase Xyn45, 5 mL of the recombinant bacterial preculture was
inoculated into 50 mL of PM medium containing 0.05 mg/mL kanamycin. The bacterial
culture was grown at 37 ◦C with shaking at 175 rpm. When absorbance at 600 nm reached
0.8–1.0, IPTG was added to induce recombinant protein expression for 18 h at 25 ◦C. After
this induction, the bacterial solution was centrifuged at (4260× g) at 4 ◦C for 20 min, and
the obtained supernatant was the extracellular protein solution.

4.3. Analysis of Enzyme Activity and Protein Assay

The activity of endo-1,4-β-xylanase was examined on the basis of the production of
reducing sugars from xylan by using the 3,5-dinitrosalicylic acid (DNS) method. In two test
tubes labeled A1 and A2, 50 µL of the enzyme was mixed with 450 µL of 1% birch xylan
(in 100 mM Tris-HCl buffer, pH 8). The A2 test tube was placed in a water bath at 60 ◦C
for 10 min, whereas simultaneously, the A1 test tube was placed in an ice bath for 10 min.
Then, 1 mL of DNS reagent was added to A1 and A2. The A1 and A2 test tubes were placed
in a water bath at 100 ◦C for 10 min to inactivate the enzyme. A spectrophotometer was
used to measure the absorbance at 540 nm. The xylose calibration curve (y = 1.095x− 0.026)
was used to convert the OD at 540 nm into the concentration of reducing sugars. Enzyme
activity (U, in terms of µ mole/min) was calculated using the formula U = (A2 − A1)/∆t.

Extracellular proteins were analyzed through SDS–PAGE by using 12.5% acrylamide
gel. The resolved protein bands were visualized through Coomassie brilliant blue stain-
ing. The amount of protein was quantified using the Bradford assay based on the use of
Coomassie Brilliant Blue G-250, and bovine serum albumin was used as the standard protein.
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4.4. XOS Production from EFB through Enzymatic Reaction

EFB was provided by Southern Palm (1978), Surat Thani, Thailand. The method
developed by National Renewable Energy Laboratory (NREL) [44] was used to determine
the composition of lignocellulose in raw materials. EFB was composed of 22.4% cellulose
and 22.0% hemicellulose based on dry mass.

First, the raw EFB was washed with tap water to remove soil and other impurities
from its surface. Then, it was dried in an oven at 60 ◦C for 24 h and pulverized to obtain
powder with a particle size of 40–60 mesh. The EFB powder was soaked in 15% sodium
hydroxide solution at a solid-to-liquid ratio of 1:10 (w/v) in an incubator and then incubated
at 45 ◦C with shaking at 100 rpm overnight. Subsequently, the mixture was centrifuged
(2400× g at 25 ◦C for 20 min) to separate the precipitate (cellulose) out of the solution.
The supernatant (hemicellulose and lignin) was adjusted to pH 8 by using concentrated
hydrochloric acid.

The solution was then treated with either recombinant B. halodurans endo-1,4-β-
xylanase (from E. coli BL21-pET 29a-Xyn45) or extracellular endo-1,4-β-xylanases (from
B. halodurans BCRC 910501) for the enzymatic hydrolysis of EFB-derived xylan in the so-
lution. Enzyme preparations at different concentrations (0.5 U and 2 U for 1 mL of the
sample) were used. The enzyme reaction was conducted in a water bath at 50 ◦C with
shaking at 50 rpm for 48 h. Samples were removed at fixed intervals (1, 2, 4, 8, 12, 24,
and 48 h), and the enzymatic reaction was inactivated by boiling the sample in a water
bath at 100 ◦C for 10 min. After boiling, the sample was centrifuged (2400× g at 25 ◦C for
20 min) to separate out the precipitate (lignin) and keep the supernatant as the product
(XOS). Finally, the supernatant was passed through a 0.22 µm filter by performing vacuum
filtration. Then, the XOS concentration was determined through HPLC.

4.5. Fermentation of Probiotics on XOS

Ultrafiltration was performed using a hollow fiber membrane with a 1-kDa molecular
weight cutoff to remove the enzyme and high-molecular-weight polysaccharides (DP5 and
larger than DP5) from the XOS products after enzymatic hydrolysis. The permeate was
concentrated by boiling to remove water.

Four bacterial strains were used in this study: Bif. animalis, Bif. catenulatum 14667,
L. plantarum 10069, and L. acidophilus NCFM. The bacteria were cultured in MRS broth
containing 34.15 g/L of Lactobacilli MRS broth, 0.5 g/L of cysteine monohydrochloride
monohydrate, and 1 mL/L Tween #80. For each inoculum, 6 mL of MRS broth and 1 mL of
mineral oil were added to a glass test tube. After being capped, the glass test tube was kept
sterile at 121 ◦C for 20 min and then naturally cooled to room temperature. In a laboratory
fume hood, 1 mL of lactic acid bacterial liquid (containing Bifidobacterium or Lactobacillus)
was inoculated and stored at −80 ◦C in a glass test tube. Finally, the glass test tube was
incubated anaerobically at 37 ◦C for 24 h.

Fermentation experiments were performed using different media (MRS broth, MRS
broth containing 2% w/v glucose, and MRS broth containing 2% w/v of XOS from EFB). For
each fermentation, 30 mL of MRS broth and 2.5 mL of mineral oil were added to a 50-mL
sharp-bottomed centrifuge tube. After being capped, the sharp-bottom centrifuge tube was
sterilized at 121 ◦C for 20 min and then naturally cooled to room temperature. The laboratory
fume hood was used for inoculating 1 mL of the inoculum into the sharp-bottom centrifuge
tube. Finally, the glass test tube was incubated anaerobically at 37 ◦C for 72 h. Bacterial growth
was analyzed by measuring absorbance at 600 nm and pH at 0, 24, 48, and 72 h.

5. Conclusions

Both the recombinant and nonrecombinant endo-1,4-β-xylanases of alkaliphilic B. halo-
durans BCRC 910501 effectively converted the xylan within EFB into prebiotic XOS. The
synergistic effect of the two endoxylanases Xyn45 and Xyn23—belonging to the GH10
and GH11 families of enzymes, respectively—enabled faster cleavage of xylan into small-
molecule XOS. The yield of XOS was higher when a mixture of Xyn45 and Xyn23 was used
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compared with when a single enzyme, Xyn45, was used. The recombinant endoxylanase
Xyn45 could be produced by recombinant E. coli BL21-pET 29a(+)-xyn45, while a mix-
ture of nonrecombinant endoxylanases Xyn45 and Xyn23 could be obtained by culturing
B. halophilus in a medium containing xylan and XOS. Xylobiose in XOS was more effective
than xylotriose in inducing B. halophilus to secrete endoxylanases. The EFB-derived XOS
promoted the growth and metabolism of probiotic strains, Bifidobacteria and Lactobacilli.
The feasibility of the production of these two endoxylanases and their uses indicate their
potential for industrial application.
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Abstract: This study mainly aims to find the optimal conditions for immobilizing a non-commercial
β-glucosidase from Aspergillus niger via cross-linked enzyme aggregates (CLEAs) by investigating the
effect of cross-linking agent (glutaraldehyde) concentration and soy protein isolate/enzyme ratio (or
spacer/enzyme ratio) on the catalytic performance of β-glucosidase through the central composite
rotatable design (CCRD). The influence of certain parameters such as pH and temperature on the
hydrolytic activity of the resulting heterogeneous biocatalyst was assessed and compared with those
of a soluble enzyme. The catalytic performance of both the soluble and immobilized enzyme was
assessed by hydrolyzing ρ-nitrophenyl-β-D-glucopyranoside (ρ-NPG) at pH 4.5 and 50 ◦C. It was
found that there was a maximum recovered activity of around 33% (corresponding to hydrolytic
activity of 0.48 U/mL) in a spacer/enzyme ratio of 4.69 (mg/mg) using 25.5 mM glutaraldehyde.
The optimal temperature and pH conditions for the soluble enzyme were 60 ◦C and 4.5, respectively,
while those for CLEAs of β-glucosidase were between 50 and 65 ◦C and pH 3.5 and 4.0. These results
reveal that the immobilized enzyme is more stable in a wider pH and temperature range than its
soluble form. Furthermore, an improvement was observed in thermal stability after immobilization.
After 150 days at 4 ◦C, the heterogeneous biocatalyst retained 80% of its original activity, while the
soluble enzyme retained only 10%. The heterogeneous biocatalyst preparation was also characterized
by TG/DTG and FT-IR analyses that confirmed the introduction of carbon chains via cross-linking.
Therefore, the immobilized biocatalyst prepared in this study has improved enzyme stabilization,
and it is an interesting approach to preparing heterogeneous biocatalysts for industrial applications.

Keywords: β-glucosidase; immobilization; CLEAs technique; stabilization

1. Introduction

Enzymes are biological catalysts having a wide range of industrial applications, as
they can be employed more efficiently and sustainably than traditional chemical processes.
However, their free forms (crude enzyme preparations, either soluble or powder enzyme
extracts) have a few drawbacks if employed on an industrial scale, such as low physical
and chemical stabilities and difficult separation from the reaction mixture for reusability
purposes [1]. In order to overcome such drawbacks, different immobilization techniques
have been proposed, since proper immobilization approaches can improve the thermal and
operational stability of the resulting biocatalysts [2–6]. Moreover, a proper immobilization
technique can improve the selectivity or specificity and reduce the inhibition effects and
costs in downstream processes, in addition to increasing the flexibility of reactor configura-
tion and design parameters [7,8]. In this context, several immobilization techniques have
been used for preparing highly active and stable industrial biocatalysts, such as CLEAs
(cross-linked enzyme aggregates) due to the fact that they are considered a cost-effective
immobilization protocol requiring no supports, in addition to providing a platform for
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enzyme cascade reactions using multiple enzymes [8,9]. Moreover, this promising immobi-
lization protocol offers a simultaneous purification of enzymes through a simple step that
is well capable of reducing the total costs to prepare the heterogeneous biocatalyst [10–12].

CLEAs can be prepared through a couple of steps. Initially, enzymes undergo aggre-
gation/precipitation induced by precipitating agents such as salts, water-miscible organic
solvents or non-ionic polymers, among others. Afterward, the formed aggregates are
cross-linked amino groups of lysine residues, and sulfhydryl groups of cysteine, phenolic
OH groups of tyrosine, or imidazole groups of histidine present on the enzyme surface;
they react with carbonyl groups at the extremity of a bifunctional reagent, i.e., glutaralde-
hyde in the majority of previous studies reported in the literature [9,11,13]. The CLEAs
technique is an irreversible immobilization method to link enzymes together and form a
complex three-dimensional structure composed of intermolecular cross-links between the
enzyme and bi- or multifunctional reagents in order to make them insoluble in the reaction
medium [14,15]. Given that the enzyme has a low surface density of amino groups, enzyme
co-precipitation using an inert protein rich in lysine residues, such as bovine serum albumin
(BSA), should contribute to form CLEAs having greater activity recovery and operational
stability [11,16]. Although it is a widely explored technique involving several enzyme
complexes, such as α-L-arabinosidase [17], invertase [18], naringinase [19], β-amylase [20],
lipases [13,21], lipase and protease [22], glucose oxidase and catalase [23], there are few
studies on the use of the CLEAs technique in β-glucosidase immobilization.

β-glucosidases (β-D-glucoside glucohydrolases, EC 3.2.1.21) are enzymes capable of
hydrolyzing β-1,4 glycosidic bonds present in aryl-, amino-, alkyl-β-D-glucosides and
cyanogenic glycosides, and oligo- and disaccharides [24]. It is also able to catalyze several
reactions of industrial interest in a variety of segments, and it has attracted considerable
attention in recent years due to its important roles in several biotechnological processes,
such as the hydrolysis of exogenous glycolipids and glycosides and isoflavonoids gly-
cosides, cell wall catabolism of cello-oligosaccharides, defense mechanisms, activation
of conjugated phytohormones, the release of flavor compounds in plants, the release of
aromatic compounds from flavor precursors used in beverage industries, the production of
second-generation bioethanol from agricultural wastes, and so on [20,25–28]. In a study
conducted by Zong et al. [26], β-glucosidase from plum seeds was immobilized via the
CLEAs technique using a mixture of ethanol and isopropanol as precipitating agents and
glutaraldehyde (20 mM) as a cross-linking agent. Ahumada et al. [17] co-immobilized β-
glucosidase and arabinosidase from a commercial enzyme preparation (Rapidase®AR2000)
via CLEAs technique to assess the effect of BSA (spacer) and glutaraldehyde concentrations
on the enzyme immobilization process and the catalytic performance of the heterogeneous
biocatalyst. These authors observed that the prepared CLEAs were more stable than the
soluble enzyme. On the other hand, studies on the preparation of immobilized microbial
β-glucosidase from Aspergillus niger via the CLEAs technique still are scarce in the literature.

Thus, this novel study mainly consists in preparing a heterogeneous biocatalyst
through immobilizing β-glucosidase from Aspergillus niger using the CLEAs technique.
For such a purpose, β-glucosidase was produced via solid-state fermentation using wheat
bran as a substrate as it is an eco-friendly and economic alternative to produce industrial
enzymes [29]. Enzyme precipitation of a crude extract obtained by solid-state fermentation
was performed under optimal experimental conditions determined through a previous
study using n-propanol as a precipitant agent [30]. The effect of relevant factors, such as
spacer/enzyme ratio and glutaraldehyde (cross-linking agent) concentrations, was evalu-
ated using the central composite rotatable design (CCRD), given that it is a well-known,
robust and cost-effective statistical approach [31]. A low-cost spacer from soy protein
isolate was used due to its cost-effectiveness and satisfactory performance in producing
heterogeneous biocatalysts with enhanced catalytic performances [32]. The effect of certain
factors (pH, and temperature) on the immobilized enzyme performance was evaluated
and compared with its soluble form so as to enhance enzyme immobilization and consoli-
date the results of utilizing β-glucosidase in industrial bioprocesses. Thermogravimetric
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(TG/DTG) and Fourier transform infrared (FT-IR) analyses were also conducted in order to
characterize the resulting heterogeneous biocatalyst.

2. Results and Discussion

In this study, a heterogeneous biocatalyst of industrial interest was prepared via the
CLEAs technique using β-glucosidase from A. niger. The effect of relevant factors such
as spacer/enzyme ratio and cross-linking agent (glutaraldehyde) concentration on the
catalytic performance of the enzyme was evaluated using a statistical tool (CCRD), as
shown in Table 1. These parameters were selected due to their great relevance to the
catalytic performance and stability of several industrial enzymes [8,9,12]. The levels of
each parameter were selected based on preliminary studies conducted in our lab (data not
shown). These tests were performed randomly so as to avoid system errors under fixed
experimental conditions (50 ◦C, pH 4.5, 1 h of cross-linking time). Under such experimental
conditions, recovered activity percentage values (response) ranged from 8.1% (Test #1) to
33.1% (Test #8)—see Table 1.

Table 1. CCRD experimental design of CLEAs of β-glucosidase from A. niger obtained after 60 min
of reaction using glutaraldehyde as cross-linking agent. The response variable was the recovered
activity percentage of the enzyme.

Tests
Coded Variables
(Real Variables) Response

Spacer/Enzyme
Ratio (mg/mg)

Cross-Linking
Agent (mM)

Recovered
Activity (%)

Deviation
(%)

1 −1 (1.37) −1 (8.12) 8.1 −162.5
2 +1 (8.00) −1 (8.12) 9.1 −34.1
3 −1 (1.37) +1 (42.88) 21.5 −68.6
4 +1 (8.00) +1 (42.88) 21.7 −25.3
5 −1.41 (0.00) 0 (25.50) 27.7 −38.3
6 +1.41 (9.37) 0 (25.50) 27.2 6.1
7 0 (4.69) −1.41 (1.00) 9.1 33.6
8 0 (4.69) +1.41 (50.00) 33.1 17.9
9 0 (4.69) 0 (25.50) 32.2 0.8

10 0 (4.69) 0 (25.50) 30.8 −3.7
11 0 (4.69) 0 (25.50) 32.8 2.7

Center points showed a slight variation, which indicates good process reproducibility.
The CCRD analysis has revealed that the quadratic term of spacer/enzyme ratio (x1

2) and
linear (x2) and quadratic terms of the cross-linking agent (x2

2) were statistically significant
at 10%, once the p-value < 0.1 (Table 2). Thus, non-significant terms were removed from
the model and recalculated. Coded coefficients were then recalculated and used to write
Equation (1).

Recovered activity (%) = 31.93 − 4.45x2
1 + 7.49x2 − 7.71x2

2 (1)

Table 2. ANOVA of the CCRD using statistically significant regression coefficients at 10% significance.

Source of Variation Coefficients Degrees of Freedom Mean Square F-Calculated p-Value

Regression 816.62 3 272.21 10.65 0.005319
Residual 179.00 7 25.57

Lack of Fit 176.89
Pure error 2.11

Total 995.62 10

R2 = 82.02% Ftab. = 3.07

The ANOVA (Table 2) was performed to identify statistically significant coefficients
and higher Fcalc. (10.65) than Ftab. (3.07) and a coefficient of determination (R2) of 0.82
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was found. Therefore, it is possible to use the obtained model equation to generate the
response surface and analyze the studied variables (spacer/enzyme ratio and cross-linking
agent concentration).

The model was used to generate the response surface (Figure 1A) and contour curves
(Figure 1B). It was observed that the formation of an optimal region in which the highest
values of β-glucosidase recovered activity was obtained using a spacer/enzyme ratio
of 4.69 (mg/mg) at 25.5 mM of cross-linking agent concentration. Some factors may be
accountable for affecting the performance of the CLEAs, among which cross-linking agent
concentration stands out, as it is related to particle size and affects mass transfer (substrate
or pH gradients) [9]. Moreover, cross-linking agent concentration is affected by the number
of cross-links, i.e., the higher the concentration, the greater the number of links, therefore,
leading to reduced enzyme release [5,12]. However, high concentration increases enzyme
rigidity and causes catalytic activity loss. A combination of spacer/enzyme ratio (4.69) and
glutaraldehyde (25.5 mM) provided optimal recovered activity percentage, as it increased
the density of groups available to create cross-links using glutaraldehyde, thus preserving
groups of β-glucosidase side chains which are important for its catalytic activity [33–35]. At
the lowest glutaraldehyde concentrations (1.0 mM), there was no binding and the enzyme
was leached, which explains such a low recovered activity value (only 9.1%—see Test #7 in
Table 1). Furthermore, a high glutaraldehyde concentration (42.8 mM) increases enzyme
rigidity and reduces its catalytic activity, which is in agreement with previous reports [2,12].
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Figure 1. β-glucosidase recovered activity as a function of cross-linking agent (glutaraldehyde) and
spacer/enzyme ratio after 60 min of reaction time: (A) response surface and (B) contour curve.

The model was further validated by performing five experiments under optimal con-
ditions, i.e., a spacer/enzyme ratio of 4.69 at 25.5 mM of cross-linking agent concentration,
thus reaching β-glucosidase recovered activity of 31.12 ± 1.85% and demonstrating that
the process has good reproducibility, as shown in Figure 2.
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2.1. Study on the Effect of Cross-Linking Time

Once having optimized the parameters of cross-linking agent concentration and
spacer/enzyme ratio, the effect of cross-linking time on the catalytic performance of the
heterogeneous biocatalyst under optimal conditions determined by the response surface
methodology was investigated. These results are illustrated in Figure 3.
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Figure 3. Effect of cross-linking time on β-glucosidase activity immobilized via the CLEAs technique
(100% Relative activity corresponds to a hydrolytic activity of 1.48 U/mL).

According to the results, a gradual increase in the recovered activity percentage
by increasing cross-linking time was observed. This phenomenon is possibly due to
insufficient cross-links as reaction time was reduced, thus evidencing the leaching of free
enzyme molecules while washing protein aggregates [34,35]. The maximum recovered
activity value around 33% was found at a cross-linking time ranging between 45 min and
60 min, followed by a slight decrease after 120 min. For longer reaction times, an excessive
number of cross-links can provide a more rigid heterogeneous biocatalyst having smaller
pores in addition to hindering substrate access to its microenvironment [9]. In fact, further
tests using immobilized β-glucosidase were performed using the biocatalyst prepared after
60 min of cross-linking time.

2.2. Biochemical Characterization
2.2.1. Optimum Temperature and pH Activity and Stability of Soluble and Immobilized
β-Glucosidase

The highest catalytic activity was achieved at optimal temperature and pH conditions,
i.e., 60 ◦C and pH 4.5 for soluble β-glucosidase (Figure 4A), and at temperatures ranging
from 50 to 65 ◦C and pH from 3.5 to 4.0 for the CLEAs (Figure 4B). The heterogeneous
biocatalyst used herein was the same as the one prepared in a spacer/enzyme ratio of 4.69,
25.5 mM of glutaraldehyde at 60 min of cross-linking time, i.e., conditions determined
through the proposed CCRD.
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Optimal temperature shifts (Figure 4A), however, can be attributed to the lower
flexibility of the enzyme’s molecular structure within the structure of the CLEAs promoted
by glutaraldehyde cross-linking, which makes the lateral bonds accountable for conferring
conformational stability to the most stable and well-protected enzyme [36,37]. There were
shifts in optimal pH conditions for the CLEAs activity (Figure 4B), probably due to a
negatively charged microenvironment whose heterogeneity in size was comparable to that
of soy protein isolate [38], thus leading to many different electrical charges in the internal
microenvironment of the CLEAs. This might also explain the thermal stability of the CLEAs
in comparison with that of the soluble enzyme (Figure 5A,B).
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These results are in agreement with previous reports. Deng et al. [37] conducted assays
using commercial β-glucosidase immobilized by CLEAs and found an increase by 0.5 of
optimum pH for enzyme activity and a shift to a more alkaline range, i.e., from 5.0 to
5.5. In another study, Ahumada et al. [17] studied the co-immobilization of β-glucosidase
and arabinosidase by the CLEAs technique and reported no changes in the biochemical
profile of the enzyme, in addition to finding that the optimal temperature is 50 ◦C and
pH 4.5 regarding enzyme activity using bovine serum albumin as a spacer. Different
enzyme immobilization techniques possibly modify the biochemical profile of enzymes,
and systems ought to be characterized thereof. Other authors also found no significant
changes in the biochemical profile of β-glucosidase immobilized on various solid supports,
such as chitosan and polyacrylamide [36], sodium alginate [39], silica gel and sol-gel [28].

The immobilized enzyme showed greater stability than the soluble enzyme at all
studied temperatures. At 50 ◦C, the soluble enzyme retained around 50% of its original
activity after 4 h of incubation. At 60 ◦C, the soluble enzyme maintained only 10% of
its original activity after 4 h of incubation and it was completely inactivated after 1 h
of the experiment at 70 ◦C. Nevertheless, the CLEAs were stable throughout the period
tested at temperatures of 50 ◦C and 60 ◦C and maintained 100% of their activity. Moreover,
it retained 54% of its initial activity after 3 h of incubation at 70 ◦C, as can be seen in
Figure 5A. A thermal protective effect after enzyme immobilization is expected since there
is an increase in rigidity and alteration in the enzyme’s structural flexibility [36].

The CLEAs were also more stable at diverse pH conditions if compared to the soluble
enzyme (Figure 5B). At pH 4.0 and after 4 h of incubation, the soluble enzyme maintained
50% of its initial activity, while the CLEAs presented only a 30% of loss of activity under
such conditions. At pH values of 4.5 and 5.0, the soluble enzyme showed a retention of
30% of its original activity, while the CLEAs retained almost all of their original activity.
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2.2.2. Storage Stability Tests

β-glucosidase immobilization via the CLEAs technique provided a derivative with
greater storage stability if compared to the soluble enzyme, as can be seen in Figure 6.
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After 15 days of storage under refrigeration, the soluble enzyme lost 40% of its original
activity, while the CLEAs still maintained 100% of their initial activity. After 150 days
of storage, the soluble enzyme only retained 10% of its initial activity, while the CLEAs
still maintained about 80% of their activity. During the immobilization process, enzyme
crosslinking allows the enzyme to become more rigid and confined within a porous solid,
in addition to offering protection against attacks from other proteolytic enzymes present
in the fermented extract, thus preventing its degradation or decomposition [5,11,14] and
improving storage stability. The profile of resulting CLEAs is more robust from an industrial
process standpoint. Although there are mild pH and temperature fluctuations, there would
be no yield alterations in enzymatic hydrolysis effectiveness.

2.3. Characterization of Biocatalysts by TGA and FT-IR Analyses

Fourier Transform Infrared spectroscopy (FT-IR) and thermogravimetric (TGA) analy-
ses were performed for soluble and immobilized enzymes in order to confirm the struc-
tural changes occurring after the glutaraldehyde cross-linking step under optimal experi-
mental conditions, as aforementioned. TGA was performed to assess whether modifica-
tions provided greater thermal stability to the heterogeneous biocatalyst prepared via the
CLEAs technique.

The thermal stability of soluble and immobilized enzymes using TGA/DTG analysis
was analyzed under a nitrogen atmosphere. Figure S1A,B shows that both enzyme forms
(soluble—Figure S1A) and immobilized—Figure S1B) exhibited two main stage mass losses
at temperatures ranging between 25 ◦C and 600 ◦C. It is observed that mass loss curves are
very similar and there are two main thermal events occurring in the two samples by a loss
of water through physical adsorption on the protein structure from the initial temperature
to 100 ◦C, in addition to a thermal decomposition [40]. However, greater mass loss was
found in CLEAs (39%—see Figure S1B) at around 300 ◦C if compared to the soluble enzyme
(32%—see Figure S1A). These results may be due to the great compaction of the free enzyme
chains, which in turn leads to greater thermal stability. The introduction of carbon chains
after cross-linking using glutaraldehyde prevented such compaction and resulted in the
formation of aggregates with enhanced porosity and, consequently, less stability in this
temperature range [41]. The addition of functional groups can lead to a reduction in the
effective compaction of these macromolecules, thus reducing their thermal stability in the
temperature range evaluated in this study (from 25 ◦C and 600 ◦C), as they have a more
porous structure [42], which explains the results obtained herein.

In this study, FT–IR analysis for soluble (Figure S2A) and immobilized β-glucosidase
(Figure S2B) was performed to obtain the structural information after cross-linking using
glutaraldehyde as a cross-linking agent. According to Figure S2A, an intense absorption
band in the range of 3600–3000 cm−1 attributed to O–H and N–H stretching in the enzyme
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structure can be observed [43,44]. After cross-linking using glutaraldehyde, there was
a reduction in the intensity of these bands (see Figure S2B), as this bifunctional agent
interacts with different nucleophilic groups of the enzyme, such as O–H and N–H [45]. On
the other hand, the band referring to the stretching of C–H (asymmetric) into –CH2 (methyl
groups), i.e., between 2923 and 2946 cm−1, is intensified after biocatalyst preparation due
to the cross-linking of nucleophilic groups described above, which confirms a chemical
modification on the enzyme surface by glutaraldehyde molecules [2,41]. In cross-linked
samples, the band referring to C–H (symmetric) ranges between 2870 and 2892 cm−1, which
is also intensified as carbon chains are introduced via glutaraldehyde cross-linking [46].

3. Materials and Methods
3.1. Materials

Aspergillus niger LBA 02 was obtained from the Culture Collection of Food and
Biochemistry Laboratory, University of Campinas, Campinas-SP, Brazil and wheat bran
(Nattuday, Formiga, MG, Brazil) was purchased from a local store. The glutaraldehyde
solution (25% solution) and n-propanol were acquired from Dinâmica Química Con-
tenporânea Ltd. (São Paulo, SP, Brazil). Bovine serum albumin (BSA) and ρ-nitrophenyl
β-D-glucopyranoside (rho-NPG) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Soy protein isolate (N4Natural, Santo André, SP, Brazil) was acquired from a local store. All
other reagents and organic solvents were of analytical grade and acquired from Dinâmica
and Synth® Ltd. (São Paulo, SP, Brazil).

3.2. β-Glucosidase Production via Solid-State Fermentation

The enzyme was produced by solid-state fermentation according to Angelotti et al. [29],
but with a few modifications. Aspergillus niger strain belonging to the culture collection of
the Biochemistry and Food Laboratory, Faculty of Food Engineering, State University of
Campinas, Brazil, was kindly donated and used as a source of β-glucosidase. A culture
medium of potato dextrose agar was placed in slant tubes for fungi growing, and tubes
were covered with a protective layer of Vaseline during storage. The culture medium for
enzyme production is composed of dry wheat bran (10 g) and 10 mL of distilled water,
which was then poured into 500 mL Erlenmeyer flasks and sterilized through autoclaving
(20 min, 121 ◦C); 105 spores/g of culture medium were inoculated in the flasks. Erlenmeyer
flasks were incubated for 5 days at 30 ◦C.

3.3. Enzyme Extraction

Enzyme extraction was performed by adding 50 mL sodium acetate buffer 0.01 M
pH 4.5 into the Erlenmeyer flasks containing the fermented medium. The flasks were
shaken at 150 rpm for 20 min. The resulting suspension was then filtered with filter paper.
The filtered solution was used as raw enzyme extract.

3.4. Determination of β-Glucosidase Activity

The β-glucosidase activity was determined in accordance with Matsuura et al. (1995),
but with a few modifications [47]; 300 µL aliquots of a 5 mM solution of ρ-nitrophenyl β-D-
glucopyranoside (ρ-NPG) in 0.05 M sodium acetate buffer at pH 4.5 were pre-incubated at
50 ◦C for 5 min, and 300 µL of enzyme extract was added afterward. Then, the mixture
was incubated at 50 ◦C for 15 min and the reaction was stopped by adding 300 µL of a
0.5 M solution of sodium carbonate (pH 12). Synthetic substrate hydrolysis (ρ-NPG) was
estimated by measuring absorbance at 410 nm using a UV/Vis spectrophotometer and a
quartz cuvette. The amount of ρ-nitrophenol release was determined based on the standard
curve of ρ-nitrophenol ranging from 5 to 300 µmol. A unit of enzyme activity was defined
as the amount of enzyme required to release 1 µmol of ρ-nitrophenol per minute of reaction
in the experimental conditions described previously.
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3.5. Determination of Protein Concentration

Total protein concentration was determined through Bradford’s protein assay [48]
using BSA as the standard.

3.6. Immobilization of β-Glucosidase via CLEAs: Optimization by CCRD

The CLEAs were prepared according to Gupta and Raghava [49] with a few modifi-
cations. n-propanol was added to several protein solutions prepared in 100 mM sodium
acetate buffer at pH 4.5 using a fixed volume ratio of 1:4 (protein-to-organic solvent). Un-
der such experimental conditions, the complete precipitation of all initial proteins was
determined by Bradford’s method (see Section 3.5). After 30 min of precipitation in an ice
bath, amounts of glutaraldehyde 25% (v/v) having final concentrations ranging from 8.0
to 50 mM (depending on the CCRD test), were added to the precipitated enzyme (cross-
linking step). The aggregate suspension was incubated under gentle stirring (150 rpm)
in a laboratory shaker at 4 ◦C for 1 h. After incubation, the suspension was centrifuged
(14,000× g for 5 min at 4 ◦C) and the precipitate was washed three times using 50 mM
sodium acetate buffer pH 4.5 and re-suspended in the same buffer.

The effect of spacer/enzyme ratio (x1) and cross-linking agent concentration (x2)
on the recovered activity percentage values of the immobilized enzyme was evaluated
using a 22 central composite rotatable design (CCRD). Table 3 shows the CCRD with
three center points and four axial points, totaling 11 tests and real and coded values for
independent variables.

Table 3. Independent variables and their respective levels and real values used in the proposed
CCRD approach.

Independent Variables Levels
−1.41 −1 0 +1 +1.41

x1 Spacer/enzyme ratio (mg/mg) 0.00 1.37 4.69 8.00 9.37

x2 Cross-linking agent (mM) 1.00 8.12 25.50 42.88 50.00

The recovered activity percentage, determined as shown in Equation (2), of the CLEAs,
obtained after 60 min of cross-linking time was used as a response in the experimental
design. Results were analyzed at 10% statistical significance using independent variables
coded to fit a second-order polynomial. The model was further validated by performing
five experiments under optimal conditions.

Recovered activity (%) =

(
Hydrolytic activity of immobilized enzyme

Hydrolytic activity of soluble enzyme

)
× 100 (2)

Effect of Cross-Linking Time

After optimizing the parameters evaluated in the experimental design, the effect of the
cross-linking time (15–120 min) was assessed in order to prepare β-glucosidase CLEAs. The
overall yield of immobilization was calculated by the ratio of enzyme activity of derivatives
and the soluble enzyme under the same conditions described in Section 3.4.

3.7. Catalytic Properties of Soluble and Immobilized β-Glucosidase in Hydrolysis Reaction
3.7.1. Determination of Optimum Temperature

The effect of temperature on enzyme activity was determined for soluble and immo-
bilized enzymes at temperatures ranging from 30 ◦C to 75 ◦C. Soluble and immobilized
enzymes were incubated for 15 min in a 5 mM solution of ρ-NPG and 0.05 M sodium
acetate buffer at pH 4.5. The reaction was stopped by adding 0.5 M sodium carbonate and
enzyme activity was determined according to Section 3.4. Experimental results of the effect
of temperature on enzyme activity were plotted in graphs in which the highest activity for

66



Catalysts 2023, 13, 62

each biocatalyst (soluble or immobilized β-glucosidase) was considered as 100%. All tests
were performed in triplicate.

3.7.2. Determination of Optimum pH

The effect of pH on enzyme activity was determined at pH values ranging between
2.0 and 7.0 for both soluble and immobilized β-glucosidase (pH 3.0 at 5.0–100 mM sodium
acetate buffer, pH 5.5 at 7.0–100 mM sodium phosphate buffer). Several ρ-NPG solutions
at a fixed concentration (5 mM) were prepared and immersed in several buffer solu-
tions (100 mM) at optimum activity temperature (55 ◦C for both soluble and immobilized
β-glucosidase samples) after 15 min. Enzyme activity was determined as described in
Section 3.4. Experimental results were also plotted in graphs and the maximum activity for
each biocatalyst (soluble or immobilized β-glucosidase samples) was considered 100%.

3.7.3. pH and Thermal Stability Tests

Thermal stability tests were performed at the optimum pH activity of derivatives.
In the absence of a substrate, both biocatalysts (soluble and immobilized enzyme) were
immersed in a buffer solution (pH 4.5–100 mM sodium acetate buffer for a maximum
period of 4 h) at temperatures ranging from 50 to 70 ◦C under static conditions. Samples
were periodically collected (intervals of 1 h) to determine the residual catalytic activity of
biocatalysts on ρ-NPG hydrolysis, as described in Section 3.4. The initial hydrolytic activity
of each biocatalyst (3.33 U/mL for the soluble enzyme and 1.2 U/mL for the immobilized
enzyme) was considered a control (100%).

pH stability tests were performed at optimum activity temperature (55 ◦C). In the
absence of a substrate, soluble and immobilized enzymes were incubated for a maximum
period of 4 h in solutions at pH values ranging from 4.0 to 5.0 under static conditions
(sodium acetate buffer, 100 mM). In this set of experiments, samples were also periodically
collected (intervals of 1 h) to determine the residual catalytic activity of biocatalysts, also
on ρ-NPG hydrolysis (see Section 3.4). The initial hydrolytic activity of each biocatalyst
(3.37 U/mL for the soluble enzyme and 1.02 U/mL for the immobilized enzyme) was also
considered a control (100%).

3.7.4. Storage Stability Tests

Storage stability tests were also conducted for both biocatalyst forms (soluble and
immobilized enzyme) for a maximum period of 5 months by immersion in a sodium acetate
buffer pH 4.5 (100 mM) at 4 ◦C in a freezer under static conditions. In this study, samples
were also collected every 15 days and the residual catalytic activity of biocatalysts was
determined with ρ-NPG hydrolysis (see Section 3.4). The initial hydrolytic activity of each
biocatalyst (1.15 U/mL for the soluble enzyme and 1.12 U/mL for the immobilized enzyme)
was also considered a control (100%).

3.8. Characterization of Biocatalysts by TG/DTG and FT-IR Analyses

Thermogravimetric curves (TG/DTG) were obtained for the lyophilized soluble and
immobilized enzyme using SII TG/DTA7300 Exstar in a temperature range of 25 ◦C to
600 ◦C at a heating rate of 10 ◦C/min under an inert atmosphere using nitrogen at a
constant flow rate of 50 mL·min−1. A Fourier Transform Infrared Spectroscopy (FT-IR)
analysis was performed using Shimadzu equipment, model Affinity-1, coupled with a Pike
Miracle ATR sampling accessory with ZnSe crystal plates at wavelengths ranging between
400 and 4000 cm−1 and 4 cm−1 of resolution.

4. Conclusions

The present results reveal that the model fits well with the data on the process of
β-glucosidase immobilization via the CLEAs technique due to being statistically significant
according to the experimental design. The spacer/enzyme ratio and cross-linking agent
concentration were significant at the studied confidence level. Optimal conditions for
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CLEAs production were the pinnacle of this study, as values of spacer/enzyme ratio of 4.69
and cross-linking agent of 25.5 mM were found. The generated model allowed plotting
its response surface and explained 82% of the results. Furthermore, the heterogeneous
biocatalyst is more robust than the soluble enzyme, whose optimal activity was achieved
in a wider temperature range than the soluble enzyme (from 60 ◦C to 50–65 ◦C) and in a
slightly more acidic pH range (from pH 4.5 to pH 3.5–4.0), thus offering greater stability
in adverse temperature and pH conditions during a period of 4 h. TG/DTG and FT-IR
analyses evidenced the effectiveness of cross-linking reaction and the insertion of carbon
chains. The heterogeneous biocatalyst prepared in this study showed longer shelf life than
that of the soluble enzyme, and residual activity of 80% was achieved after 150 days of
storage at 4 ◦C if compared to 10% of residual activity reached by the soluble enzyme under
the same conditions. These findings reveal that immobilized β-glucosidase via the CLEAs
technique can be effectively used in industrial processes due to the enhanced pH activity
and thermal stability, in addition to the improved storage time. Furthermore, this study
offers new possibilities for further industrial applications of the heterogeneous biocatalyst
prepared in this study in batch or continuous processes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13010062/s1, Figure S1: TG (blue curves) and DTG (red
curves) analyses for soluble (A) and immobilized (B) β-glucosidase; Figure S2: FT-IR analysis for (A)
and immobilized (B) β-glucosidase.
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Abstract: Aromatic aldehydes are important aromatic compounds for the flavour and fragrance
industry. In this study, a parallel cascade combining aryl alcohol oxidase from Pleurotus eryngii
(PeAAOx) and unspecific peroxygenase from the basidiomycete Agrocybe aegerita (AaeUPO) to convert
aromatic primary alcohols into high-value aromatic aldehydes is proposed. Key influencing factors
in the process of enzyme cascade catalysis, such as enzyme dosage, pH and temperature, were
investigated. The universality of PeAAOx coupled with AaeUPO cascade catalysis for the synthesis
of aromatic aldehyde flavour compounds from aromatic primary alcohols was evaluated. In a
partially optimised system (comprising 30 µM PeAAOx, 2 µM AaeUPO at pH 7 and 40 ◦C) up to 84%
conversion of 50 mM veratryl alcohol into veratryl aldehyde was achieved in a self-sufficient aerobic
reaction. Promising turnover numbers of 2800 and 21,000 for PeAAOx and AaeUPO, respectively,
point towards practical applicability.

Keywords: aromatic aldehydes; flavour compounds; cascade catalysis; PeAAOx; AaeUPO

1. Introduction

Aromatic aldehydes are widely found in nature as secondary metabolites, e.g., in
plants [1,2]. Commercially, aromatic aldehydes such as vanillin, anisaldehyde or cin-
namaldehyde are popular flavour and fragrance ingredients [3–5].

Various chemical synthesis routes for aromatic aldehydes exist [6], but biocatalytic
routes are highly desirable, as the products obtained from those are considered as ‘natu-
ral’ [7]. For the transformation of benzylic alcohols into the desired benzaldehyde derivates,
a range of biocatalytic methods have been reported (Scheme 1). Alcohol dehydrogenases,
for example, catalyse the NAD(P)+-dependent oxidation of benzyl alcohols (Scheme 1A) [8].
Their nicotinamide cofactor-dependency, however, challenges the economic feasibility of
these reactions and necessitates further efforts to ensure catalytic use of NAD(P)+ and in
situ regeneration. In the simplest scenario, this is achieved by simple administration of
a sacrificial hydride acceptor such as acetone, which however complicates the reaction
scheme and is less attractive from an environmental point-of-view due to the significant
wastes generated by unreacted co-substrate and co-product accumulated. More elegantly,
waste-free oxidation using O2 or H2O2 as stoichiometric oxidants would result in environ-
mentally more acceptable reaction schemes.
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Scheme 1. Biocatalytic methods for the oxidation of benzylic alcohols. PeAAOx: aryl alcohol oxidase
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Alcohol oxidases catalyse the aerobic oxidation of benzyl alcohols (Scheme 1B) [9].
Particularly, aryl alcohol oxidases (AAOx), have gained considerable interest in recent
years [10–17]. An apparent drawback of using AAOx is the stoichiometric formation of
H2O2 impairing the biocatalyts’ robustness. Although H2O2 can easily be dimutated by
catalase, this approach necessitates a second enzyme, thereby adding to the complexity of
the reaction.

Even more recently, so-called unspecific peroxygenases (UPOs) have been reported
to mediate the H2O2-dependent oxidation of alcohols (Scheme 1C) [18]. Again, H2O2
challenges the robustness of the overall reaction, therefore necessitating controlled provision
with H2O2 [19,20].

The UPO- and AOx-catalysed reactions are co-substrate complementary, i.e., the by-
product of the AAOx-catalysed oxidation serves as co-substrate for the UPO reaction.
We therefore hypothesised that the combination of AAOx and UPOs may result in a
synergistic parallel cascade for the oxidation of benzyl alcohols to the corresponding
benzaldehydes (Scheme 1D). Another attractive feature of this system resides in the reduced
waste formation of the proposed synergistic reaction scheme. Using an in situ H2O2
generation system requires the co-administration of a sacrificial co-substrate and results
in the formation of a co-product. This not only negatively influences the environmental
footprint of the overall reaction but may also complicate the reaction (e.g., by inhibitory
effects of the co-reagents) and downstream processing.

Overall, an aerobic oxidation procedure yielding water as sole by-product was envisioned.
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2. Materials and Methods
2.1. Chemical Reagents and Materials

All chemicals were purchased from Sigma-Aldrich (Louis, MO, USA), TCI (Tokyo,
Japan), Acros (Morris Plains, NJ, USA) or Aladdin (Shanghai, China) with the highest
purity available and used without further treatment.

2.2. Preparation of Enzyme
2.2.1. Preparation of AaeUPO

The unspecific peroxygenase from Agrocybe aegerita (AaeUPO) used in this study was
obtained from a previous pilot-scale production of this enzyme [21].

2.2.2. Preparation of PeAAOx

The plasmid pFLAG1-PeAAOx reported previously [22] was kindly provided by Prof.
Miguel Alcalde (CSIC, Madrid, Spain).

Cultivation Protocol

pFLAG1-PeAAOx was transformed into E. coli BL21 star (DE3). After thermal activa-
tion, it was evenly coated with a coating rod on the LB solid medium containing ampicillin,
and then it was incubated at 37 ◦C for 12–18 h at constant temperature until single colonies
could be observed, of which one single colony was picked for further cultivation. Precul-
tures of 25 mL LB-medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, 50 mg/L
kanamycin) were incubated overnight (12 h, 37 ◦C, 200 rpm) and used to inoculate the
main cultures. The main cultures (500 mL TB-media) were mixed with the inoculum until
an optical density of 0.01 was reached. They were then cultivated until an OD600 of 0.8
(4 h, 37 ◦C, 200 rpm) was obtained. Protein overexpression was induced by addition of
isopropyl β-D-1-thiogalactopyranoside (IPTG; 1 mM final concentration). The induction
time was 4 h and the induction temperature was 37 ◦C. After induction, cells were har-
vested by centrifugation (4000 rpm, 20 min, 4 ◦C). The resultant cell pellet was suspended
in 20 mM sodium phosphate buffer, 500 mM NaCl, pH 7.5, and disrupted by sonication
on ice. Soluble proteins were separated from cell fragments and insoluble proteins by
centrifugation (10,000 rpm, 40 min, 4 ◦C). The supernatant was filtered through a 0.45 µm
cellulose-acetate filter and further processed.

Refolding of PeAAOx from Inclusion Bodies

PeAAOx was purified using an GE Chromatography system (Biorad). Initially, the
crude enzyme was injected into a His PrepTM FF16/10 column balanced by washing buffer
A (20 mM sodium phosphate buffer, 500 mM NaCl, pH 7.5) at a flow rate of 5 mL min−1.
It was then equilibrated by washing buffer A and the binding protein was eluted using
the elution buffer B (20 mM sodium phosphate buffer, 500 mM NaCl, 500 mM imidazole,
pH 7.5) at a flow rate of 5 mL min−1. Subsequently, the target protein was desalted on
the column HiPrepTM 26/10 with the desalting buffer (20 mM sodium phosphate buffer,
pH 7.5) at a flow rate of 5 mL min−1. The purified protein was stored at 4 ◦C. An SDS-PAGE
gel of PeAAOx is shown in Figure S1.

2.3. Experimental Set-Up and Operating Conditions

The Agilent 7890B gas chromatography (GC) system (Agilent Technologies, Palo Alto, CA,
USA) was used. The KB-FFAP gas chromatography column (30 m × 0.25 mm × 0.25 µm)
was used for chromatographic separation. The analysis conditions were as follows: sample
volume: 1 µL; solvent: ethyl acetate; injector temperature: 250 ◦C; split ratio: 30:1; detector:
FID; detector temperature: 280 ◦C. The GC conditions were as follows: initial oven temper-
ature was set at 60–120 ◦C for 6 min and ramped at 80 ◦C min−1, and then increased up to
120–230 ◦C for 8 min and ramped at 20 ◦C min−1.

Authentic standards of various substances were used to determine the retention time
on the GC. Table S1 shows the retention times of various compounds. Standard solutions
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of different concentrations were prepared using the above standards; n-dodecane was
used as the internal standard. The standard curve is prepared through gas detection for
quantitative analysis. In the experiment, the product was not further separated and the
conversion is specifically calculated by Formula (1).

Conversion% =
Product concentration

Initial substrate concentration
×100% (1)

2.4. Experimental Procedures
Synthesis of Aromatic Aldehydes via Cascade Reaction of Aromatic Primary Alcohols
Comparison of Catalytic Effects of PeAAOx Coupled with AaeUPO and PeAAOx Alone

(1) PeAAOx coupled with AaeUPO catalytic cascade system experiment

Unless indicated otherwise, sodium phosphate buffer (50 mM, pH 7) was used. The
buffer contained PeAAOx (final concentration: 30 µM), AaeUPO (final concentration: 2 µM)
and the substrate veratryl alcohol (final concentration: 50 mM, pre-dissolved in acetonitrile).
The total volume of the reaction was 1 mL. The vessels (4 mL) were placed in self-contained
round-hole reaction frames and thermostatted at 40 ◦C using an oil bath for 6, 12, 24 and 36 h
under constant stirring (500 rpm). When the reaction is terminated, the reaction mixture was
extracted with an ethyl acetate solution containing 25 mM n-dodecane internal standard,
dried with anhydrous sodium sulfate and centrifuged at 12,000 rpm for 3 min. The upper
organic phase was then transferred to the chromatographic bottle for GC detection.

(2) PeAAOx catalysis alone experiment

The NaPi buffer (50 mM, pH 7), PeAAOx enzyme solution (final concentration: 32 µM)
and veratryl alcohol (final concentration: 50 mM, pre-dissolved in acetonitrile) were added
to a 4 mL transparent glass reaction bottle. The total volume of the reaction was 1 mL. The
reaction bottle was put on a self-contained round-hole reaction frame and then placed in a
constant temperature oil bath for 6, 12, 24 and 36 h at 40 ◦C and a stirring speed of 500 rpm.
The subsequent operation steps are identical to those described in PeAAOx coupled with
AaeUPO catalytic cascade system experiment.

Effect of PeAAOx Enzyme Dosage on the Oxidation of Veratryl Alcohol

The NaPi buffer (50 mM, pH 7), PeAAOx enzyme solution (final concentrations: 10,
20, 30 and 40 µM, respectively), AaeUPO enzyme solution (final concentration: 2 µM) and
veratryl alcohol (final concentration: 50 mM, pre-dissolved in acetonitrile) were added to
a 4 mL transparent glass reaction flask. The total volume of the reaction was 1 mL. The
reaction bottle was put on a self-contained round-hole reaction frame and then placed in a
constant temperature oil bath for 3, 6, 9, 12, 24, 36 and 48 h at 30 ◦C and a stirring speed of
500 rpm. Subsequent operation steps are identical to those described in PeAAOx coupled
with AaeUPO catalytic cascade system experiment.

Effect of AaeUPO Enzyme Dosage on the Oxidation of Veratryl Alcohol

The NaPi buffer (50 mM, pH 7), PeAAOx enzyme solution (final concentration: 30 µM),
AaeUPO enzyme solution (final concentrations: 0.5, 1, 2 and 4 µM, respectively) and veratryl
alcohol (final concentration: 50 mM, pre-dissolved in acetonitrile) were added to a 4 mL
transparent glass reaction flask. The total volume of the reaction was 1 mL. The reaction
bottle was put on a self-contained round-hole reaction frame and then placed in a constant
temperature oil bath for 4, 8, 12, 24, 36 and 48 h at 30 ◦C and a stirring speed of 500 rpm.
Subsequent operation steps are identical to those described in PeAAOx coupled with
AaeUPO catalytic cascade system experiment.
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Factors Influencing Cascade Catalytic Oxidation of Veratryl Alcohol

(1) Effect of temperature on cascade catalysis

The NaPi buffer (50 mM, pH 7), PeAAOx enzyme solution (final concentration: 30 µM),
AaeUPO enzyme solution (final concentration: 2 µM) and veratryl alcohol (final concen-
tration: 50 mM, pre-dissolved in acetonitrile) were added to a 4 mL transparent glass
reaction bottle. The total volume of the reaction was 1 mL. The reaction bottle was put on
a self-contained round-hole reaction frame and then placed in a constant temperature oil
bath for 24 h at 25, 30, 35, 40, 45 and 50 ◦C and a stirring speed of 500 rpm. Subsequent
operation steps are identical to those described in PeAAOx coupled with AaeUPO catalytic
cascade system experiment.

(2) Effect of pH on cascade catalysis

The buffer solution (50 mM, pH 5, 6, 7, 8, 9), PeAAOx enzyme solution (final concen-
tration: 30 µM), AaeUPO enzyme solution (final concentration: 2 µM) and then veratryl
alcohol (final concentration: 50 mM, pre-dissolved in acetonitrile) were added to a 4 mL
transparent glass reaction bottle. The total volume of the reaction was 1 mL. The reaction
bottle was put on a self-contained round-hole reaction frame and then placed in a constant
temperature oil bath for 24 h at 40 ◦C and a stirring speed of 500 rpm. Subsequent operation
steps are identical to those described in PeAAOx coupled with AaeUPO catalytic cascade
system experiment.

2.5. Substrate Expansion

The NaPi buffer (50 mM, pH 7), PeAAOx enzyme solution (final concentration: 30 µM),
AaeUPO enzyme solution (final concentration: 2 µM) and veratryl alcohol, benzyl alcohol,
2-hydroxybenzyl alcohol, cinnamyl alcohol, p-methoxybenzyl alcohol or 4-hydroxy-3-
methoxybenzyl alcohol (final concentration: 50 mM, pre-dissolved in acetonitrile) were
added to a 4 mL transparent glass reaction flask. The total volume of the reaction was
1 mL. The reaction bottle was put on a self-contained round-hole reaction frame and then
placed in a constant temperature oil bath for 24 h at 40 ◦C and a stirring speed of 500 rpm.
Subsequent operation steps are identical to those described in PeAAOx coupled with
AaeUPO catalytic cascade system experiment.

3. Results and Discussion

In a first set of experiments we compared the catalytic performance of PeAAOx alone
with the envisioned bienzymatic cascade (Figure 1).

Pleasingly, the combination of PeAAOx and AaeUPO proved to enable faster product
formation compared to the single-enzyme catalyzed reaction system (Figure 1). Using
PeAAOx as oxidation catalyst alone, the product formation rate was somewhat slower than
when using it in combination with AaeUPO, which we attribute to a positive effect of the
double-catalyst usage postulated (Scheme 1).

Therefore, we further investigated the factors influencing the activity and robustness
of the bienzymatic cascade. First, we systematically varied the concentration of either of
the two enzymes (Figures 2, 3, S4 and S5). In general, the initial product formation rate of
the overall reaction increased with increasing enzyme concentration. This trend was a bit
more pronounced when varying the concentration of PeAAOx, which may indicate that
this represents the overall rate-limiting step of the cascade reaction. It is also interesting to
note that the initial rate did not increase linearly with the PeAAOx concentration. Possibly,
at high PeAAOx concentrations, diffusion of O2 into the aqueous reaction mixture became
overall rate-limiting. Finally, it should be noted that the reactions did not reach full
conversion. We are currently lacking a plausible explanation for this observation but are
convinced that further in-depth characterization of the reaction will reveal the current
limitation.
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[PeAAOx] = 30 µM, [AaeUPO] = 0.5, 1.0, 2.0 and 4.0 µM, [veratryl alcohol] = 50 mM (pre-dissolved in
acetonitrile), 30 ◦C, pH 7 and 500 rpm).

Next, the influence of reaction temperature and pH on the overall oxidation rate
was examined (Figure 4). Increasing the reaction temperature from 25 ◦C to 40 ◦C had
only a minor influence on the overall product formation but increasing it to above 40 ◦C
significantly decreased the conversion. We attribute this to the decreasing enzyme stability
(Figure S2) and decreasing oxygen solubility at elevated temperatures. The pH profile was
relatively broad with considerable activity between pH 5 and pH 8 and culminating at
pH 7, which is consistent with the pH optimum of PeAAOx (Figure S3) and AaeUPO [23].
Therefore, 40 ◦C and pH 7 were used for the following experiments.
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To evaluate the synthetic breadth of the proposed bienzymatic alcohol oxidation
scheme, we explored the oxidation of further starting materials (Table 1 and Figure S6). A
range of ring-substituted benzylic alcohols were converted in acceptable to good yields.
Allylic alcohols such as cinnamyl alcohol were also converted, albeit at somewhat lower
efficiency. The final product yields, however, correlated only poorly with the reported
substrate spectrum of PeAAOx [24]. This may partially be attributed to the initial rate
measurements performed previously, which neglect possible inhibitory effects. Moreover,
the AaeUPO substrate preference may interfere. In any case, a more extensive evaluation of
the product scope of the proposed bienzymatic oxidation system will be desirable.

Table 1. Substrate expansion studies 1.

Entry Substrate Product
Product

Concentration
(mM)

Conversion
(%)

1
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1 (Reaction conditions: [PeAAOx] = 30 µM, [AaeUPO] = 2 µM, [substrate] = 50 mM (predissolved in acetonitrile),
40 ◦C, pH 7, 500 rpm, 24 h).

4. Conclusions

In the present study we have established a bienzymatic, parallel cascade combin-
ing aryl alcohol oxidases with peroxygenases to selectively oxidise benzylic alcohols into
the corresponding aromatic aldehydes. Admittedly, many questions about the efficiency,
robustness and scalability of the cascade remain to be answered. But the promising prelimi-
nary results obtained so far make us confident that the proposed approach may become a
viable route to produce natural flavour compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13010145/s1, Figure S1: SDS-PAGE of PeAAOx; Figure S2: Effect
of temperature on PeAAOx enzyme activity (A) and tolerance of PeAAOx to temperature (B);
Figure S3: Effect of pH on PeAAOx enzyme activity (A) and tolerance of PeAAOx to pH (B);
Figure S4: Gas chromatograms of different PeAAOx enzyme dosages used to catalyze the reaction
of aromatic primary alcohols for 24 h; Figure S5: Gas chromatograms of different AaeUPO enzyme
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dosages used to catalyze the reaction of aromatic primary alcohols for 24 h; Figure S6: The gas
chromatogram of the substrate expansion study (the specific peak time is shown in Table S1); Table
S1: Retention time of different aromatic primary alcohols/aromatic aldehydes.
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Abstract: Jania rubens red seaweed has various bioactive compounds that can be used for several
medicinal and pharmaceutical applications. In this study, we investigate the antidiabetic, anti-
inflammatory, and antioxidant competency of Jania rubens polyphenolic extract (JRPE) by assessing
their interactions with α-amylase, lipase, and trypsin enzymes. HPLC analysis revealed the domi-
nance of twelve polyphenolic compounds. We performed computational analysis using α-amylase,
lipase, and trypsin as target proteins for the polyphenols to explore their activities based on their
predicted modes of binding sites following molecular modeling analysis. The molecular docking
analysis demonstrated a good affinity score with a noticeable affinity to polyphenolic compositions
of Jania rubens. The compounds with the highest affinity score for α-amylase (PDB: 4W93) were
kaempferol, quercetin, and chlorogenic acid, with −8.4, −8.8 and −8 kcal/mol, respectively. Sim-
ilarly, lipase (PDB: 1LPB) demonstrated high docking scores of −7.1, −7.4, and −7.2 kcal/mol for
kaempferol, quercetin, and chlorogenic acid, respectively. Furthermore, for trypsin (PDB: 4DOQ) re-
sults, kaempferol, quercetin, and chlorogenic acid docking scores were−7.2,−7.2, and−7.1 kcal/mol,
respectively. The docking findings were verified using in vitro evaluations, manifesting comparable
results. Overall, these findings enlighten that the JRPE has antidiabetic, anti-inflammatory, and
antioxidant properties using different diabetics’ enzymes that could be further studied using in vivo
investigations for diabetes treatment.

Keywords: Jania rubens; α-amylase; lipase; trypsin; antidiabetic; in silico analysis

1. Introduction

Obesity and diabetes (diabetes mellitus, DM) instigate several chronic diseases, includ-
ing cardiovascular disease, kidney disease, eye disease, hypertension, osteoarthritis, and
some forms of cancer. The worldwide rise of these conditions has become a major health
concern. Excess fat mass accumulation is the defining feature of obesity, a complicated
metabolic condition often accompanied by insulin resistance, elevated oxidative stress,
and low-grade inflammation. Diabetes is a metabolic disorder caused by either a lack of
pancreatic beta cells or a deficiency in insulin secretion and performance in terms of insulin
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resistance and sensitivity with different cell types. Genetic predisposition, a Western-style
fast food diet, insufficient exercise, and socioeconomic standing are all thought to play
a role in the epidemic of obesity. More than 600 million adults are overweight or obese,
and an alarmingly rising percentage of infants are born overweight or obese in developing
nations, according to research by the International Obesity Task Force.

By 2045, it is projected that 629 million people will have diabetes, up from 425 million
in 2017. More than 85% of the diagnosed cases of diabetes were type 2 diabetes. Vascular
diseases such as nephropathy, retinopathy, peripheral neuropathy, and stroke were present
in many diabetic patients [1]. According to the International Diabetes Federation’s (IDF)
ninth-edition report on global diabetes (2019), the worldwide prevalence of diabetes was
9.3%, and approximately 463 million people were affected by diabetes worldwide (Inter-
national Diabetes Federation 2019) [2]. Another study looking at the global prevalence of
overweight and obesity between 1980 and 2015 found that, while the rate of obesity was
highest in disadvantaged groups in high-income countries, it was highest in wealthy and
urban families in low-income countries. The rapid changes in socioeconomic status and the
acceptance of high-calorie, fat-rich foods and less active lifestyles have led to a considerable
increase in obesity rates worldwide [3].

Obesity is currently treated with a variety of conventional medications; for instance,
sibutramine (Meridia) and lorcaserin (Belviq). Despite their effectiveness, these drugs are
rarely used due to concerns about their accessibility and safety. Moreover, recent studies
reported the synthesis of new compounds to inhibit glycosidase enzymes implicated in
various biomedical applications [4,5]. However, it is important to create accessible entities
that are also secure, efficient, and cheap to use. It is widely accepted that medicines
derived from plants should be used as the first line of defense in preventing illness and its
complications [6,7]. Traditional synthetics have consistently provided a rich vein of novel
chemical compounds from which to extract useful pharmaceuticals. Phytogenic herbal
products account for over half of all FDA-approved prescriptions. Proteins, minerals, and
vitamins can all be abundant in seaweeds, as can dietary fiber (non-starch polysaccharides)
due to their low lipid content and reduced caloric value, as well as the fact that they
disrupt increasing the other nutrients in your diet’s bioavailability [8]. In addition, the
dietary fiber found in seaweeds comes mostly from polysaccharides, including alginates,
cellulose, fucans, and laminarins, all of which are indigestible to humans due to a lack of
certain enzymes.

Marine biotechnology (also called blue biotechnology) involves the application of
biological resources from the sea for industrial, medical, or environmental purposes [9–11].
On the other hand, enzymes are the dominant molecular targets for the major medicinal
molecules introduced to the market. Moreover, they are considered a favorable target for
new drug discovery due to their protein structures, which facilitate the exploration of di-
verse drugs with potential target validation. Clinical applications of enzyme inhibitors have
suggested new avenues for enzyme implementation in various medical fields, including on-
cology, cardiology, diabetes, and neurology [12–14]. Trypsin and α-amylase inhibitors play
vital roles in diabetes management since they hinder the digestion of dietary carbohydrates,
reducing the risk of postprandial hyperglycemia [15,16]. Additionally, lipase enzymes are
widely exploited in various biotechnological applications [17]. Importantly, carbohydrate
and pancreatic lipase inhibition effectively impede weight gain and treat obesity through
calorie restrictions [18,19]. Therefore, α-amylase, lipase, and trypsin inhibition assays
are broadly applied in the screening of different plant extracts and natural products as a
typical approach to the development of novel antidiabetic and anti-obesity medications.
Polyphenols are one of the key plant compounds that have been demonstrated to possess
considerable biomedical activity, such as their application in preventing cancer and heart
disease and their significant role as natural antioxidants in the food industry.

Green algae (Chlorophyta), red algae (Rhodophyta), and brown algae (Phaeophyta) are
the three main types of marine macroalgae based on their pigmentation [20,21]. Chemically
speaking, macroalgae are characterized by a high percentage of water, carbohydrates, and
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proteins in addition to a low amount of lipids [22]. Rhodophyta, the red algae phylum,
has the highest concentration of bioactive compounds, with over 1600 unique compounds
accounting for 53% of all bioactive compounds found in algae [23]. Therefore, the current
study investigates the biomedical application of the polyphenolic extract from Egyptian red
algae (Jania rubens), JRPE, for the first time using different in vitro approaches, including
antioxidant, anti-inflammatory, and antibacterial evaluations. Furthermore, the antidiabetic
property of the JRPE was appraised through investigation for its ability to inhibit the
pancreatic enzymes activity, such as α-amylase, lipase, and trypsin. Moreover, in silico
computational drug screening studies were performed against these enzymes responsible
for obesity and diabetes, which are targets for anti-diabetes treatment.

2. Results
2.1. The HPLC Analysis of JRPE

The HPLC analysis results of Jania rubens polyphenolic extract (JRPE) exhibited high
concentrations of polyphenolic compositions, revealing the presence of 12 compounds,
as depicted in Figure S1. Figure 1 illustrates the chemical structures of the identified
polyphenolic compounds. It can be observed from the data in Table 1 that kaempferol,
resveratrol, quercetin, and syringic acid are dominant products at concentrations of 140.68,
96.88, 67.48, and 49.60 mg/kg, respectively. In terms of the ratio of the polyphenolic
compounds in JRPE, kaempferol revealed the highest percentage of 32.5%, followed by
resveratrol (22%), quercetin (15%), syringic acid (11%), ferulic acid (6%), o-coumaric, vanillic,
and caffeic acid (2%), while p-coumaric acid had the lowest concentration.

Table 1. Concentrations of polyphenolic compounds in JRPE based on HPLC analysis.

Polyphenolic Compounds R. T/min Con. (mg/kg)

p-Hydroxybenzoic acid 7.618 14.61616
Caffeic acid 9.954 6.93052

Catechin 9.124 3.99015
Chlorogenic 9.408 17.91833
Ferulic acid 15.715 25.81511
Kaempferol 24.757 140.68073

o-Coumaric acid 17.874 8.01992
p-Coumaric acid 13.526 1.71484

Quercetin 21.666 67.48636
Resveratrol 19.470 96.88487

Syringic acid 10.705 49.60852
Vanillic acid 15.40824 7.13708

2.2. The Antioxidant Properties of the JRPE

Figure 2A depicts the total antioxidant capacity (TAC) of JRPE in the presence of VitC
as a reference, demonstrating that the TAC for JRPE is greater than VitC at all concentrations
tested. However, the VitC demonstrated a slight increase in TAC compared to the JRPE at a
concentration of 1000 µg/mL. In addition, the IC50 of TAC for JRE is 253.43 µg/mL, which
is equivalent to VitC.

The antioxidant activity of the JRPE using DPPH methods compared with VitC as the
standard antioxidant natural material revealed that JRPE had higher activity at concen-
trations from 300 to 700 µg/mL compared to VitC. Nevertheless, comparable antioxidant
capacities for the JRPE and VitC were perceived at concentrations of 900 µg/mL and
1000 µg/mL. These findings substantiate those obtained from TAC. Furthermore, the
IC50 values for the JRPE and VitC were 3.8772 µg/mL and 5601 µg/mL, respectively, as
demonstrated in Figure 2B.
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Figure 2C exhibited that the JRPE exerted the maximum ABTS•+ scavenging capacity
of 98.91% at the highest concentration of 1000 µg/mL, whereas VitC manifested a scaveng-
ing capacity of 100% at a concentration of 700 µg/mL. In addition, the IC50 for JRPE was
1202.24 µg/mL, while the IC50 for VitC. was perceived at 345.40 µg/mL.
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2.3. The Anti-Inflammatory Activity Using Nitric Oxides Assay

The anti-inflammatory activity of the JRPE using the NO model reveals that the JRPE
has higher anti-inflammatory activity at all levels compared to VitC with the highest activity
of 98.92% at the highest concentration, as portrayed in Figure 2D. Furthermore, the IC50
values for JRPE and VitC in relation to the NO inhibition were reported to be 5326.53 and
5287.20, respectively.

2.4. The Antibacterial Activity of the JRPE

In this work, we also sought to determine whether the JRPE has antibacterial activity
against gram-positive (Streptococcus pyogenes, Staphylococcus aureus, and
Enterococcus faecalis) and gram-negative (Escherichia coli ATCC 8739, Pseudomonas aeruginosa,
and Klebsiella pneumonia). From first sight, it could be discerned that the JRPE exerted signifi-
cant growth hindrance in relation to the entire indicator bacteria, which was higher than the
two reference antibiotics (ampicillin and amoxicillin), and even the later antibiotic is broad-
spectrum. The first concentration of the extract (25 µg/mL) revealed low activity against
all pathogenic bacteria, which significantly increased with the rise in the concentration of
the extract, reaching full bacterial inhibition as presented in Figure 3. The antibacterial
findings manifested that the JRPE has remarkable antibacterial properties, particularly
against S. pyogenes (98.6%) and S. aureus (98.69%), which are higher than the antibacterial
activities of the empirical antibiotics, ampicillin and amoxicillin. Notably, the JRPE demon-
strated almost full bacterial growth inhibition of 99.8% in relation to Enterococcus faecalis,
whereas ampicillin and amoxicillin exerted growth hindrance ratios of 87.7% and 95.98%,
respectively, against the same bacteria. With regard to gram-negative bacteria, the JRPE
exhibited a significant growth inhibition of 98.73% toward E. coli. By contrast, ampicillin
and amoxicillin showed antibacterial rates of 91.68% and 97.05%, respectively, toward
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E. coli. In the same manner, the antibacterial capacities of JRPE, ampicillin, and amoxicillin
were perceived in relation to P. aeruginosa and K. pneumonia.
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2.5. Inhibitory Effects of JRPE toward α-Amylase, Pepsin, Trypsin, and Lipase

The antidiabetic activity of JRPE was evaluated against three digestive enzymes (α-
amylase, lipase, and trypsin) as illustrated in Figure 4. Alpha-amylase: considering the
α-amylase inhibition after treatment with the JRPE, a minimum enzyme inhibition of
73.71% was detected at a JRPE concentration of 25 µg/mL. Additionally, the enzyme
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inhibition was augmented with the increase in JRPE concentration, reporting an inhibitory
ratio of 97.43% at 1000 µg/mL. Furthermore, the IC50 value of JRPE against α-amylase
was reported to be 2349.16 µg/mL. Lipase: in terms of the lipase enzyme, the minimum
inhibition of lipolytic activity was perceived at 25 µg/mL with an inhibition ratio of 38.26%,
while the maximum inhibition activity of lipase was 95.96% at 1000 µg/mL with an IC50
of 38.26 µg/mL. Trypsin: the minimum inhibitory activity of trypsin was 30.07% at a
concentration of 25 µg/mL. On the other hand, the maximum inhibition of trypsin was
95.48% at 1000 µg/mL with an IC50 value of 517.9548 µg/mL.
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Figure 4. Inhibition properties of JRPE toward (A) α-amylase, (B) lipase, and (C) trypsin. The results
are presented as mean ± SD.

2.6. Docking Studies of Polyphenolics in JRPE against Amylase, Lipase, and Trypsin

Docking studies were carried out to assess the interaction and potential binding
model, affinity, and binding free energy (∆G) of the polyphenolics in JRPE in relation to α-
amylase, trypsin, and lipase as illustrated in Figures 5–7. The docking scores of the different
polyphenolic compounds in the JRPE are enumerated in Table S1. Moreover, the rest of
the docking results and the two-dimensional docking analyses for other polyphenolics are
illustrated in Tables S2–S4.
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Figure 5. The 2D and 3D docking between α-amylase and polyphenolics compound in the JRPE. 

(A) 2D and (B) 3D of docking between kaempferol and α-amylase. (C) 2D and (D) 3D of docking 

between quercetin and α-amylase. (E) 2D and (F) 3D of docking analysis between chlorogenic acid 

and α-amylase. 

Figure 5. The 2D and 3D docking between α-amylase and polyphenolics compound in the JRPE.
(A) 2D and (B) 3D of docking between kaempferol and α-amylase. (C) 2D and (D) 3D of docking
between quercetin and α-amylase. (E) 2D and (F) 3D of docking analysis between chlorogenic acid
and α-amylase.
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Figure 6. The 2D and 3D docking between lipase and polyphenolics compound in the JRPE. (A) 2D 

and (B) 3D of docking between kaempferol and lipase. (C) 2D and (D) 3D of docking between 

quercetin and lipase. (E) 2D and (F) 3D of docking between chlorogenic acid and lipase. 

Figure 6. The 2D and 3D docking between lipase and polyphenolics compound in the JRPE.
(A) 2D and (B) 3D of docking between kaempferol and lipase. (C) 2D and (D) 3D of docking
between quercetin and lipase. (E) 2D and (F) 3D of docking between chlorogenic acid and lipase.
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Figure 7. The 2D and 3D docking between trypsin and polyphenolics compound in the JRPE. (A) 

2D and (B) 3D of docking between kaempferol and trypsin. (C) 2D and (D) 3D of docking between 
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Figure 7. The 2D and 3D docking between trypsin and polyphenolics compound in the JRPE. (A) 2D
and (B) 3D of docking between kaempferol and trypsin. (C) 2D and (D) 3D of docking between
quercetin and trypsin. (E) 2D and (F) 3D of docking between chlorogenic acid and trypsin.

2.7. Interactions Assessment between the Twelve Polyphenolic Compounds and α-Amylase

According to the results obtained from in vitro studies, the computational docking
analyses indicated that the twelve compounds could bind to the active site of α-amylase
with the lowest binding energies of −4.5, −5.3, −6.43, and −5.7 kcal/mol, respectively,
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as presented in Table S1. Among all compounds, kaempferol, quercetin, and chlorogenic
acid exhibited the highest docking scores of −8.4, −8.8, and −8 kcal/mol, respectively.
As shown in Figure 5, all these residues are involved in the enzyme’s binding to the
docked compounds. Noticeably, the quercetin demonstrated the highest affinity score
of −8.8 with α-amylase, revealing the interaction between the α-amylase and quercetin
as shown in Figure 6. Furthermore, the amino acid residues (ARG A:398, PRO A:332,
ARG A:421, and ARG A:252) exhibited a standard hydrogen bond with α-amylase. In
addition, the ASP A:402 showed a carbon-hydrogen bond, whereas the PRO A:332 revealed
p-alkyl and p-sigma bonds. The interaction of kaempferol with α-amylase exposed the
second highest affinity score of −8.4, showing two types of interaction bond, including
the conventional hydrogen bond (GLN A:63, TYR A:62, GLU A:233), and Pi–Pi stacked
(TRP A:59). Chlorogenic acid demonstrated the third highest affinity score of −8, showing
two types of interaction bonds, involving conventional hydrogen bonds (THR A:6, ASP A:402,
ARG A:421, PRO A:332, SER A:289, GLY A334, ARG:252) and pi–Alkyl bonds (PRO A:4).

2.8. Interactions between the Twelve Polyphenolic Compounds and Lipase

Based on the findings of the in vitro investigations, the computational docking results
exhibited that the twelve compounds attached to the active site of the lipase enzyme
were catechin, p-coumaric acid, and vanillic acid with the lowest binding energies of
−4.1, −4.3, and −4.3, kcal/mol, respectively. Out of the entire compounds, kaempferol,
quercetin, and chlorogenic acid demonstrated the highest docking scores of −7.1, −7.4, and
−7.2 kcal/mol, respectively. All these residues that participated in the enzyme binding to
the docked compounds are represented in Table S1. The interaction between quercetin and
lipase showed four types of interaction bonds, including the standard hydrogen bond (THR
A:82), the pi–donor hydrogen bond (TYR A:59), (Pi–Pi stacked TYR A:59), and (Pi–Alkyl
ILE A:33) as delineated in Figure 6. For kaempferol interaction bonds, it showed also
four types of interaction bond, involving conventional (SER A:37, TYR A:55, THR A:80),
pi–sigma (VALA: 57), Pi–Pi stacked (His A:30), and Pi–Pi shaped (TYR A:55). On the other
hand, the chlorogenic acid had two types of interaction bonds: (SER A:37, SER A:35, LEU
A:18, ILEA:33, HIS A:30, THR A:80, ILE A:79), and Pi–stacked (TYR A:55).

2.9. Interactions between the Twelve Polyphenolic Compounds and Trypsin

The computational docking results indicated that the twelve compounds bound to the
active site of trypsin with the lowest binding energies of −4.1, −4.3, and −4.3, kcal/mol,
for catechin, p-coumaric acid, and vanillic acid, respectively. As mentioned above in the
docking analysis for lipase, the highest docking scores were observed for kaempferol,
quercetin, and chlorogenic acid with affinity scores of −7.2, −7.2, and −7.1 kcal/mol,
respectively. All these residues are contributed in the enzyme binding and the docked
compounds are illustrated in Table S1. The interaction between lipase and quercetin is
shown in Figure 7. Specifically, the interaction between quercetin and trypsin showed four
types of interaction bonds, involving the conventional hydrogen bond (THR A:82), the
pi–donor hydrogen bond (TYR A:59), Pi–Pi stacked (TYR A:59), and the pi–Alkyl bond
(ILE A:33). Similarly, kaempferol docking with trypsin revealed conventional (SER A:37,
TYR A:55, THR A:80), pi–sigma (VALA: 57), pi–pi stacked (His A:30), and pi–pi shaped
(TYR A:55) interaction bonds. As observed above in the docking of lipase, chlorogenic acid
displayed two types of interaction bonds: (SER A:37, SER A:35, LEU A:18, ILEA:33, HIS
A:30, THR A:80, ILE A:79), and Pi–stacked (TYR A:55).

2.10. Pharmacodynamics and Pharmacokinetics of Polyphenolics Composition in JRPE

The pharmacokinetics, medicinal chemistry, drug-likeness, physicochemical proper-
ties, lipophilicity, and water solubility data are summarized in Table S5. According to the
pharmacokinetic and ADMET properties, JRPE showed a high human intestinal absorption
rate for almost all compounds, with the exception of chlorogenic acid and quercetin, which
revealed a low intestinal absorption rate. Furthermore, polyphenolic compounds in the
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JRPE exposed very low BBB permeability except for five compounds, involving o-coumaric,
p-coumaric, ferulate, p-hydroxybenzoic acid and resveratrol. On the other hand, JRPE
showed no effect on cytochrome P450 isomers for eight compounds, including caffeic,
ferulate, quercetin, 4-hydroxybenzoic acid, chlorogenic acid, p-coumaric acid, o-coumaric
acid, syringic acid, and vanillic acid. Most importantly, JRPE toxicity (non-mutagenic),
hepatotoxicity, or skin sensitization were not perceived in the JRPE.

3. Discussion

In this study, the influence of Jania rubens polyphenolic extract (JRPE) on the activ-
ity of three common digestive enzymes, including α-amylase, lipase, and trypsin was
investigated to comprehend their potential application as anti-obesity and anti-diabetic
extract. Moreover, the antibacterial, anti-inflammatory, and antioxidant properties of JRPE
polyphenols were examined. The polyphenolic contents bestow on JRPE the competency
to deactivate various digestive enzymes. Thus, we investigated the inhibition of α-amylase,
lipase, and trypsin activities by JRPE. After treatment with JRPE, the maximum inhibition
ratios of -amylase, trypsin, and lipase were reported to be 97.43%, 98.20%, and 95.96%,
respectively. This implies that the JRPE may have powerful anti-diabetic and anti-obesity
properties. It is believed that polyphenol chemicals possess substantial antioxidant and
antibacterial properties. Nevertheless, due to the binding of polyphenols and proteins, they
are impounded into either soluble or insoluble complexes, which may frustrate the func-
tion of both polyphenols and proteins [11,24]. This makes seaweed extracts a promising
candidate for the expansion of natural alternatives to synthetic compounds applied in food
and cosmetic production [25–29].

The attachment of polyphenols to proteins can alter the structure, solubility, hydropho-
bicity, thermal stability, and isoelectric point of the protein by blocking specific amino acids,
which certainly instigates conformational remodeling of the protein. Given the protein-
phenolic complex, the digestibility and exploitation of dietary proteins, in addition to the
activity of digestive enzymes, are altered [30,31]. Naturally occurring polyphenols have
been shown to inhibit the activity of various digestive enzymes, including α-glycosidase,
α-amylase, lipase, and trypsin [32]. This alters the nutrient availability and, in turn, the
microbiota composition.

Considering the antibacterial activity of polyphenols, they have been evinced to have
antibacterial effects by binding and inactivating essential bacterial proteins such as adhesins,
enzymes, and cell envelope transport proteins. Previous studies reported that kaempferol
and its derivatives could thwart the replication of Streptococcus mutans through disruption
of a membrane enzyme identified as sortase A. Since this enzyme is vitally responsible for
bacterial adherence and host cell invasion, it significantly contributes to the pathogenicity
and even the virulence of the bacteria [33]. Moreover, recent studies evidenced the potent
inhibitory impacts of quercetin, flavonoids, rutin, and phenolic acid against sortases A and
B of S. aureus [34,35]. Inhibition of bacterial nucleic acid production is likely related to the B
ring of the flavonoids intercalating or forming a hydrogen bond with the stacking of nucleic
acid bases. Lou et al. [36] postulated two mechanisms to decipher the bactericidal activity of
p-coumaric acid: (I) binding to bacterial genomic DNA, resulting in suppression of various
metabolic pathways and, ultimately, cell death; and (II) disruption of bacterial cell mem-
branes. It is worth mentioning that previous investigations highlighted the competency of
chlorogenic acid to thwart biofilm production, swarming, and other virulence influences
such as protease and elastase activity in P. aeruginosa along with the disordering of other
mechanisms such as rhamnolipid and pyocyanin synthesis [37,38]. Likewise, quercetin
effectively inhibited biofilm formation in K. pneumoniae, P. aeruginosa, and Y. enterocolitica,
as well as other quorum-sensing-regulated attributes; for instance, inhibition of violacein
and production of exopolysaccharide production as alginate [35]. Crucially, the swimming
and swarming of P. aeruginosa and Y. enterocolitica were also drastically suppressed by
quercetin [39,40]. Besides, resveratrol as another phenolic compound, it has the competency
to disturb the physicochemical properties of the surface of Lactobacillus paracasei. More-
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over, the adhesion, bacterial aggregation, and biofilm capabilities were also blocked as a
consequence of L. paracasei treatment with resveratrol [41]. Overall, the substantial antibac-
terial activity of the JRPE compared to a broad-spectrum antibiotic, such as amoxicillin is
most likely due to the synergistic influence of the polyphenolic compounds implicated in
the extract.

In addition, we also studied the inhibitory impacts of the twelve polyphenolic com-
pounds against digestive enzymes. The synergistic/antagonistic actions among bioactive
features in JRPE may account for why it has a greater pancreatic digestive-inhibitory effect
than other extracts with similar activity levels [42]. The systems were characterized by
a predominance of the competitive part of mixed inhibition. These findings support the
hypothesis that polyphenolic extract inhibits the activity of pancreatic α-amylase, lipase
and trypsin through competitive mechanisms [43]. Additionally, the effect of quercetin on
other pancreatic enzymes, including α-amylase, was previously investigated [44].

To determine the potential binding sites of polyphenolics with pancreatic enzymes (α-
amylase, lipase, and trypsin), docking analyses were conducted employing the structures
of all compounds. The competitive component of the polyphenolic compounds’ mixed-
inhibition may be explained by their interactions with residues close to the active site.
Taking into account that the enzyme inhibitors interact with the substrate–enzyme, binding
may shed light on the inhibitory process. To reiterate, the inhibitor would bind not to the
substrate–enzyme combination itself but to the enzyme itself, and it would do so in close
proximity to the substrate binding site.

The binding to the active site attains in a fashion that only influences on the catalytic
cascades and not the substrate binding, which may explain why polyphenolic compound
mixed-type inhibition is non-competitive. Zhu et al. [45] reported that polyphenolic sub-
stances could bind to a pancreatic lipase through hydrophobic interactions. For instance,
pancreatic digesting enzymes and aromatic rings from polyphenolic substances generate
π-stacking interactions. Our findings are in line with those of Swilam et al. [46], who ob-
served that hydrophobic bonds were the primary form of interaction between polyphenolic
chemicals and digestive enzymes. Furthermore, it was predicted by the docking study that
the hydroxyl groups of polyphenolics and the polar groups of digestive enzymes could
form a hydrophobic bond [47]. Compared to other polyphenolic compound–pancreatic
lipase complexes, the quercetin–digestive enzyme complex had greater polar interactions.
The larger size and rigid structure of quercetin may account for its predominant binding
qualities (more polar contacts) and, by extension, its greater inhibitory competency in the
digestive tract. Zhang et al. [48] also found that quercetin was more effective at inhibiting
the target enzyme. Moreover, Ullah et al. [49] demonstrated that quercetin has a stronger
affinity for proteins due to its structural features. The catechol structure in the B ring
and the double bond between C2 and C3 are two of quercetin’s distinguishing features.
The capability of polyphenolics to bind proteins is predominantly correlated to structural
features, including free hydroxyl groups and number of aromatic rings and [50].

4. Materials and Methods
4.1. Samples Collection

Jania rubens was collected during 2019 at a depth of 1–27 m in the Red Sea region,
Hurghada (latitude: 27◦11′37.5′′ and longitude: 33◦50′48.4′′), Egypt and immediately
transported to the lab. The collected samples were identified at the National Institute of
Oceanography and Fisheries (NIOF), Egypt.

4.2. Extraction and Preparation of Jania rubens Polyphenolic Extract (JRPE)

To extract the polyphenolic compounds from Jania rubens, the samples were dried
in air before being ground to obtain the powder with a weight of 500 g. Afterward,
the powder was immersed in ethyl acetate for 1 h, followed by sonication before being
maintained overnight in the fridge at 4 ◦C in the dark bottle. The extraction process was
conducted three times to maximize the yield of polyphenolic compounds. Following this,
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the solvent was eliminated by means of a rotary evaporator (R-300, Büchi Labortechnik
GmbH, Essen, Germany) at 45 ◦C under a low pressure before being stored at 4 ◦C for
further investigations [49,50].

4.3. High-Performance Liquid Chromatography (HPLC) Analysis of JRPE

To ascertain the phenolic and flavonoid compounds in the JRPE, HPLC analysis was
performed by means of HPLC (Agilent 1260, Santa Clara, CA, USA) using a Kinetex® 5 µm
EVO C18 column (100 mm × 4.6 mm) purchased from Phenomenex®, Torrance, CA, USA.
The separation was accomplished utilizing a tertiary liner elution gradient with HPLC
grade water, 0.2% H3PO4 (v/v), methanol, and acetonitrile. The injection volume was
20 µL, and the detection was performed using WWD at 284 nm.

4.4. Antioxidant Activity of JRPE

To assess the antioxidant properties of the JRPE, DPPH and ABTS•+ assays were
conducted using 2,2-diphenyl-1-picrylhydrazyl and 2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid), respectively, following the previous protocols with minor adaptations [51,52].
All investigations were performed in triplicate, and the free radical scavenging was then
calculated using Equation (1):

Scavenging (%) = [(Ac − As)/Ac] ×100 (1)

where Ac and As point to the absorbance of the control and the sample after reaction,
respectively.

To assess the total antioxidant capacity (TAC) of the JRPE, the phosphomolybdenum
approach was performed following the procedures reported by Prieto et al. [53]. Vitamin C
(VitC) was utilized as a standard, and the reactions were replicated three times.

4.5. Anti-Inflammatory Activity of JRPE

To estimate the anti-inflammatory properties of the JRPE, a nitric oxide scavenging
approach was performed in accordance with the protocol delineated by Garrat [54]. Vit. C
was applied as a standard drug in this assay, and the investigations were accomplished in
triplicate. The inhibition ratio of nitric oxide was computed using Equation (2):

Nitric oxide scavenging (%) = [(Ac − As)/Ac] × 100. (2)

where Ac is the absorbance of the control, while as indicates the absorbance of the sample
after reaction.

4.6. Antibacterial Assessments of JRPE

The antibacterial properties of JRPE were evaluated toward three gram-positive bacteria
(Streptococcus pyogenes ATCC 19615, Staphylococcus aureus ATCC 25923, and Enterococcus faecalis
ATCC 29212) and three gram-negative bacteria (Escherichia coli ATCC 8739,
Pseudomonas aeruginosa ATCC 15442, and Klebsiella pneumoniae ATCC 13883) in accordance
with the resazurin assay using a microtiter plate (Sigma-Aldrich, Taufkirchen, Germany).
Each bacterial strain was revitalized by growing overnight at 37 ◦C in LB medium, followed
by adjustment of their turbidities at 600 nm by means of a spectrophotometer in compliance
with the McFarland 0.5 standard [55,56]. A volume of 50 µL representing different con-
centrations of the JRPE from 25 to 1000 µg/mL) was loaded into a sterile microtiter plate
(96-well), followed by the addition of 10 µL of resazurin indicator solution to each well. Fol-
lowing this, 30 µL of LB medium was added to the wells before being inoculated with 10 µL
of bacterial suspension (5 × 106 CFU/mL). Ampicillin and amoxicillin (Sigma-Aldrich,
Taufkirchen, Germany) were applied as reference antibiotics to the microtiter plate with
concentrations comparable to the extract. To avoid the rehydration of bacteria, each plate
was wrapped with cling film before being incubated overnight at 37 ◦C. The antibacterial
evaluations were carried out in triplicate and the bacterial cultures in each microplate were
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measured at 520 nm by means of a microplate reader (SpectraMax i3x Multi-Mode, San
Jose, CA, USA). The growth inhibition ratio of bacteria was quantified using Equation (3):

Growth inhibition of bacteria (%) = [(Ac − As)/Ac)] × 100 (3)

where Ac and As indicate the absorbance of untreated bacterial cultures and bacterial
cultures treated with JRPE, respectively.

4.7. Anti-Diabetics and Anti-Obesity of JRPE Using Inhibition of Digestive Enzymes

The anti-diabetics and anti-obesity of JRPE were evaluated utilizing α-amylase, lipase,
and trypsin (Loba chemie, Mumbai, India). To estimate the activity of pancreatic α-amylase
activity, we utilized soluble starch as a substrate and the reducing sugars were then calori-
metrically evaluated adopting the dinitrosalicylic acid method demonstrated by Miller [57].
The reaction was performed by adding 20 µL of α-amylase solution containing 20 µg of
the enzyme to 280 µL of starch solution (1%, w/v) prepared in phosphate buffer (pH 7)
supplemented with 20 mM CaCl2. The reaction was commenced by incubation at 37 ◦C
before being terminated by the addition of a DNSA reagent. To evaluate the ability of the
JRPE to inhibit the α-amylase activity, different concentrations of the extract from 25 to
1000 µg/mL were added to 20 µL of α-amylase enzyme solutions before being incubated
for 5 min. Following this, the enzyme activity was estimated using the DNS method and
measured at 540 nm by means of a spectrophotometer.

To assess the lipase inhibition, a stock solution of pancreatic lipase (1 mg/mL) was
prepared in 10 mM Tris-HCl buffer (PH 7.5). The lipase activity was assayed as previously
described by Choi et al. [58] with slight modifications. DMPTB (2,3- mercapto-1-propanol
tributyrate) was utilized as a substrate and dissolved in 50 mM Tris-HCl buffer (PH
7.2) complemented with 6% of Triton X-100, while the DTNB reagent (5,5-dithio-bis-(2-
nitrobenzoic acid) at concentration of 40 mM was prepared in isobutanol. The lipase
inhibition using the JRPE was conducted using different concentrations within a range from
25 to 1000 µg/mL. The reaction was performed by adding 200 µL from each concentration
of JRPE to 100 µL of the enzyme solution, followed by addition of 700 µL of tris-HCl buffer
(pH 7.4) to the mixture. After incubation of the tubes at 37 ◦C for 15 min, 100 µL of DMPTB
substrate was added to the mixture for the enzyme assay. The activity of the lipase enzyme
was evaluated at 405 nm employing a spectrophotometer.

For estimating the capacity of the JRPE to inhibit the activity of trypsin, 1.5 mL of
trypsin solution prepared in Tris-HCl buffer (0.2 M, pH 8) was pre-incubated at 25 ◦C for
15 min with 1.5 mL of different concentrations of JRPE, ranging from 25 to 1000 µg/mL.
Casein was used as a substrate and was prepared in Tris-HCl buffer (0.2 M, pH 8) supple-
mented with 20 mM CaCl2 in a ratio of 1:1.8, respectively, before being incubated in a water
bath at 37 ◦C for 20 min to fully dissolve. To estimate the enzyme activity, 2.8 mL of the
substrate was thoroughly mixed with 200 µL of the enzyme and JRPE. After incubation for
20 min at 37 ◦C, the reaction was terminated by adding 6 mL of 2.5% trichloroacetic acid
(TCA) and the tubes were then maintained on ice for 20 min. The tubes were centrifuged
at 10,000 rpm for 10 min, and the supernatants were further measured at 280 nm using a
spectrophotometer. The inhibition percentage was calculated using Equation (4):

Enzyme inhibition (%) = [(Ac − At)/Ac] × 100 (4)

where Ac points to the absorbance of the control, which contains all reagents and 20%
DMSO in the absence of the tested solution, while At indicates the absorbance of the
examined sample.

The half-maximal inhibitory concentration (IC50) values were estimated following
fitting inhibition parameters with standard log inhibitor vs. normalized response mod-
els using AAT Bioquest (https://www.aatbio.com/tools/ic50-calculator, accessed on 20
November 2022).
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4.8. Molecular Docking Studies

The crystal structures of α-amylase (PDB ID: 4W93), lipase (PDB ID: 1LPB), and trypsin
(PDB ID: 4DOQ) were retrieved from the Protein Data Bank website: http://www.rcsb.org
(accessed on 20 November 2022) and the target proteins were prepared for docking analysis
employing Pymol Opensource, Shirley, NY, USA. Furthermore, to prepare the ligands,
the 3D structures of the investigated 12 polyphenolic compounds and the co-crystallized
compound were obtained from the PubChem database (www.pubchem.ncbi.nlm.nih.gov
(accessed on 20 November 2022)) and their chemical structures were then transformed
into PDB using Pymol [59]. Afterward, the ligands were transformed into PDBQT format
by means of AutoDock Tools, San Diego, CA, USA for molecular docking simulation.
Before commencing the docking examinations, the docking procedure was verified by
redocking the native inhibitors into the active site of the enzyme. The binding model with
the minimum binding energy was superimposed on the retrieved co-crystallized inhibitor.
Then, polyphenolics in JRPE were docked into the active sites of the enzymes employing the
AutoDock Vina docking system. The prepared structures of enzymes were also imported,
and the docking examination was commenced with all other parameters. The docked
complexes were visualized by means of the Discovery Studio Visualizer, Shirley, NY, USA
(V. 21) to explore and report the different molecular interactions.

4.9. In Silico Pharmacodynamics and Pharmacokinetics

To assess the drug-likeness of the 12 polyphenolic compounds in JRPE, in silico
evaluation was attained adopting (http://www.swissadme.ch/index.php#, accessed on
20 November 2022) [60] based on specific properties of compounds, including absorption,
distribution, metabolism, and excretion as assessments for pharmacokinetic features [61].

4.10. Statistical Analysis

All the experimental assays were carried out at least in triplicate, and results are shown
as mean ± SD. The results were analyzed by means of GraphPad Prism (Version 8, GraphPad
Software Inc., San Diego, CA, USA) and were considered to be significant at p ≤ 0.05.

5. Conclusions

Twelve polyphenolic compounds were identified in the extract of Jania rubens (JRPE)
collected from Egypt. The JRPE demonstrated remarkable antioxidant and antibacterial ac-
tivities. Among the identified polyphenolic compounds, quercetin, kaempferol, and chloro-
genic exposed the highest inhibition toward α-amylase, lipase, and trypsin with acceptable
IC50. This may be related to the antioxidant and anti-inflammatory properties of JRPE ex-
tract, which enable them to bind with digestive enzymes, forming a polyphenolic-enzyme
complex. Furthermore, computational studies following molecular docking analysis for
the twelve polyphenolic compounds in JRPE exhibited that the polyphenolics may develop
a complex with digestive enzymes, demonstrating that all compounds could closely bind
to the active site of digestive enzymes. Significantly, the in vitro studies substantiated the
powerful inhibitory activity of JRPE, indicating the anti-obesity and anti-diabetes character-
istics of the implicated polyphenolic compounds. Further in vivo investigations should be
performed to evaluate the capacity of the JRPE to govern diabetes in animal models, and
the polyphenolic compounds could be purified to assess their independent bioactivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13020443/s1, Figure S1: HPLC chromatogram for the JRPE
shows different polyphenolic compounds (phenolic and flavonoids); Table S1: The docking affinity
scores of the different polyphenolics’ compounds in the JRPE; Table S2: Affinity scores for docking
analysis of α-amylase (PDB ID: 4W93) using twelve polyphenolic compounds identified from JRPE;
Table S3: Affinity scores for docking analysis of lipase (PDB ID: 1LPB) using twelve polyphenolic
compounds identified from JRPE; Table S4: Affinity scores for docking analysis of trypsin (PDB ID:
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4DOQ) using twelve polyphenolic compounds identified from JRPE; Table S5: Pharmacodynamics
and pharmacokinetics analysis of twelve polyphenolic compounds identified from JRPE.
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Abstract: Bovine lactoferrin (bLf) is a multifunctional glycoprotein and a good candidate for producing
diverse bioactive peptides, which are easily lost during over-digestion. Accordingly, the effects of
laccase-mediated pectin–ferulic acid conjugate (PF) and transglutaminase (TG) on improving the
production of bLf active peptides by in vitro gastrointestinal digestion were investigated. Using
ultra-high-performance liquid chromatography tandem mass spectroscopy (UPLC-MS-MS), the di-
gests of bLf alone, PF-encapsulated bLf complex (LfPF), and TG-treated LfPF complex (LfPFTG)
produced by conditioned in vitro gastric digestion (2000 U/mL pepsin, pH 3.0, 37 ◦C, 2 h) were
identified with seven groups of active peptide-related fragments, including three common peptides
(VFEAGRDPYKLRPVAAE, FENLPEKADRDQYEL, and VLRPTEGYL) and four differential peptides
(GILRPYLSWTE, ARSVDGKEDLIWKL, YLGSRYLT, and FKSETKNLL). The gastric digest of LfPF
contained more diverse and abundant detectable peptides of longer lengths than those of bLf and
LfPFTG. After further in vitro intestinal digestion, two active peptide-related fragments (FEAGRDPYK
and FENLPEKADRDQYE) remained in the final digest of LfPFTG; one (EAGRDPYKLRPVA) remained
in that of bLf alone, but none remained in that of LfPF. Conclusively, PF encapsulation enhanced the
production of bLf active peptide fragments under the in vitro gastric digestion applied. TG treatment
facilitated active peptide FENLPEKADRDQYE being kept in the final gastrointestinal digest.

Keywords: lactoferrin; pectin–ferulic acid conjugate; laccase; transglutaminase; active peptide;
UPLC-MS-MS

1. Introduction

Bovine lactoferrin (bLf) is a vital, multifunctional glycoprotein with diverse appli-
cations in foods [1] and pharmaceutics [2]. It is a “generally recognized as safe” (GRAS)
ingredient at a maximal usage of 100–400 mg/100 g for milk products [3]. For foods, bLf
is a promising nutraceutical and encapsulating agent for functional ingredients [1]. For
pharmaceutics, bLf is a good candidate as an adjuvant or drug carrier in medicines such
as antimicrobial, immunomodulatory, anticancer, anti-Parkinsonian, and anti-Alzheimer
medicines [2,4]. For developing active peptides with improved activities, studies on bLf
active peptides produced by in vitro gastric or gastrointestinal digestion are receiving more
interest [5–9]. Several bLf active peptides have been discovered, e.g., antimicrobial peptides,
bovine lactoferrampin (bLfampin) [5]; antihypertensive peptides, ENLPEKADRD [6]; and
osteoblast-promoting peptides, ENLPEKADRDQYEL [7] and FKSETKNLL [8]. However,
few pieces of evidence about whole active peptide distribution are reported for bLf digests,
possibly due to over-digestion by the applied conditions or technical limitations for peptide
identification [10].

Catalysts 2023, 13, 521. https://doi.org/10.3390/catal13030521 https://www.mdpi.com/journal/catalysts
100



Catalysts 2023, 13, 521

Generally, enhancing active peptide production in bLf digests is essential for industrial
concerns. For this purpose, several approaches for controlling bLf hydrolysis can be consid-
ered; examples include selecting suitable digestion conditions and encapsulation with food
biopolymers. Natural pectins are multifunctional biopolymers widely applied in foods [11]
and pharmaceuticals [12] and have potential for encapsulating bLf via electrostatic interac-
tions [13,14]. Nonetheless, the encapsulation efficacy and stability of a bLf–natural pectin
complex are limited [15] due to the high hydrophilicity of natural pectins. Recently, pectins
have been receiving more interest for their ability to be conjugated with dietary phenolics
(e.g., ferulic acid) [16–20], giving pectin–phenolic conjugates of improved hydrophobicity,
solution viscosity, emulsion stability [16], and in vitro antioxidant activities [19,20]. In addi-
tion, a pectin–ferulic acid conjugate has been proven to encapsulate bLf better and give a
lower particle size than its parent pectin [15]. The conjugate may be a good modulator for
improving bLf active peptide production. However, the improvement remains to be proved.

Transglutaminase (TG), a popular modifier for food proteins [21], could be another
choice for modulating bLf hydrolysis. The mechanism by which TG modifies protein
functionality is well known to be the catalysis of an acyl transfer reaction between the
γ-carboxyamide group in the glutamine residue and a primary amine, usually in lysine
residue, leading to the formation of γ-glutamyl-lysine (Gln-Lys) bonds and cross-links
between polypeptides or proteins [21]. This type of crosslink has been proposed for TG-
treated bLf particles that increased the stability of Pickering emulsions [22]. The potential
of TG in modulating bLf active peptide production during digestion is still unclear and
under investigation.

Accordingly, this study aimed to investigate the improving effects on bLf active
peptide production under conditioned in vitro gastrointestinal digestion accomplished
using two approaches: encapsulation of laccase-mediated pectin–ferulic acid conjugate
(PF) and TG treatment. The study was performed from the viewpoint of digestomics with
UPLC-MS-MS [10,23]. Passion fruit pectin (PP) was purposedly applied for conjugation
with ferulic acid, due to improved encapsulation ability toward bLf, giving the complex of
significantly (p < 0.05) lessened effective particle sizes [15].

2. Results
2.1. Compositions and Characteristic Ratios of PP and PF

Table 1 indicates that PP possessed a total uronic acid content of 72.72% (w/w) on
average, a total phenolic content (TPC) of 2.36 mg GAE/g, and a degree of esterification
(DE) of 35.17%. In contrast to PP, PF showed a significantly (p < 0.05) lower total uronic
acid content (63.19% (w/w)) but greater TPC (20.03 mg GAE/g) and DE (55.40%). For
monosaccharide composition, PP was composed of GalA, Ara, Gal, Glc, and Rha at 53.42%,
14.73%, 18.50%, 9.11%, and 4.24%, respectively, in molar percentage. Comparatively, PF
exhibited significantly (p < 0.05) lessened GalA (46.83%) and Rha (2.01%) compositions but
greatened Glc% (16.02%). Five structural characteristic ratios for pectins were discovered.
Homogalacturonan content (HG%) appeared to be 49.17% for PP, decreasing to 44.82%
for PF. Rhamnogalacturonan type I composition (RG-I%) was estimated to be 41.72% for
PP, slightly decreasing to 39.16% for PF. The ratio of GalA%/(Rha% + Ara% + Gal%), an
index for structural linearity of the pectin chain, was 1.43 for PP, slightly lessening to 1.26
for PF. The ratio of Rha%/GalA%, an index for branching extent, was 0.08 for PP and
was significantly reduced to 0.04 for PF. In addition, the ratio of (Ara% + Gal%)/Rha%,
suggesting the side chain length of the RG-I fragment, was 7.87 for PP, significantly (p < 0.05)
increasing to 17.53 for PF. FA seemed to bind selectively to the pectin molecules of the HG
backbone with a low degree of branching and RG-I of long chain lengths.
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Table 1. Approximate compositions, monosaccharide compositions, and ratios of PP and PF conjugates.

Parameter Unit PP PF Conjugate

Total uronic acid content (% w/w) 72.72 ± 2.53 a,2 63.19 ± 1.59 b

Total phenolic content (TPC) (mg GAE/g) 1 2.36 ± 0.01 b 20.03 ± 0.38 a

Degree of esterification (DE) (%) 35.17 ± 1.04 b 55.40 ± 3.71 a

Monosaccharide composition
Galacturonic acid (GalA) (mol%) 53.42 ± 1.23 a 46.83 ± 0.64 b

Arabinose (Ara) (mol%) 14.73 ± 0.18 a 15.16 ± 0.26 a

Galactose (Gal) (mol%) 18.50 ± 1.28 a 19.98 ± 1.29 a

Glucose (Glc) (mol%) 9.11 ± 0.27 b 16.02 ± 0.50 a

Rhamnose (Rha) (mol%) 4.24 ± 0.32 a 2.01 ± 0.06 b

HG% = GalA% − Rha% (mol%) 49.17 ± 1.46 a 44.82 ± 0.60 b

RG-I% = 2Rha% + Ara% + Gal% (mol%) 41.72 ± 1.39 a 39.16 ± 0.92 a

GalA%/(Rha% + Ara% + Gal%) 1.43 ± 0.08 a 1.26 ± 0.05 a

Rha%/GalA% 0.08 ± 0.01 a 0.04 ± 0.00 b

(Ara% + Gal%)/Rha% 7.87 ± 0.59 b 17.53 ± 1.07 a

1 GAE: gallic acid equivalent. 2 Means ± standard deviations (n = 3); means with different superscripts a, b in the
same row differ significantly (p < 0.05).

2.2. NMR-Evidenced Structural Features of PP and PF

Figure 1 presents 13C and 1H-decoupled NMR spectra for structural identification
of PP (A) and PF (B). Briefly, PP (Figure 1A) exhibited typical NMR signals of the HG
backbone, accompanied by minor signals of RG-I branches, agreeing with its monosaccha-
ride compositions (mainly ~49% HG% and partly ~42% RG-I of long-side-chain branches
(Table 1)). According to our previous report [19] and those on passion fruit pectins [24]
and pectic polysaccharides [25,26], the major peaks for PP could be assigned for the α-
(1,4)-D-GalA residues of the HG backbone, where C1 δc = 100.40 ppm is associated with
H1 δH = 5.03 ppm; C2 δc = 67.75 ppm with a shoulder peak C3 δc = 68.38 ppm, and both
H2 and H3 δH = 3.75 ppm; C4 δc = 79.00 ppm, H4 δH = 3.94 ppm; C5 δc = 70.53 ppm,
H5 δH ~ 5.05 ppm (associated with H1 δH); esterified carboxyl C6 δc = 170.67 ppm and
free carboxyl C6 δc =174.28 ppm (tiny peak), no δH; methoxyl C7 δc = 52.84 ppm, H7
δH ~ 3.75 ppm (coexisted with H2 and H3 δH); and Rha C6 δc = 16.51 ppm, δH = 1.16 ppm.
In addition, tiny peaks at δc = 60.03, 71.27, 73–76, and 80–84 ppm could be attributed to
branch Gal C6′, Gal C5′, Ara C3, and Ara C2 + C4, respectively. A peak at δc = 107.49 ppm
was characteristic of terminal Ara C1 (t − A1) [25,26]. For the PF conjugate (Figure 1B),
characteristic signals originating from FA were observed at δc = 43.71 ppm, δH = 2.69
and 2.82 ppm (-OCH3 on phenyl ring), and δH = 7.45 and 7.51 ppm (parts of signals for
methylene H on phenyl ring). The GalA C1 signal (originally δc = 100.37 ppm) likely shifted
up to 98.00 ppm, accompanied by the other signals multiplied and of reduced intensities,
possibly due to the shielding effect of bound FA. The above results confirm that FA is
present in the PF conjugate, mostly via attaching to the nucleophilic carboxyl group of
GalA residues. This kind of linkage is one of laccase-mediated FA redox reactions [18] and
agrees with the evidence for citrus pectin–FA conjugates [17].
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Figure 1. The 176 MHz 13C and 700 MHz 1H-decoupled NMR spectra of PP (A) and PF (B).

2.3. Particle Size Distributions of bLf, LfPF Complex, and LfPFTG Complex

Figure 2 shows that pure bLf aqueous solution (0.1% w/w) showed a bimodal dis-
tribution in particle size that peaked mainly at ~300 nm and minorly at ~2800 nm. After
conjugation with PF, the LfPF complex (0.1% bLf + 0.025% PF) revealed a sharpened, bi-
modal distribution and shifted to small particle size regions, mainly peaking at 120 nm and
associated with a small peak at ~25 nm. Additional treatment of 0.1% TG led to LfPFTG
of a broad but monomodal distribution peaking at ~220 nm. The effective particle size
and polydispersity index were, respectively, 269.1 ± 2.9 nm and 0.314 ± 0.076 for bLf
alone, 157.0 ± 1.2 nm and 0.217 ± 0.006 for the LfPF complex, and 225.3 ± 7.3 nm and
0.231 ± 0.018 for the LfPFTG complex. In addition, the ξ-potential value was identified as
+21.9 ± 0.42 mV for the pure bLf dispersed solution, changing to −20.5 ± 1.69 mV for the
LfPF complex, implying that negative-charge PF tended to cover positive-charge, spherical
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bLf via electrostatic interactions. These changes are similar to those for a bLf complex with
citrus low-methoxy pectin [14], which displayed a ξ-potential value (−43.6 mV) lower
than that of LfPF [14] since that PF possessed a higher degree of esterification attributed to
methoxy groups and esters formed between PP and FA (Figure 1). PF encapsulation on bLf
was also confirmed by surface hydrophobicity and scanning electron micrograms [15].

Figure 2. Particle size distributions of bLf, LfPF complex, and LfPFTG complex.

2.4. Differential Peptide Distributions after In Vitro Gastrointestinal Digestion

Figure 3 compares UPLC chromatograms for the peptide profiles in the digests of bLf,
LfPF complex, and LfPFTG complex after in vitro gastrointestinal digestion. Obviously, in
contrast to the chromatographic profile of bLf (A), those of in vitro gastric (pepsin) digests of
LfPF (C) and LfPFTG (E) complexes were somewhat different. For the in vitro gastrointestinal
(pepsin + trypsin) digests, the detected peak signals and peptide numbers lessened obviously
in LfPFGI (D), but increased in LfPFTGGI (F), as compared with LfGI (B).

After MS-MS identification and homology matching with UniProt Knowledgebase
(https://www.uniprot.org/uniprotkb/P24627/entry, accessed on 20 September 2022) and
SWISS-MODEL (https://swissmodel.expasy.org/, accessed on 22 September 2022), the
identified peptide fragments were tabulated (Supplementary Table S1). In total, there
were 103 peptide fragments grouped into 19 peptide regions in the gastric digests studied
(Table S2).

Briefly, the differential peptide numbers between samples are illustrated by Venn’s
plots (Figure 4). LfG, LfPFG, and LfPFTGG (Figure 4A) possessed total peptide numbers of
89, 91, and 77, respectively; individually, they possessed 4, 9, and 2 differential peptides,
respectively, and they shared the same 66 peptides. There were 13, 6, and 3 same peptides
between LfG and LfPFG, between LfG and LfPFTGG, and between LfPFG and LfPFTGG,
respectively. For the gastrointestinal digests (Figure 4B), LfGI, LfPFGI, and LfPFTGGI con-
tained total peptide numbers of only 7, 5, and 9, respectively; individually, they contained
4, 1, and 4 differential peptides, respectively, and they shared two same peptides. There
were 0, 1, and 2 same peptides for LfGI vs. LfPFGI, LfGI vs. LfPFTGGI, and LfPFGI vs.
LfPFTGGI, respectively.
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Figure 3. UPLC chromatograms for the peptide profiles in the digests of bLf (A,B), LfPF complex (C,D),
and LfPFTG complex (E,F) after in vitro gastric (pepsin) digestion (A,C,E) and gastrointestinal
(pepsin + trypsin) digestion (B,D,F).

Figure 4. Venn’s plots for differential peptide numbers detectable in the digests of bLf, LfPF complex,
and LfPFTG complex after in vitro gastric digestion (A) and gastrointestinal digestion (B).
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Figure 5 illustrates the histograms for peptide chain distributions detectable in the
digests of bLf, LfPF, and LfPFTG by UPLC-MS-MS. The given LfG (A) showed detected
peptide lengths in the range of 5–17 with abundances (number) topped at the lengths
of 11–12, followed by 7–8. LfPFG (B) exhibited peptide lengths of 5–31 with abundance
topped at 12, followed by 7–11. For LfPFTG (C), peptide lengths ranged from 6 to 16 with
abundances maximized at 12, followed by 8. LfPFG exhibited high peptide abundance
and long peptide chains (18–31) that were absent in both LfG and LfPFTGG. After further
digestion by trypsin, the given LfGI (D), LfPFGI (E), and LfPFTGGI (F) displayed detectable
peptide lengths in the ranges of 11–13, 7–14, and 6–16, respectively. Generally, total peptide
abundance (peptide length × number) followed the order of LfPFG > LfG and LfPFTGG;
LfPFGI > LfPFTGGI > LfGI, agreeing with the order in total purified peptide yield examined
by BCA colorimetric assay, generally 0.98% (w/w) for both LfG and LfPFTGG, 1.12% (w/w)
for LfPFG, 0.29% (w/w) for LfGI, 0.44% (w/w) for LfPFGI, and 0.34% (w/w) for LfPFTGGI.
The conjugation with PF and TG modified the detectable peptide chain distributions in
bLf digests. Further treatment by in vitro intestinal digestion notably reduced the lengths
and abundances of detectable peptides in the final digests. Peptides of very short lengths
(<5 amino acid residues), long polypeptides (length > 31), and hetero-oligopeptides cross-
linked by disulfide bonds were undetectable by high-resolution MS [27] and not indicated
in this study.

Figure 5. Detectable peptide profiles in the digests of bLf (A,D), LfPF complex (B,E), and LfPFTG
complex (C,F) after in vitro gastric (pepsin) digestion (A–C) and gastrointestinal (pepsin + trypsin)
digestion (D–F).

2.5. Differences in Active Peptide Fragments between Samples

Briefly, active peptide-related fragments are tabulated in Table 2; bioactive peptide
sequences were determined from the milk bioactive protein database [28] and previous
reports [5–9,29]. Seven groups of active peptide fragments with reported active pep-
tide sequences were discovered in the gastric digests (LfG, LfPFG, and LfPFTGG): DG-
GMVFEAGRDPYKLRPVAAE, f(79–99); GILRPYLSWTE, f(149–159); FENLPEKADRDQYEL,
f(234–248); ARSVDGKEDLIWKLLSK, f(276–292); YLGSRYLT, f(338–345); VLRPTEGYL,
f(445–453); and LFKSETKNLL, f(650–659). For the final gastrointestinal digests, one ac-
tive peptide type, EAGRDPYKLRPVA, f(85–97) and its related f(86–97), remained in LfGI.
Two active peptides type, FEAGRDPYK, f(84–92), and FENLPEKADRDQYE, f(234–247) and
related f(235–246), were discovered in LfPFTGGI. No active peptides remained in LfPFGI.
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Table 2. Active peptide fragments in the digests of bLf, LfPF complex, and LfPFTG complex produced
by in vitro gastrointestinal digestion at pH 3.0.

Targeted Peptide Fragment Peptide Fragment Sequence Sample
LfG LfPFG LfPFTGG GI Digests

DGGMVFEAGRDPYKLRPVAAE,
f(79–99)

VFEAGRDPYKLRPVAA 83–98 + + +
VFEAGRDPYKLRPVA 83–97 + + +
FEAGRDPYKLRPVAAE 84–99 + + +
FEAGRDPYKLRPVAA 84–98 + + +
FEAGRDPYKLRPVA 84–97 + + +
FEAGRDPYKLRPV 84–96 + + +
EAGRDPYKLRPVAAE 85–99 + + +
EAGRDPYKLRPVAA 85–98 + + +
EAGRDPYKLRPVA 85–97 + + + LfGI (+)
EAGRDPYKLRPV 85–96 + + +
AGRDPYKLRPVAAE 86–99 + + +
AGRDPYKLRPVAA 86–98 + + +
AGRDPYKLRPVA 86–97 + + + LfGI (+)
GRDPYKLRPVAA 87–98 + + +
GRDPYKLRPVA 87–97 + + +
RDPYKLRPVA 88–97 + + +
PYKLRPVA 90–97 + + +
YKLRPVA 91–97 + + +
AGRDPYKLRPV 86–96 + +
PYKLRPVAAE 90–99 + +
PYKLRPVAA 90–98 + +
VFEAGRDPYKLRPV 83–96 + +
EAGRDPYKLRP 85–95 + +
DGGMVFEAGRDPYKLRPVA 79–97 +
VFEAGRDPYKLRPVAAE 83–99 +
GRDPYKLRPV 87–96 +
FEAGRDPYKLRP 84–95 +
DPYKLRPVA 89–97 +

GILRPYLSWTE, f(149–159)

GILRPYL 149–155 + + +
ILRPYLSW 150–157 + + +
ILRPYL 150–155 + + +
RPYLSWT 152–158 + + +
RPYLSWTE 152–159 + +
RPYLSW 152–157 + +
LRPYLSWT 151–158 +
LRPYLSW 151–157 +
GILRPYLSW 149–157 +

FENLPEKADRDQYEL,
f(234–248)

FENLPEKADRDQYE 234–247 + + + LfPFTGGI (+)
FENLPEKADRDQ 234–245 + + +
ENLPEKADRDQYEL 235–248 + + +
ENLPEKADRDQYE 235–247 + + +
ENLPEKADRDQY 235–246 + + + LfPFTGGI (+)
FENLPEKADRDQY 234–246 + +

ARSVDGKEDLIWKLLSK,
f(276–292)

ARSVDGKEDLIWKL 276–289 + + +
RSVDGKEDLIWKL 277–289 + + +
RSVDGKEDLIWKLLSK 277–292 +
SVDGKEDLIWKLLSK 278–292 +

YLGSRYLT, f(338–345) YLGSRYLT 338–345 + +
YLGSRYL 338–344 +

VLRPTEGYL, f(445–453) VLRPTEGYL 445–453 + + +
VLRPTEGY 445–452 + +

LFKSETKNLL, f(650–659) FKSETKNLL 651–659 + + +
LFKSETKNLL 650–659 +

2.6. bLf Active Peptide Changes during In Vitro Gastrointestinal Digestion

The effects of PF encapsulation and TG treatment on the resultant bLf active peptide
profiles in the digests are differentiated as depicted in Figure 6. According to the results
of molecular docking, it is suggested that bLf whatever alone or in LfPF and LfPFTG
was generally digested by pepsin on the N1, N2, C1, and C2 termini, involving 6, 7, and
8 peptide regions, respectively (indicated by dashed red frames). The obtained pepsin
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digests (LfG, LfPFG, and LfPFTGG) showed three common peptide fragments: f(83–99)
(VFEAGRDPYKLRPVAAE), f(234–248) (FENLPEKADRDQYEL), and f(445–453) (VLRPT-
EGYL). In addition, there were four differential peptides with lengths depending on the
sample state: f(149–159) (GILRPYLSWTE), f(276–289) (ARSVDGKEDLIWKL), f(338–345)
(YLGSRYLT), and f(650–659) (LFKSETKNLL). After further intestinal (trypsin) digestion,
LfGI contained peptide fragment f(85–97) (EAGRDPYKLRPVA). LfPFTGGI contained
two active peptides, f(84–92) (FEAGRDPYK) and f(234–247) (FENLPEKADRDQYE). These
results imply that the f(85–97) (EAGRDPYKLRPVA) fragment on the N1 terminus was
quite resistant to in vitro gastrointestinal digestion. The presence of TG protected the
peptide f(234–247) (FENLPEKADRDQYE) in the N2 terminus against in vitro gastroin-
testinal digestion. All active peptide fragments in the C1 and C2 termini were feasibly
hydrolyzed during in vitro intestinal digestion and absent in the final digests, regardless of
the protective effect of PF during in vitro gastric digestion.

Figure 6. Active peptide production in the digests of bLf, LfPF complex, and LfPFTG complex during
in vitro gastrointestinal digestion. Peptide fragments are in the same colors as in their parent bLf.
Dashed frames indicate the action regions for pepsin.
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3. Discussion

PP, as passion fruit low-methoxy pectin (DE = 35.17%), exhibits lower GalA%, HG%, and
linearity ratio, but greater RG-I%, degree of branching, and RG-I side chain length compared
to its high-methoxy counterpart (DE = 75.2%; GalA:Ara:Gal:Glc:Rha = 78.5:8.2:3.7:6.2:3.1;
HG% = 74.3%; RG-I% = 18.1%; linearity ratio = 3.43; degree of branching = 0.04; RG-I side
chain length = 3.9) [30]. In addition, PP displays similar GalA% and structural linearity, greater
HG% and RG-I side chain length, but lower RG-I% and degree of branching when com-
pared to citrus low-methoxy pectin (DE = 38.2%; GalA:Ara:Gal:Glc:Rha = 52.0:0.6:31.0:9.0:7.4;
HG% = 44.6%; RG-I% = 46.4%; linearity ratio = 1.33; degree of branching = 0.14; RG-I side
chain length = 4.2 [19]. The TPC of the PF conjugate formed between PP and FA in this
study (20 mg GAE/g) is almost double those (9.6–12.3 GAE mg/g) of passion fruit high-
methoxy pectin–FA or caffeic acid conjugates [20] and citrus low-methoxy pectin-caffeic
acid conjugate [19]. Briefly, the enhanced TPC for the PF conjugate could be attributed to
two pectin structural features that facilitate the binding of phenolic acids: low DE (alterna-
tively, high proportion of free carboxyl groups) and high RG-I side chain length.

The laccase-mediated formation of the PF conjugate involves mostly the formation of
an ester linkage between the GalA C6 free carboxyl group and the FA moiety, as suggested
by NMR spectra (Figure 1). The proposed mechanism includes FA oxidation catalyzed by
laccase in the presence of O2 to generate quinones with free radicals [31], which in turn
undergo cross-linking reactions with free carboxyl groups in pectins [16,19]. Similar results
are reported in the cases of gum Arabic [32] and proteins [31]. In this study, the laccase-
mediated effect endowed the resultant PF conjugate with a higher DE and hydrophobicity,
resulting in the given PF-encapsulated bLf complex of lessened particle sizes, greatened
total peptide yield, and longer peptides associated with higher peptide abundances in the
digest LfPFG (Figure 5B), in contrast to bLf alone. The difference in peptide profile between
LfPFG from LfG or LfPFTGG (Figure 5A–C) could be linked to PF interactions differentially
with the N and C termini of bLf, since the N termini with positive charges [33] may interact
with negatively charged PF more strongly than the C termini. However, more studies on the
molecular mechanism for interactions between bLf and PF are necessary for understanding
the controlled release of active bLf peptides by PF encapsulation approaches.

It is evident that seven types of active peptide fragments from bLf appeared in all
gastric digests (LfG, LfPFG, and LfPFTGG) studied. The varieties of detected peptide frag-
ments cover most of the bioactive peptides reported elsewhere. Accordingly, the sequences
of bioactive peptide fragments reported are compared with those of the active peptide-
related fragments in this study in Table 3. For antimicrobial peptides, bovine lactoferricin
(bLfcin, f(17–41)) and lactoferrampin (bLfampin, f(268–288), f(271–288)) are well known,
and bLfampin, rather than bLfcin, was identified in a digest using human gastric juice
(pH 2.5) and duodenal juice (pH 7.0) [5]. The key sequences for antihypertensive bLf pep-
tides discovered include the following: LIWKL, LFH, RPYL, and LNNSRAP fragments that
are present in the gastric (pepsin) digest (pH 2.5, 4 h) of bLf [9]; ENLPEKADRD, present
in the gastrointestinal (pepsin + trypsin) digest of bLf [6]; and LRP, DPYKLRP, PYKLRP,
YKLRP, KLRP, and GILRP, present in the pepsin digest of Lf from yeast Kluyveromyces
marxianus [29]. Osteoblast-promoting peptides of the sequences of ENLPEKADRDQYEL in
the trypsin digest of bLf [7] and FKSETKNLL in the pepsin digest of bLf (pH 2.5, 4 h) [8]
have been reported. In addition, the GSRY fragment, a sequence of potent SARS-CoV-2
inhibition, was found in the gastrointestinal (pepsin + trypsin) digest of bLf [34]. Ac-
cordingly, the peptides discovered comprising DGGMVFEAGRDPYKLRPVAAE, f(79–99);
GILRPYLSWTE, f(149–159); YLGSRYLT, f(338–345); and VLRPTEGYL, f(445–453) (involv-
ing active fragments LRP, DPYKLRP, PYKLRP, YKLRP, YL, LRP, RPYL, or GILRP [29]),
would be potent in antihypertensive activity as angiotensin-converting enzyme inhibitors
(ACEIs). YLGSRYLT (containing GSRY) may be developed into a SARS-CoV-2 inhibitor.
ARSVDGKEDLIWKLLSK, f(276–292), the fragment of bLfampin and composing antihy-
pertensive fragment LIWKL [9], would be potent for antimicrobial and antihypertensive
activities. FKSETKNLL and ENLPEKADRDQYEL are osteoblast-promoting peptides, as
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reported [7,8]. Additionally, ENLPEKADRDQYEL is also reported to have anticoagu-
lant activity [7]. The obtained digests possessing seven types of potentially active bLf
peptides could be applied for multifunction nutraceuticals [1] or purified in advance for
nonantibiotic therapeutic agents [2] or targeting antibacterial vaccines [35].

Table 3. Active peptide fragments from various lactoferrins reported and in this study.

Source Digestion Conditions Active Peptides Reference

Bovine Lf Human gastric juice (HGJ, pH 2.5);
human duodenal juice (HDJ, pH 7.0)

Antimicrobial peptide:
bLfampin) f(268–288); no bLFcin, f(17–41), detected; 70%
peptides from N terminus

[5]

Bovine Lf Porcine pepsin (2540 U/mg, pH 2.5,
37 ◦C, 4 h)

Antihypertensive (ACE-inhibitory) peptides: LIWKL;
LFH; RPYL; LNNSRAP [9]

Kluyveromyces marxianusm Lf Pepsin (0.02 mg/mL, pH 2.0, 37 ◦C,
90 min)

Antihypertensive (ACE-inhibitory) peptides: LRP,
DPYKLRP, PYKLRP, YKLRP, KLRP, GILRP [29]

Bovine Lf
Porcine pepsin (1:100 w/w), pH 2.0,
37 ◦C, 90 min; porcine pancreatin
(E/S = 1%), pH 7.4, 3 h

ACE inhibitor, anticoagulant peptide:
ENLPEKADRD [6]

Bovine Lf Porcine trypsin (3 U/mg, pH 8.0,
37 ◦C, 2 h)

Osteoblast-promoting peptide:
ENLPEKADRDQYEL [7]

Bovine Lf Porcine pepsin (3%, 2500 U/mg,
pH 2.5, 37 ◦C, 4 h)

Osteoblast-promoting peptide:
FKSETKNLL [8]

Bovine Lf Porcine pepsin (2000 U/mL, pH 3.0,
37 ◦C, 2 h)

DGGMVFEAGRDPYKLRPVAAE,
GILRPYLSWTE, VLRPTEGYL, YLGSRYLT,
ARSVDGKEDLIWKLLSK,
FKSETKNLL, ENLPEKADRDQYEL

This study

In this study, Lfampin, rather than bLfcin, fragments were discovered in three gastric
digests, implying that the Lfampin fragment is more resistant to gastric digestion than Lfcin
is. The incorporation of PF resulted in the LfPFG having a diverse peptide distribution
(Table 2), with more long peptides (Figure 5B), and a higher total peptide abundance
(protein coverage rate = 37.5%, in contrast to 32.5% for LfG). This points to the protection
of PF encapsulation on bLf against in vitro gastric digestion, consistent with the case of
bLf complexes with citrus low-methoxy pectins [13,14]. The fact that LfPFTGGI exhibited
more peptide fragments than LfGI and LfPFGI could be attributed to the presence of TG
(5 U/mL in this study), potentially via γ-glutamyl-lysine (Gln-Lys) cross-links between
polypeptide chains [21,22].

4. Materials and Methods
4.1. Materials and Reagents

Passion fruit pectin (PP) was extracted from purple passion fruit peel, by using 0.48%
(w/v) citric acid aqueous solution at 80 ◦C for 2.5 h. Anhydrous citric acid, anhydrous
ethanol, ferulic acid (FA), bovine lactoferrin (bLf) with iron saturation = 20.8%, and bovine
bile salt (bile acid > 60%) were obtained from Adamas Reagent Co. (Basel, Switzerland).
Trypsin from bovine pancreas (50 U/mg), γ-glutamyl transferase (transglutaminase, TG)
from bovine kidney (≥5 U/mg), artificial gastric electrolyte, and intestinal electrolyte were
from Shanghai Yuanye Biotechnology Co. (Shanghai, China). Arabinose (Ara), galactose
(Gal), galacturonic acid (GalA), glucose (Glc), rhamnose (Rha), laccase (0.5 U/mg, from
Aspergillus sp.), and porcine pepsin (≥250 U/mg) were obtained from Sigma-Aldrich Co.
LLC (St. Louis, MO, USA). Pierce BCA protein assay kit, trifluoroacetic acid, acetonitrile
(LC/MS grade), formic acid (LC/MS grade), methanol (LC/MS grade), and water (LC/MS
grade) were from ThermoFisher Scientific (Shanghai, China).

4.2. Preparation of PP-FA Conjugate (PF)

The preparation of PF conjugate was performed according to the methods of Karaki
et al. [17] and our previous studies [15,19]. Five grams of PP was well dissolved in 425 mL
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phosphate buffer (50 mmol/L, pH 6.5) by heating (80 ◦C for 1 h) under stirring and cooling
to room temperature. A portion of the given PP solution was then mixed with 0.2 mol/L
ferulic acid (in anhydrous ethanol) at an equivalent volume, giving a final concentration of
1% (w/w) PP and 30 mmol/L FA (the molar ratio of free carboxy group on PP to FA = 1:1).
The mixture was combined with 50 U laccase for reaction at 4 ◦C for 24 h in the dark.
The sample was dialyzed (8–14 kDa) against deionized water for 48 h by refreshing water
every other 6 h to remove free FA. The dialysate was concentrated in vacuo at ~55 ◦C and
freeze-dried, yielding the PP-FA conjugate (namely PF).

4.3. Preparation of bLf-PF Complex (LfPF)

According to the results of our preliminary experiments and Niu et al. [14], the bLf
preparation (0.2% (w/w), pH 5.5) was dissolved at ambient temperature under stirring
(350 rpm) for 2 h. The PF preparation (0.05% (w/w) was dissolved in distilled water at
50 ◦C for 30 min and further stirred at room temperature for 1 h. bLf and PF preparations
were then mixed at 1:1 v/v and kept at 50 ◦C for 10 min under stirring (350 rpm) for
the spontaneous formation of the polyelectrolytic complex (LfPF). In addition, the LfPF
dispersion was further treated with TG (5 U/mL, 0.1% (w/w)) for 10 min under mild
stirring (350 rpm) at room temperature, yielding the LfPFTG complex. The complex
product was collected by centrifugation (12,500× g, 10 min) to remove free bLf, followed
by freeze-drying and storing in a desiccator before use.

4.4. Measurement of Uronic Acid Content

The uronic acid content assay was performed according to the m-hydroxybiphenyl
method [36], using galacturonic acid (GalA) as a standard. The absorbance at 525 nm (A525) of
the reacted product was measured in a UV spectrophotometer (model 725, Shanghai Spectrum
Instruments, Co., Ltd., Shanghai, China). The GalA content in the sample was derived by
calibration with the standard curve of GalA: y = 8.691x + 0.029, R2 = 0.992, where y = A525
value and x = GalA concentration (0.01–0.09 mg/mL). All data were examined in triplicate.

4.5. Determination of Total Phenolic Content

Total phenolic content was determined by referring to the method of Sato et al. [37],
using gallic acid as a standard. The absorbance at 720 nm (A720) of the reacted product
was measured. Total phenolic content in the sample was determined by calibration with
the gallic acid standard curve: y = 0.038x − 0.004, R2 = 0.996, where y = A720 value and
x = gallic acid concentration (0.05–0.25 mg/mL). The data were examined in triplicate and
expressed as gallic acid equivalent (GAE) mg/g.

4.6. Measurement on Degree of Esterification

The degree of esterification (DE) was measured by titration with 0.05 mol/L NaOH,
according to the method GB 25533-2010, National Food Safety Standard for food additive
pectin, National Standard of People’s Republic of China.

4.7. Assessment of Monosaccharide Composition

The sample (10 mg) was hydrolyzed with 0.2 mol/L trifluoroacetic acid (2 mL) at
110 ◦C for 2 h. The hydrolysate was successively cooled to room temperature, dried with
nitrogen flux to remove trifluoroacetic acid, washed with methanol trice, dissolved in 2 mL
deionized (18.25 MΩ·cm) water, microfiltered (0.22 µm), and subjected to high-performance
anion exchange chromatography (HPAEC). A Thermo ICS-5000+ HPAEC (ThermoFisher
Scientific Inc., Waltham, MA, USA) coupled with a PAD detector and guarded CarboPac
PA20 analytic column (150 mm × 3 mm) (Dionex Co., Sunnyvale, CA, USA) at 30 ◦C was
applied. The mobile phase was the mixture of four solutions: (A) deionized (18.25 MΩ·cm)
water; (B) 25 mmol/L NaOH aqueous solution; (C) 1 mol/L sodium acetate aqueous
solution; and (D) 200 mmol/L NaOH. The elution program for analysis was as follows:
0–20 min, A 75% + B 25%; 20.1 min, A 70% + B 25% + C 5%; 30 min, A 55% + B 25% + C 20%,

111



Catalysts 2023, 13, 521

in linear gradient. The elution rate was 0.5 mL/min. The injection volume of the sample
was 25 µL. Data acquisition and processing and chromatographic analysis were man-
aged with Chromeleon 7 software (ThermoFisher Scientific Inc., Waltham, MA, USA). The
monosaccharide composition of the sample was quantified by calibration with monosaccha-
ride standard curves: Ara: y = 2098x + 1.481, R2 = 0.992; Rha: y = 842.5x + 0.494, R2 = 0.996;
Gal: y = 1490x + 1.313, R2 = 0.998; Glc: y = 1200x + 2.448, R2 = 0.993; GalA: y = 1261x + 0.031,
R2 = 1.000, where y = peak area (nC·min, nC = PAD detector signal) and x = monosaccharide
concentration (1.25~12.5 µg/mL).

4.8. Nuclear Magnetic Resonance (NMR) Analysis

The pectin sample (40 mg) was subjected to H-D exchange by dissolving it in 1 mL of D2O
and freeze-drying it, and the procedure was repeated three times. The sample was then fully
dissolved in 1 mL of D2O and transferred to a 5 mm NMR dual tube. A 700 MHz AVANCE
NEO NMR spectrometer (Bruker, Karlsruhe, Germany) was used to acquire 700.23 MHz
1H-decoupled and 176.07 MHz 13C spectra at 298.0 K. The spectral width, acquisition time,
and scan number were 14.7 kHz, 1.114 s, and 128 for 1H-decoupled spectra and 41.7 kHz,
0.393 s, and 3000 for 13C spectra, respectively. The chemical shifts (δ) were expressed as parts
per million (p.p.m.) in reference to external standard tetramethylsilane (TMS).

4.9. Examination of Particle Size Distribution

Particle size distribution of sample solution was assayed using a multiangle light
scattering particle size analyzer (model 173 plus, Brookhaven Instrument Co., Holtsville,
NY, USA) at an angle of 90◦ for a detection time of 120 s after equilibrium for 120 s at room
temperature. Effective particle size was obtained with Particle Solution software. All data
were measured in three replications.

4.10. ζ-Potential Analysis

The ζ-potential value of the sample solution was determined using a Zetasizer Nano
ZS (Malvern Instruments Ltd., Malvern, UK). All data were measured in three replications.

4.11. Digestomics Analysis
4.11.1. In Vitro Simulated Gastrointestinal Digestion

Experimental conditions for in vitro simulated gastrointestinal digestion were mainly
established according to the method of Minekus et al. [38] with slight modifications. A
portion of bLf or its complex sample (10 mg/mL in deionized water, 10 mL) was mixed with
concentrated artificial gastric electrolyte at 1:1 (v/v), followed by successively adjusting
pH to 3.0 with diluted NaOH aqueous solution and adding CaCl2 to a final concentration
of 0.15 mmol/L CaCl2 and pepsin to a final pepsin activity of 2000 U/mL. The mixture
was kept at 37 ◦C for 2 h under shaking (95 rpm) for digestion, followed by centrifugation
(2599× g, 5 min) at 4 ◦C to give the supernatant. The supernatant was lyophilized and
stored at −18 ◦C for peptide identification.

For in vitro simulated intestinal digestion, a fresh supernatant of the gastric digest
was mixed with concentrated simulated intestinal electrolyte at 1:1 (v/v), followed by
consecutively adjusting pH to 7.0, adding bile salt solution to 10 mmol/L, mixing well,
adding 0.04 mL CaCl2 aqueous solution to 0.6 mmol/L CaCl2, and adding bovine trypsin
solution to 100 U/mL. The mixture was kept at 37 ◦C for 2 h under shaking (95 rpm) for
digestion. The resultant digest was centrifuged (6654× g, 15 min) at 4 ◦C, yielding the
supernatant for lyophilization and storage at −18 ◦C before peptide identification.

4.11.2. Peptide Purification

The lyophilized digested sample was dissolved in a portion of 8 mol/L urea, followed
by microfiltration (molecular weight cut off = 10 kDa) to remove undigested residues and
freeze-drying. The sample was successively re-dissolved in 0.1% (w/w) trifluoroacetic acid
aqueous solution, desalted on an Oasis HLB 96-Well Plate column (30 µm) (Waters Co.,
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Shanghai, China), freeze-dried, completely re-dissolved in the aqueous solution containing
50% (v/v) acetonitrile and 0.5% (v/v) trifluoroacetic acid, re-desalted on an Oasis MCX
µElution Plate column (30 µm) (Waters Co., Shanghai, China), and freeze-dried. The resul-
tant purified sample was detected for total peptide content using the Pierce BCA protein
assay kit (ThermoFisher Scientific Co., Ltd.) and bovine serum albumin for the standard
curve (y = 2.025x + 0.720, R2 = 0.999, y = the absorbance at 480 nm, x = 0.125–1.00 µg/µL).
The yield of total purified peptides was calculated on the basis of 100 mg bLf or its complex
applied for gastrointestinal digestion.

4.11.3. UPLC-MS-MS Analysis for Peptide Distribution

According to total peptide content, sample solution (0.25 µg peptide/µL) was prepared
in the aqueous solvent containing 2% (v/v) acetonitrile and 0.1% (v/v) formic acid for
UPLC-MS-MS analysis. An EASY-nLC 1200 UPLC system coupled with a C18 column
(75 µm × 25 cm, Thermo Scientific) and Q Exactive HF-X mass spectrometer (Thermo
Scientific, Waltham, MA, USA) was employed. The elution was performed by mixing
aqueous solutions A (2% acetonitrile + 0.1% formic acid) and B (80% acetonitrile + 0.1%
formic acid) according to the following gradient program: 0 min, 5% B; 34 min, 23% B; 39
min, 29% B; 41 min, 38% B; 43–60 min, 100% B; linear gradient. The elution rate was 300
nL/min. Data were collected and managed with Thermo Xcalibur 4.0 software (Thermo
Scientific).

For mass spectrometry, the MS scanning range (m/z) was 300–1500, and the acquisition
mode was DDA. The primary fragments of the 20 strongest signals were subjected to
secondary fragmentation. The conditions for primary fragmentation were as follows:
resolution, 60,000; AGC target, 3× 106; maximal injection time, 20 ms; fragmentation mode,
HCD. For secondary fragmentation, the conditions were as follows: resolution, 15,000;
AGC target, 1 × 105; maximum injection time, 50 ms; fixed first mass, 100 m/z; minimal
AGC target, 8000; intensity threshold: 1.6 × 105; dynamic exclusion time, 18 s.

4.11.4. Homology Matching and Molecular Modeling

The obtained MS data were exported to the UniProt Knowledgebase (https://www.
uniprot.org/uniprotkb/P24627/entry, accessed on 20 September 2022) and SWISS-MODEL
(Swiss Institute of Bioinformatics, https://swissmodel.expasy.org/, accessed on 22 Septem-
ber 2022) for homology matching using PEAKS Studio 8.5 server and based on the amino
acid sequence of bLf retrieved from UniProt Knowledgebase. The bLf 3D model was built
by using SWISS-MODEL. Peptide 3D models were created using PyMol 2.3.0 (Schrödinger,
New York, NY, USA).

4.12. Statistical Analysis

Significant differences between data at p < 0.05 were assessed by one-way analysis
of variance (ANOVA) using SPSS software 25.0 (SPSS Inc., Chicago, IL, USA). OriginPro
2021b (Origin Lab, Northampton, MA, USA) was applied for plotting.

5. Conclusions

In this study, 103 bLf peptide fragments identified by UPLC-MS-MS, including seven
groups of active peptide fragments, were obtained by using conditioned in vitro gas-
tric digestion (pepsin activity 2000 U/mL, pH 3.0, 37 ◦C, 2 h). The discovered active
peptide fragments related to three common active peptides (VFEAGRDPYKLRPVAAE,
FENLPEKADRDQYEL, and VLRPTEGYL) and four differential active peptides (GILRPYL-
SWTE, ARSVDGKEDLIWKL, YLGSRYLT, and FKSETKNLL). Encapsulation by laccase-
mediated pectin–ferulic acid conjugate (PF) improved the diversity, abundances, and
long-chain species of bLf peptide fragments (including active peptides) in the gastric digest.
Differently, moderate TG treatment on LfPF facilitated active peptides FENLPEKADRDQYE
and FEAGRDPYK remaining in the final gastrointestinal digest. The LfPFG digest contain-
ing seven types of potentially active bLf peptides with enhanced abundances is of great
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potential for multipurpose use in nutraceuticals, clinical therapy, or targeting antibacterial
vaccines. Based on the flow chart suggested for the production of active peptide fragments
from bLf and its complexes with PF, more studies on cost-effective processes for isolating
diverse bLf active peptides from the gastric digest are necessary for industrial applications.
In addition, the optimal TG concentration and action sites for TG-induced crosslinking
between bLf chains are interesting and under investigation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13030521/s1, Table S1: UPLC-MS-MS-identified molecular
information for all peptide fragments in the digests of Lf, LfPF complex, and LfPFTG complex; Table
S2: Peptide fragments found in the digests of Lf, LfPF complex, and LfPFTG complex.
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Abstract: Aminotransferases (ATs) are pyridoxal 5′-phosphate-dependent enzymes that catalyze the
reversible transfer of an amino group from an amino donor to a keto substrate. ATs are promising
biocatalysts that are replacing traditional chemical routes for the production of chiral amines. In this
study, an in silico-screening of a metagenomic library isolated from the Curonian Lagoon identified
11 full-length fold type IV aminotransferases that were successfully expressed and used for substrate
profiling. Three of them (AT-872, AT-1132, and AT-4421) were active toward (R)-methylbenzylamine.
Purified proteins showed activity with L- and D-amino acids and various aromatic compounds
such as (R)-1-aminotetraline. AT-872 and AT-1132 exhibited thermostability and retained about
55% and 80% of their activities, respectively, even after 24 h of incubation at 50 ◦C. Active site
modeling revealed that AT-872 and AT-4421 have an unusual active site environment similar to the
AT of Haliscomenobacter hydrossis, while AT-1132 appeared to be structurally related to the AT from
thermophilic archaea Geoglobus acetivorans. Thus, we have identified and characterized PLP fold type
IV ATs that were active toward both amino acids and a variety of (R)-amines.

Keywords: aminotransferase; (R)-selectivity; biocatalysis; thermostability

1. Introduction

Chiral amine compounds are widely used as active pharmaceutical ingredients, agri-
cultural chemicals, bioactive natural products, and other value-added compounds [1].
Therefore, the development of widely applicable biocatalytic strategies for their synthesis is
essential. Aminotransferases (ATs), also known as transaminases (EC 2.6.1), are increasingly
used as an alternative to traditional chemical catalysts. ATs are promising biocatalysts for
the development of innovative routes for the production of chiral amines at an industrial
scale [2–6]. However, the repertoire of ATs capable of catalyzing the transamination of
prochiral ketones into pure chemicals is still limited. An expanded toolbox of available ATs
is expected to open new routes for the synthesis of chiral amines.

ATs are pyridoxal 5′-phosphate (PLP)-dependent enzymes that catalyze the reversible
transfer of an amino group from an amino donor to a keto substrate. ATs are found in
all domains of life: archaea, bacteria, and eukaryotes, where they are involved in the
metabolism of amino acids and other nitrogenous compounds [7–9]. The transamination
reaction occurs in two steps. First, the amino group of the amino donor is transferred to
a pyridoxal phosphate (PLP) covalently bound to a lysine in the active site via a Schiff
base. This reaction yields pyridoxamine phosphate (PMP) and the keto product. The
second transamination step occurs when the amino group is transferred from the PMP
to the keto compound (the amine acceptor), restoring the PLP and forming a new amine
compound [10].

PLP-dependent enzymes are classified into different fold types based on their struc-
ture and sequence motifs. ATs are contained in fold types I and IV. ATs of fold type IV
are further subdivided into branched-chain aminotransferases (BCAATs), D-amino acid
aminotransferases (DAATs), and (R)-amine-pyruvate aminotransferases (R-ATs) [11]. In

Catalysts 2023, 13, 587. https://doi.org/10.3390/catal13030587 https://www.mdpi.com/journal/catalysts
116



Catalysts 2023, 13, 587

higher eukaryotes, BCATs are responsible for the catabolism of leucine, isoleucine, and
valine, and can also deaminate aromatic amino acids. In other organisms, BCATs are used
for both the production and degradation of these amino acids [12,13]. Bacteria use DAAT
to produce D-amino acids, in particular D-glutamic acid, which is essential for cell wall syn-
thesis [14]. The most recent member of the fold type IV ATs is R-ATs. These ATs are active
toward various aliphatic R-amines such as (R)-methylbenzylamine, (2R)-aminohexane, and
others [15–18]. Höhne et al. [15] revealed an in silico-strategy for the detection of potential R-
ATs from metagenomes. Further progress in the identification of different R-ATs was made
by Steiner et al. [19] and Jiang et al. [16]. Phylogenetic analysis based on multiple sequence
alignments or sequence similarity networks (SSNs) provides reliable data for subgrouping
ATs; however, the sequences of potential R-ATs do not form distinct groups. In addition, it
is difficult to predict the activity of ATs and the promiscuity of enzyme substrates toward
donor or acceptor substrates. ATs are of great importance as potential biocatalysts for
the production of pharmaceuticals and other chemical intermediates [2,20–22]; therefore,
there is still a need to find suitable R-ATs that can use many different amine acceptors
and donors.

In this study, an in silico-screening of a metagenomic library identified 11 full-length
fold type IV aminotransferases that were successfully expressed and used for substrate
profiling. Three of the tested ATs were active toward R-methylbenzylamine.

2. Results and Discussion
2.1. Enzymes Identification and Phylogenetic Analysis

We searched in silico for fold type IV PLP-dependent enzymes in the sequenced
metagenomic DNA isolated from the Curonian Lagoon [23]. We have identified eleven
genes encoding hypothetical ATs that belong to the fold type IV class. A comparison of
the amino acid sequences of the selected ATs (Table S1) (between each other) showed a
similarity of 31.6–100%. The homologs of the ATs were identified by a BLASTp search
against the nonredundant protein sequences of the NCBI database (Table 1). Eight of
the selected ATs were highly similar (91–100%) to their closest homologs and could be
accurately assigned to the BCAT group. In contrast, AT-872, AT-1202, and AT-4421 did not
show high homology and could not be placed with certainty in any group of fold type IV
class ATs.

Table 1. The list of selected ATs.

AT AT GenBank ID The Closest Homolog Identities (%)

AT-872 QVW56595.1 aminotransferase class IV [Chitinophagaceae bacterium] 53.28%

AT-1132 ON873786 branched-chain-amino-acid transaminase
[Planctomycetaceae bacterium] 91.23%

AT-1202 ON873787 aminotransferase class IV [Candidatus Planktophila vernalis] 96.80%

AT-1229 ON873788 branched-chain amino acid transaminase
[Burkholderiaceae bacterium] 99.02%

AT-1638 ON873789 branched-chain amino acid transaminase
[Candidatus Methylopumilus universalis] 100%

AT-1688 ON873790 branched-chain amino acid transaminase
[Ignavibacteriae bacterium] 99.34%

AT-4421 ON873791 amino acid aminotransferase [Sediminibacterium sp.] 77.45%

AT-7378 ON873792 branched-chain amino acid aminotransferase
[Proteobacteria bacterium] 97.61%

AT-14307 ON873793 branched-chain-amino-acid transaminase
[Spartobacteria bacterium Tous-C9RFEB] 95.86%

AT-19987 ON873794 branched-chain amino acid transaminase
[Candidatus Methylopumilus universalis] 100.00%

AT-35055 ON873795 branched-chain amino acid transaminase [Rubrivivax sp.] 99.03%
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We attempted to clarify the phylogenetic position of the selected ATs among the char-
acterized BCATs and DAATs capable of deaminating various (R)-amines [24–28]. Therefore,
we assembled the reviewed sequences of known BCATs and DAATs from UniProtKB, and
also added ATs of interest from previous publications [15,19,24,27,29,30]. The constructed
phylogenetic tree (Figure S1) revealed that most of the identified BCATs clustered together
with known canonical BCATs. AT-1132 and AT-14307 attracted considerable interest, as
both of these proteins were grouped with ATs of archaeal origin, which have been shown
to deaminate the (R)-methylbenzylamine [29] (Figure 1a).

Catalysts 2023, 13, x FOR PEER REVIEW 3 of 11 
 

 

AT-35055 ON873795 branched-chain amino acid transaminase [Rubrivivax sp.] 99.03% 

We attempted to clarify the phylogenetic position of the selected ATs among the 
characterized BCATs and DAATs capable of deaminating various (R)-amines [24–28]. 
Therefore, we assembled the reviewed sequences of known BCATs and DAATs from Uni-
ProtKB, and also added ATs of interest from previous publications [15,19,24,27,29,30]. The 
constructed phylogenetic tree (Figure S1) revealed that most of the identified BCATs clus-
tered together with known canonical BCATs. AT-1132 and AT-14307 attracted considera-
ble interest, as both of these proteins were grouped with ATs of archaeal origin, which 
have been shown to deaminate the (R)-methylbenzylamine [29] (Figure 1a). 

 
Figure 1. A representative view of the phylogenetic analysis of the selected ATs (a) AT-1132 and 
AT-14307, (b) AT-872 and AT-4421 compared to the reviewed sequences of fold type IV aminotrans-
ferases. See Figure S1 for a full phylogenetic analysis. 

AT-872 and AT-4421 clustered with Arabidopsis thaliana chloroplast DAAT and Halis-
comenobacter hydrossis AT, which, as has been shown previously [30], have an unusual 
DAAT active site (Figure 1b). According to the phylogenetic analysis, the identified set of 
ATs was diverse, with a low similarity between its characterized homologs, and, poten-
tially, contained (R)-selective counterparts. Therefore, we decided to test all identified AT 
using (S)- and (R)-methylbenzylamine (MBA) as substrates. 

2.2. Initial Activity Screening  
To determine the enzymatic activity of the selected ATs, their genes were cloned into 

the expression vector pLATE31 and overexpressed E. coli strain BL21 (DE3) (Figure S2 and 
Table S2), as described in Materials and Methods. The measurement of AT activity using 
cell-free extracts and a universal amino acceptor (pyruvate) showed that none of the ATs 
tested were active toward S-MBA. However, AT-872, AT-1132, and AT-4421 presented 
low activity in the presence of R-MBA. In addition, ATs showed no activity with o-xylene-
diamine, a common chromogenic amino donor used for AT screening and activity meas-
urements [31]. However, some of the tested enzymes showed low but measurable activity 
in the presence of another chromogenic amino donor, 4-nitrophenylethylamine [32] (Fig-
ure S3). AT-14307, although very similar to AT-1132, did not display any appreciable ac-
tivity toward R-MBA. For further investigation, we chose three enzymes (AT-872, AT-
1132, and AT-4421) capable of deaminating R-MBA. The target proteins were expressed 
with 6xHis tags and purified by immobilized metal affinity chromatography (Figure S4). 

2.3. Temperature Stability and Effect of pH on Activity of the Selected Aminotransferases 
We began our characterization by optimizing the pH of the reaction mixture (Figure 

2a). The majority of the previously characterized (R)-selective ATs were most active at pH 
8 or 9 [18,19,33]. AT-1132 exhibited the maximum activity in sodium bicarbonate buffer at 
pH 9, while AT-4421 showed the highest activity in potassium phosphate buffer at pH 9. 
Although AT-1132 had a low pH optimum range, AT-4421 remained active (80%) at pH 
10 (in sodium carbonate buffer). In contrast, AT-872 preferred higher pH and showed 
similar activity at pH 10–11. 

Figure 1. A representative view of the phylogenetic analysis of the selected ATs (a) AT-1132 and
AT-14307, (b) AT-872 and AT-4421 compared to the reviewed sequences of fold type IV aminotrans-
ferases. See Figure S1 for a full phylogenetic analysis.

AT-872 and AT-4421 clustered with Arabidopsis thaliana chloroplast DAAT and
Haliscomenobacter hydrossis AT, which, as has been shown previously [30], have an un-
usual DAAT active site (Figure 1b). According to the phylogenetic analysis, the identified
set of ATs was diverse, with a low similarity between its characterized homologs, and,
potentially, contained (R)-selective counterparts. Therefore, we decided to test all identified
AT using (S)- and (R)-methylbenzylamine (MBA) as substrates.

2.2. Initial Activity Screening

To determine the enzymatic activity of the selected ATs, their genes were cloned into
the expression vector pLATE31 and overexpressed E. coli strain BL21 (DE3) (Figure S2 and
Table S2), as described in Materials and Methods. The measurement of AT activity using cell-
free extracts and a universal amino acceptor (pyruvate) showed that none of the ATs tested
were active toward S-MBA. However, AT-872, AT-1132, and AT-4421 presented low activity
in the presence of R-MBA. In addition, ATs showed no activity with o-xylenediamine, a
common chromogenic amino donor used for AT screening and activity measurements [31].
However, some of the tested enzymes showed low but measurable activity in the presence
of another chromogenic amino donor, 4-nitrophenylethylamine [32] (Figure S3). AT-14307,
although very similar to AT-1132, did not display any appreciable activity toward R-MBA.
For further investigation, we chose three enzymes (AT-872, AT-1132, and AT-4421) capable
of deaminating R-MBA. The target proteins were expressed with 6xHis tags and purified
by immobilized metal affinity chromatography (Figure S4).

2.3. Temperature Stability and Effect of pH on Activity of the Selected Aminotransferases

We began our characterization by optimizing the pH of the reaction mixture (Figure 2a).
The majority of the previously characterized (R)-selective ATs were most active at pH 8
or 9 [18,19,33]. AT-1132 exhibited the maximum activity in sodium bicarbonate buffer at
pH 9, while AT-4421 showed the highest activity in potassium phosphate buffer at pH 9.
Although AT-1132 had a low pH optimum range, AT-4421 remained active (80%) at pH 10
(in sodium carbonate buffer). In contrast, AT-872 preferred higher pH and showed similar
activity at pH 10–11.
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Figure 2. (a) The effect of pH on enzyme activity. The highest activity for each enzyme was taken as
100%, KP—potassium phosphate buffer, SC—sodium carbonate buffer; (b) Thermostability of ATs.
Activity before incubation was taken as 100%. For a detailed description of reaction conditions, see
the Methods section. All values are mean ± SD.

The thermostability of the selected ATs was investigated at three temperatures
(Figure 2b). At 30 ◦C, AT-4421 was moderately stable, the activity decreases by 30%
after incubation for 24 h. At higher temperatures, a significant decrease with time in
AT-4421 activity was observed: 25% of activity was retained after 4 h at 50 ◦C, while at
70 ◦C, complete inactivation occurred after 15 min. The other two enzymes were quite
thermostable. AT-872 retained about 55% and AT-1132 around 80% of their activities, even
after 24 h of incubation at 50 ◦C. Moreover, these two ATs retained more than 60% of their
activity after incubation at 70 ◦C for 4 h. AT-1132 showed an increase in activity after
incubation at all tested temperatures. Such phenomena were observed with certain other
thermostable ATs and might be explained by the refolding of a protein that was kept at
−20 ◦C to its natural conformation [34,35]. This increase in activity (above 100%) lasted
longer at lower temperatures due to slower protein denaturation rates.

2.4. Substrate Scope of Aminotransferases

We measured ATs’ preferences for different amino acceptors (Table 2). AT-872 and
AT-4421 were the most active in the presence of pyruvate, while AT-1132 had the highest
activity toward α-ketoglutarate.

Table 2. AT activity with different amino acceptors. The highest activity for each enzyme was taken
as 100%. All values are mean ± SD.

Amino Acceptor AT-872 AT-1132 AT-4421

pyruvate 100.0 ± 0.1% 74.5 ± 0.7% 100.0 ± 2.1%
α-ketoglutarate 52.4 ± 1.3% 100.0 ± 1.5% 65.1 ± 4.1%
oxaloacetate 71.9 ± 0.4% 97.3 ± 0.1% 89.3 ± 6.4%
4-methyl-2-oxovaleric acid 61.7 ± 1.3% 95.6 ± 2.6% 38.5 ± 0.1%

The AT-1132 is closely related to BCATs according to protein sequence and its speci-
ficity for amino acceptor is similar to BCATs, which are most active with α-ketoglutarate.
AT-872 and AT-4421 are homologous to the DAATs, which prefer pyruvate as an amino
acceptor [13,36,37]. Thus, the amino acceptor preference of selected ATs correlates with
protein sequences.
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The conversion rates of the deamination reactions for the different amino donors were
also investigated (Figure 3).
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Figure 3. (a) The substrate specificity of ATs; (b) Structures of the used substrates. Pyruvate
was used as an amino acceptor for all reactions except those marked with the “*” symbol where
α-ketoglutarate was used. A detailed description of reaction conditions is outlined in the Methods
Section. The reaction (100 µL) conditions: 5 mM amino donor and 5 mM pyruvate or α-ketoglutarate,
10 µM PLP, 5 µg of the purified enzyme, and 50 mM sodium carbonate buffer (pH 9). The reactions
were performed at 30 ◦C for 16 h.

AT-1132 was able to deaminate L- and D-alanine and some L-amino acids, although
with very low efficiency. AT-872 and AT-4421 were active with D-amino acids and L-alanine.
None of the ATs tested were able to use β-alanine or isopropylamine (ISP) as an amino
donor. All three ATs were active with amino donor R-MBA (AT-872—1.0 U/mg, AT-1132—
0.2 U/mg, and AT-4421—0.9 U/mg). These activity values toward R-MBA are similar
to that of the other described PLP fold type IV ATs [25,29]. AT-872 and AT-4421 were
also able to deaminate (R)-pyridylethylamine (R-PEA). Although a small amount of keto
product was detected, the activity of AT-1132 with R-PEA was too low to give an accurate
estimate of the conversion. Interestingly, AT-4421 was able to deaminate the bulky substrate
(R)-aminotetralin (R-ATETR), while AT-872 was also active with the R-ATETR analog
(R)-hydroxyaminotetralin (R-HATETR) and showed more than 20% conversion using equal
amounts of amino donor and amino acceptor.

2.5. D-Models of the ATs Active Sites

To better understand the substrate preferences of identified ATs, we used Colab-
Fold [38] to create 3D-structure models of the enzymes. All ATs were modeled as dimers.
We also used CB-Dock2 [39,40] for template-based docking to dock the ketimine intermedi-
ate of MBA bound to PLP into the AT-872 active site.

Although AT-872 and AT-4421 have 40% similarity, their active site environments were
almost identical (Figure 4a). The only notable differences were the substitutions at positions
91 and 239 (according to the AT-872 sequence), AT-4421 had Arg instead of Lys91, and Thr
was replaced with Ser239. The active sites of AT-872 and AT-4421 corresponded well to
the AT of Haliscomenobacter hydrossis [30] (35% overall similarity) (Figure 4b). Like all type
IV AT [41], the active sites of AT-872 and AT-4421 were divided into two pockets, O and P.
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The O pocket of AT-872 consisted of the side chains of Phe30, Arg28 (provided by another
monomer), Lys90, and Arg179, thus forming a positively charged pocket. The difference
between the O pocket of AT-4421 and AT-872 was Lys91 replaced by Arg, as mentioned
above. Neither ATs had the canonical DAAT “carboxylate trap” and most likely used Arg28
and Lys91 (or Arg) side chains to bind the α-carboxyl group of the substrates in a manner
similar to the H. hydrossis AT. The P-pocket of AT-872 was confined by side chains of Phe36,
Ser238, Ser239, and Thr240. Ser239 was replaced by Thr in the AT-4421 P-pocket. Unlike
H. hydrossis AT, both AT-872 and AT-4421 were capable of deaminating R-MBA, R-PEA, or
R-ATETR. This might be explained by the larger and more hydrophobic P-pocket formed
when Tyr35 (in H. hydrossis AT) was replaced by Phe, and Ile240 (in H. hydrossis AT) by Ser
or Thr.
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Figure 4. (a) Comparison of AT-872 (green) and AT-4421 (cyan) active sites, where AT of Halis-
comenobacter hydrossis (7p7x) was used for PLP (magenta) placement; and (b) active site of the AT-872
(green) superimposed on the AT of Haliscomenobacter hydrossis (7p7x) (cyan), with PLP bound to MBA
(magenta). In both cases, the amino acid numbering was based on the AT-872.

ColabFold was also used to create a model of the AT-1132 structure. This AT is 50%
similar to BCAT from the thermophilic archaea Geoglobus acetivorans [29]. Their active
sites are almost identical (Figure 5) and, although less so, are similar to the AT from
Thermobaculum terrenum [42].
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Figure 5. (a) The monomer of the AT-1132 (green) superimposed on the monomer of the AT from
Geoglobus acetivorans (5 cm0) (cyan), PLP (magenta); (b) a comparison of AT-1132 (green) and AT from
Geoglobus acetivorans (cyan) active sites, PLP (magenta). Numbering based on the amino acid of the
AT-1132.

The active site of AT-1132 is also divided into O and P pockets. Pocket O consists of
Phe33, Arg90, IIe119, and Tyr28, while Leu100 and Leu102 are from the other monomer.
The P-pocket of AT-1132 is composed of residues Gly35, Arg38, Tyr89, Gly187, Ser247, and
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Ala248. The major difference between AT-1132 and AT from G. acetivorans is in the loop
region connecting the small subunit to the large domain, where AT-1132 contains Ile119
instead of Trp. It is worth noting that AT-14307, despite an almost identical active site
composition, was unable to deaminate R-MBA or the activity of this enzyme was too low
to be detectable. This might be attributed to subtle differences in the interdomain loop and
other flexible regions surrounding the active site.

3. Materials and Methods
3.1. Selection of AT Genes from Metagenome Library and Phylogenetic Analysis

The sequenced metagenome of the Curonian Lagoon [23] was used as a database for
the search for potential aminotransferases encoding genes. The experimentally charac-
terized sequences of R-specific (fold type IV) ATs [15,16] were used as a query in BLAST
analysis. The hits with the highest scores (>1 × 10−10) were selected for further analysis.

The phylogenetic analysis was performed with the MegaX program [43] version 10.1.8.
Multiple sequence alignment was performed using the MUSCLE algorithm. The alignment
was manually refined by removing variable regions at the start and the end of the protein.
The evolutionary history was inferred by using the maximum likelihood method and JTT
matrix-based model, and the bootstrap consensus tree was inferred from 500 replicates.

3.2. Bacterial Strains, Plasmids, Primers, and Standard Cloning Techniques

E. coli strain DH5α was used for cloning experiments. The recombinant proteins were
overexpressed in E. coli strain BL21 (DE3). The bacterial strains, plasmids, and primers used
in this study are listed in Table S3 in the Supplemental Material (SM). Standard molecular
biology techniques were performed, as previously described [44]. The genes coding selected
ATs were amplified from metagenomic DNA from the Curonian Lagoon using a Phusion
Plus PCR Master Mix (Thermo Fisher Scientific, Vilnius, Lithuania) and designed primers
(Table S3). The PCR products were extracted from the gel using a GeneJET Gel Extraction
Kit (Thermo Fisher Scientific, Vilnius, Lithuania) and were cloned into pLATE31 (C-terminal
His-tag) expression vector using aLICator LIC Cloning and Expression Kit 3 (Thermo Fisher
Scientific, Vilnius, Lithuania). E. coli strain DH5α (Novagen, Darmstadt, Germany) cells
were transformed with reaction mixtures and spread on LB agar plates supplemented with
75 µg/mL ampicillin. pDNA (plasmid DNA) from selected bacterial clones was extracted
and purified using the ZR Plasmid Miniprep kit (Zymo Research, Irvine, CA, USA). Later, it
was sequenced using LIC sequencing primers (Table S3) by the Sanger method (Macrogen
Europe, Amsterdam, The Netherlands).

3.3. Expression and Purification of Recombinant Proteins

The E. coli BL21 (DE3) (Novagen, Darmstadt, Germany) bacteria harboring the ap-
propriate plasmid were grown with shaking (180 rpm) at 37 ◦C in 200 mL of LB medium
supplemented with 100 µg/mL ampicillin. When OD600 reached 0.6–0.8, protein expres-
sion was induced by adding IPTG (final concentration 1.0 mM). After the induction for 12 h
at 20 ◦C temperature, the cells were collected by centrifugation for 20 min, 4000× g at 4 ◦C.
The cell pellet was resuspended in 25 mL of 50 mM PBS buffer (pH 7.2) and disrupted using
ultrasound. The cell debris was removed by centrifugation for 20 min at 15,000× g and
4 ◦C. The supernatant was loaded onto a 1 mL of HiTrap Nickel Chelating HP column (GE
Healthcare, Uppsala, Sweden) that had been pre-equilibrated with PBS pH 7.2. The column
was washed with five column volumes of PBS pH 7.2 containing 30 mM imidazole. The
recombinant protein was eluted in PBS pH 7.2 containing 400 mM imidazole. The collected
recombinant protein fraction was desalted on a 5 mL Sephadex G25 column (GE Health-
care, Uppsala, Sweden) using PBS pH 7.2. The protein solution was diluted with glycerol
(50% final concentration) and supplemented with 50 µM PLP and stored at –20 ◦C for
further use. The purity of the proteins was determined by the SDS-PAGE [45] standard
procedure using 12% gels. The protein bands were visualized using Coomassie blue G-250
(Fluka, Buchs, Switzerland) staining. The concentration of purified proteins was deter-
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mined using a Pierce Coomassie (Bradford) Protein Assay Kit (Thermo Fisher, Rockford, IL,
USA) [46].

3.4. Enzyme Assays

The ATs capable of deaminating methylbenzylamine were screened by measuring the
amount of formed acetophenone. The reaction (volume 100 µL) conditions were as follows:
10 mM (S)- or (R)-methylbenzylamine, 10 mM pyruvate as amino acceptor, 10 µM PLP,
50 µL of cell-free lysate (in PBS pH 7.2 buffer), and 50 mM potassium phosphate buffer
(pH 9). The reactions were incubated at 30 ◦C for 16 h. Then, 100 µL of acetonitrile was
added to stop the reactions. The reaction mixture was centrifugated for 10 min at 15,000× g
and transferred to the 96-well plates. The formation of acetophenone was determined by
the change in UV absorbance at 240 nm using a PowerWave XS plate reader (BioTek, Santa
Clara, CA, USA).

To study the effect of pH on enzyme activity, reactions were carried out in buffers
of different pH values (50 mM potassium phosphate pH 7–8; 50 mM sodium bicarbonate
pH 9–11). The relative enzyme activity was determined by the amount of formed ace-
tophenone. The reaction mixture (100 µL) contained 5 mM (R)-methylbenzylamine, 5 mM
pyruvate, 10 µM PLP, and 5 µg of the purified enzyme. The reaction was performed at 30 ◦C
for 20 min. The measurement of the acetophenone formed was carried out, as mentioned
above. The experiments were conducted in triplicate.

The thermostability of the enzyme was determined by incubating the enzyme at set
temperatures (30, 50, or 70 ◦C) for a specific amount of time (up to 24 h). The remaining
enzyme activity after incubation was determined by the amount of formed acetophenone.
The reaction mixture (100 µL) contained 5 mM (R)-methylbenzylamine, 5 mM pyruvate,
10 µM PLP, 5 µg of the incubated enzyme, and 50 mM sodium carbonate buffer (pH 9).
Reactions were performed at 30 ◦C for 20 min. The measurement of the acetophenone
formed was carried out as mentioned above. The experiments were conducted in triplicate.

3.5. Scope of Amino Acceptors and Donors

The optimal amino acceptor was determined by measuring the amount of formed
acetophenone. The reactions were carried out using different amino acceptors under
the following conditions: 10 mM (R)-methylbenzylamine, 5 mM amino acceptor, 10 µM
PLP, 5 µg of the purified enzyme, and 50 mM sodium carbonate buffer (pH 9), with a total
reaction volume of 100 µL. The reactions were performed at 30 ◦C for 1 h. The measurement
of the acetophenone formed was carried out as mentioned above. The experiments were
conducted in triplicate.

Amino donor specificity was determined by measuring the amount of formed alanine
or glutamic acid. The reaction (100 µL) conditions: 5 mM amino donor, 5 mM pyruvate or
α-ketoglutarate, 10 µM PLP, 5 µg of the purified enzyme, and 50 mM sodium carbonate
buffer (pH 9). The reactions were performed at 30 ◦C for 16 h. The reaction was stopped
by adding 500 µL of acetonitrile. The reaction mixture was centrifugated for 20 min at
15,000× g. The amount of formed alanine or glutamic acid was determined by HPLC–MS.

3.6. Analytical Methods

The HPLC–MS analysis was performed using a high-performance liquid chromatogra-
phy system (Shimadzu, Kyoto, Japan) equipped with a photodiode array (PDA; Shimadzu,
Kyoto, Japan) detector and a mass spectrometer (LCMS 2020; Shimadzu, Kyoto, Japan).
The samples were mixed with an equal volume of acetonitrile, vortexed for 1 min, clarified
by centrifugation at 10,000× g for 10 min, and subjected to HPLC–MS. The chromato-
graphic separation was conducted using a 150 × 3 mm YMC-Pack Pro C18 column (YMC,
Kyoto, Japan) at 40 ◦C and a mobile phase that consisted of water with 0.1% formic acid
(solvent A) and acetonitrile (solvent B) delivered in gradient elution mode at a flow rate of
0.45 mL/min. The elution program was used as follows: isocratic 5% B for 1 min, from 5 to
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95% B over 5 min, isocratic 95% B for 2 min, from 95 to 5% B over 1 min, isocratic 5% B for
4 min. The data were analyzed using LabSolutions LCMS software version 5.42.

4. Conclusions

Several PLP fold type IV ATs were identified and characterized in this study. These
enzymes are not only active toward D-amino acids but can also transaminate various
(R)-amines, which makes them potential biocatalysts. Based on the high thermostability
of AT-872 and AT-1132, and the broad substrate spectrum of AT-872 and AT-4421, the
engineering of these ATs for application in the production of high-value amino compounds
seems feasible. Our results suggest that BCAT and DAAT have biocatalytic potential and
that these groups of fold type IV aminotransferases should not be overlooked in the search
for R-selective ATs.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/catal13030587/s1, Figure S1: Evolutionary analysis by
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(R)-methylbenzylamine (R-MBA) and 4-nitrophenylethylamine (4NPEA); Figure S4: Protein purifica-
tion SDS-PAGE; Table S1: Percent similarity matrix of the chosen ATs; Table S2: AT protein theoretical
mass and observed activities and Table S3: Bacterial strains, plasmids, and primers used in this study.
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Abstract: (1-Hexyl-1H-indol-3-yl)-1-naphthalenyl-methanone (JWH-019) is one of the second-generation
synthetic cannabinoids which as a group have been associated with severe adverse reactions in
humans. Although metabolic activation can be involved in the mechanism of action, the metabolic
pathway of JWH-019 has not been fully investigated. In the present study, we aimed to identify
the enzymes involved in the metabolism of JWH-019. JWH-019 was incubated with human liver
microsomes (HLMs) and recombinant cytochrome P450s (P450s or CYPs). An animal study was also
conducted to determine the contribution of the metabolic reaction to the onset of action. Using an
ultra-performance liquid chromatography system connected to a single-quadrupole mass detector,
we identified 6-OH JWH-019 as the main oxidative metabolite in HLMs supplemented with NADPH.
JWH-019 was extensively metabolized to 6-OH JWH-019 in HLMs with the KM and Vmax values
of 31.5 µM and 432.0 pmol/min/mg. The relative activity factor method estimated that CYP1A2
is the primary contributor to the metabolic reaction in the human liver. The animal study revealed
that JWH-019 had a slower onset of action compared to natural and other synthetic cannabinoids.
CYP1A2 mediates the metabolic activation of JWH-019, contributing to the slower onset of its
pharmacological action.

Keywords: synthetic cannabinoids; xenobiotic metabolism; cytochrome P450; oxidation; metabolic activation

1. Introduction

Marijuana, Cannabis sativa, is one of the most pervasive drugs in the world due to its
popularity in both medicinal and recreational use, with a significant increase in consump-
tion being reported in the United States during the 21st century [1]. Synthetic cannabinoids
(SCBs) are a large and chemically diverse group of substances. SCBs were initially created
as investigatory cannabinoid receptor agonists, which activate central cannabinoid (CB1)
and peripheral cannabinoid (CB2) receptors, the same receptors on which the naturally oc-
curring cannabinoids found in marijuana exert their effects [2]. While researchers study the
therapeutic potential of SCBs, the use of SCBs has deviated from its original intent, leading
to abuse by the general public due to their initial uncontrolled legal status, low cost, ease of
availability, difficulty of detection, and pronounced psychoactive effects [3–5]. SCBs are
known as being natural and safe to consumers; however, they are neither natural nor safe,
causing serious adverse reactions, including seizures, nephrotoxicity, and, in some cases,
death [6–8]. With growing awareness and popularity, the number of SC users reporting
adverse events dramatically increased over the last decade [9,10]. Case reports and user
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experiences indicate there is extreme variability in the pattern, duration, and severity of
individual clinical courses following SC use. The continued limited understanding of the
basic pharmacokinetic and dynamic specifics of individual SC compounds significantly
complicates the clinical management of patients seeking medical attention. Care for these
patients is largely symptomatic and supportive as, to this point, no specific antidote or
therapy is available that targets SCBs in intoxicated users.

The substance (1-Hexyl-1H-indol-3-yl)-1-naphthalenyl-methanone (JWH-019) is a
member of the second generation of SCBs with the molecular formula C25H25NO and
a molecular mass of 355.5 [11]. It is one of the cannabinoid receptor agonists from the
napthoylindole family that were synthesized during the 1990s and has seen widespread
human recreational use in the U.S. since 2010 [12]. This synthetic compound is more potent
and addictive than the natural cannabinoids and is associated with concerns of causing
severe complications for human health [13]. While significant limitations in clinical testing
have hampered clear delineation and complete characterization of toxicity among SCBs,
the medical literature does contain several reports of analytically confirmed involvement
of JWH-019 in patients experiencing adverse medical consequence. In 2013, there were
29 subjects reporting to the ER with restlessness, hallucination, vertigo, and anxiousness
after ingesting SCBs including JWH-019 [14]. In a 2014 report, a twenty-year-old male is
described as having driving skill impairment, vestibular disorder, enlarged pupils, and
blunt mood during a traffic stop. In this case a toxicology blood sample was taken after 80
min and the result was positive for four SCs including JWH-019 (1.7 ng/mL) [15]. In 2015,
a fifty-year-old man is described as losing consciousness while working and died after
being transferred to the hospital. In his initial toxicology findings there was no detection of
common psychoactive substances or drug of abuse but, three years later, using the same
sample on gas chromatography–mass spectrometry urinalyses the reanalysis found the
presence of JWH-019 (278 ng/mL) [16]. Additionally, calls to the United States Poison
Control Centers involving exposure to SCBs increased from 14 in 2009 to 6968 by year end
of 2011. As the significant harms from SCBs became apparent, an initial attempt in the
United States to curb the open availability associated with the sale of many SCBs in the early
portion of the last decade was the passage of the Synthetic Drug Abuse Prevention Act in
June of 2012. This legislation categorized several chemical structure classes of cannabinoids
as schedule I substances. Fifteen SCBs were named in the Act and JWH-019 was included
among them [17].

Xenobiotics are transformed in the body by phase I and II drug-metabolizing en-
zymes (DMEs), such as cytochrome P450s (CYPs) and UDP-glucuronosyltransferases
(UGTs), respectively [18,19]. CYPs and UGTs are the most important enzymes that cat-
alyze oxidation and glucuronidation of xenobiotics; therefore, it was hypothesized that
CYPs and UGTs are the main enzymes contributing to the metabolism of SCBs. They me-
tabolize lipophilic xenobiotics by introducing a hydrophilic functional group [18,19]. The
metabolites formed by DMEs are more readily excreted from the body due to increased
water solubility. These detoxification enzymes are abundantly expressed in the liver
and extrahepatic tissues, playing an important role in systemic and local metabolism of
xenobiotics [19–21]. Oxidized and glucuronidated SCB metabolites have been identified
in the blood and urine of SCB users [22,23], suggesting an involvement of CYPs and
UGTs in the clearance of SCBs.

The JWH-019 homolog JWH-018 was identified as one of the earliest compounds
detected early in the development of increased SCB recreational use [24]. As such, there
has been significantly more investigation into this compound and there are many studies
on its metabolic process and enzymes involved in its metabolism. JWH-018 shares a similar
structure to JWH-019, with the only difference being the length of the alkyl chain. Currently,
the process of metabolism of JWH-019 remains unclear. However, based on the similarity
in the structure [25], it was hypothesized that JWH-019 would follow the same metabolic
pathway as JWH-018 without supporting evidence. Based on the hypothesis, JWH-019
could undergo oxidation to form hydroxyindole (5-hydroxyindole JWH-019), N-hexanoic
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acid (JWH-019 COOH) and two monohydroxylated at the N-alkyl chain (5-OH JWH-019
and 6-OH JWH-019) metabolites (Figure 1). According to a recent study that analyzed urine
samples from drug users that were positive for JWH-019, three out of four metabolites,
5-OH JWH-019, 6-OH JWH-019, and JWH-019 COOH, have been confirmed [26]. However,
it is still unclear which is the primary metabolite or which drug metabolizing enzyme is
responsible for the oxidation reaction.
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Figure 1. Structures of JWH-019 and its potential metabolites. Chemical structures of SCB JWH-019,
-018, and -081 (top) and predicted metabolites of JWH-019 (bottom), 5-OH JWH-019, 6-OH JWH-019,
5-hydroxyindole JWH-019, and JWH-019 COOH, are shown.

The aim of this study is to identify the main metabolite of JWH-019 and the P450
isoforms that are responsible for the metabolite formation in vitro. We also conducted
an animal study to determine the contribution of the metabolic reaction to the onset
of action.

2. Results
2.1. Development of a UPLC Method for JWH-019 and Its Metabolites

Currently, four oxidative metabolites of JWH-019 have been suggested, which are
5-OH JWH-019, 6-OH JWH-019, JWH-019 COOH, and 5-hydroxyindole JWH-019. Out
of the four postulated metabolites, three, 5-OH JWH-019, 6-OH JWH-019, and JWH-019
COOH, have been previously detected in human urine samples [26]. However, the study
was not quantitative. Furthermore, the enzymes that mediate the metabolic reactions of
JWH-019 have not been determined to date. The liver is the most important tissue for the
metabolism of xenobiotics. Among a number of hepatic detoxification enzymes, CYP is the
most abundant and functional enzyme responsible for oxidative metabolism. Therefore, the
first aim of this investigation was to identify metabolites of JWH-019 produced in HLMs
where CYPs are located.

As a preliminary study, we tested the detection of JWH-019 and its metabolites with
positive and negative modes of ionization using incubation mixtures. While the nega-
tive mode did not produce any significant peak of any compounds, the positive mode
detected JWH-019 and metabolites. The data indicated that the highest sensitivity would
be obtained at m/z = 356.47 (potentially JWH-019), 386.45 (potentially JWH-019 COOH),
and 372.47 (potentially 5-hydroxyindole JWH-019, 5-OH JWH-019, and 6-OH JWH-019).
Using the chemical standard, it was confirmed that the peak of m/z = 356.47 was JWH-019
with the retention time of 7.6 min. Similarly, we confirmed that a peak at the retention
time of 5.5 min was 6-OH JWH-019. The retention times of hydroxyindole JWH-019 and
5-OH JWH-019 were 6.5 min and 6.6 min, respectively (Figure 2). Although we believe
that JWH-019 COOH will be detected at m/z = 386.45, we were not able to determine the
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retention time of JWH-019 COOH due to the unavailability of the standard molecule on
the market.
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Figure 2. Representative chromatogram of JWH-019 and its main metabolites. Standard solution
of JWH-019 and its metabolites was injected to the UPLC-MS system. JWH-019 was detected at
m/z = 356.47. 5-OH JWH-019, 6-OH JWH-019, and 5-hydroxyindole JWH-019 were detected at
m/z = 372.47. The retention times were 7.6 min for JWH-019, 5.5 min for 6-OH JWH-019, 6.5 min for
hydroxyindole JWH-019, and 6.6 min for 5-OH JWH-019, respectively.

To investigate which form of metabolites can be produced by CYPs, JWH-019 (400 µM)
was incubated with HLMs for 15 min in the presence and absence of the NADPH regen-
erating system. A significant peak was observed at 7.6 min regardless of the NADPH
regenerating system when the incubated mixture was analyzed at m/z = 356.47, indi-
cating that the substrate was not depleted at all with the 15 min incubation with HLMs
(Figure 3A,B). A unique peak was observed at 5.5 min only in a sample that was incubated
with NADPH when it was analyzed at m/z = 372.47 (Figure 3C,D), indicating that CYPs are
responsible for producing 6-OH JWH-019. The peak size was incubation time dependent,
supporting the involvement of enzyme reaction in the production of 6-OH JWH-019 in
HLMs. In the same detection setting (m/z = 372.47), another peak was detected at 6.6 min
in both incubated mixtures. The peak size, which was much smaller than that of 6-OH
JWH-019, was not incubation time dependent, suggesting that a small amount of 5-OH
JWH-019 was non-enzymatically produced in HLM regardless of the NADPH regenerat-
ing system. There was no peak at 6.5 min when incubation mixtures were analyzed at
m/z = 372.47. In addition, there was no significant peak when samples were analyzed at
m/z = 386.45 (Figure 3E,F). These data indicate that hydroxyindole JWH-019 or JWH-019
COOH was not produced, or the produced amount was below the limits of detection, in
HLMs even with the presence of NADPH.
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Figure 3. Incubation of JWH-019 in HLMs with and without NADPH. After the incubation of JWH-
019 with (A) and without (B) NADPH, the sample was separated and monitored at m/z = 356.47 to
detect the presence of JWH-019. The incubated sample was also monitored at m/z = 372.47 and
386.45 to detect the presence of JWH-019 mono-hydroxy and carboxylated metabolites. A unique
peak (6-OH JWH-019) was detected when the parent compound was incubated with NADPH (C) but
not when incubated without NADPH (D). JWH-019 COOH was not detected when JWH-019 was
incubated with (E) or without (F) NADPH.

2.2. Kinetic Analysis of 6-OH JWH-019 Formation in HLMs

After the initial screening, it was determined that HLMs produced 6-OH JWH-019 as a
main metabolite of JWH-019 when supplemented with NADPH. To further investigate the
enzyme–substrate binding affinity and reaction rate in HLMs, we conducted the enzyme
assay at a wide range of substrate concentrations (1–400 µM). The metabolic rate-substrate
concentration plots showed a Michaelis–Menten curve (Figure 4). By fitting the data into the
Michaelis–Menten equation, the KM and Vmax values were estimated to be 31.5 ± 3.3 µM
and 432 ± 40 pmol/min/mg protein.
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2.3. Identification of JWH-019-Oxidating Enzymes

CYPs are super-family enzymes. CYP1A2, -2A6, -2B6, -2C8, -2C9, -2C19, -2D6, -2E1,
-2J2, -3A4, and -3A5 have been reported as main CYP isoforms expressed and functional
in the human liver [27,28]. To identify the CYP isoforms responsible for the formation of
6-OH JWH-019 in HLMs, we used recombinant CYPs and assessed their respective abilities
to metabolize JWH-019 using a substrate concentration of 400 µM. Of all the recombinant
proteins that were screened, CYP2J2 showed the greatest activity for the formation of 6-OH
JWH-019 at a reaction rate of 8.0 ± 0.3 nmol/min/nmol P450 (Table 1). CYP1A2, -2C19,
-2D6, and -3A5 showed moderate activities with their reaction rates of 2.4 ± 0.1, 4.2 ± 0.04,
1.6 ± 0.1, and 2.0 ± 0.1 nmol/min/nmol P450, respectively. While CYP2B6, -2C8, -2C9, and
-3A4 showed slight activities of the 6-OH JWN-019 formation, CYP2A6 or CYP2E1 barely
showed the activity.

Table 1. Estimated contribution of CYPs to the 6-OH JWH-019 formation in HLMs.

Activity (pmol/min/nmol P450) Abundance (%) Contribution (%)

CYP1A2 2359 ± 68 12.1 33.0 ± 0.9
CYP2A6 25 ± 7 8.3 0.25 ± 0.07
CYP2B6 395 ± 48 2.5 1.14 ± 0.14
CYP2C8 1238 ± 17 5.5 7.86 ± 0.11
CYP2C9 559 ± 17 16.8 10.8 ± 0.3
CYP2C19 4195 ± 43 3.2 15.5 ± 0.2
CYP2D6 1637 ± 65 1.8 3.40 ± 0.14
CYP2E1 2.8 ± 0.6 14.1 0.05 ± 0.01
CYP2J2 8000 ± 334 1.16 10.7 ± 0.4
CYP3A4 366 ± 8 30.5 12.9 ± 0.3
CYP3A5 2014 ± 104 1.9 4.41 ± 0.23

Each CYP isoform is differently expressed in the human liver. While CYP3A4 has
been known as the isoform that is dominantly expressed in the liver, other isoforms such
as CYP2J2 are hardly expressed in hepatic tissue [27,28]. To quantitatively determine
the contribution of each CYP isoform to the formation of 6-OH JWH-019 in HLMs, we
employed a relative activity factor (RAF) method. The contribution rate (%) was estimated
by considering the enzyme activity of the recombinant enzyme and the relative expression
level of each CYP isoform in the human liver. Even though CYP2J2 showed the highest
activity in the earlier investigation, it was estimated to be the fifth contributor to the overall
metabolic reaction in the liver (Table 1). The enzyme that contributes to the metabolism the
most was estimated to be CYP1A2 with the contribution rate of 33.6%. CYP2C19, -2C9, and
-3A4 were the second, third, and fourth contributors to the formation of 6-OH JWH-019,
respectively, with their contribution rates ranging from 10.9 to 15.8%. While CYP2B6, -2C8,
-2D6, and -3A5 made a slight contribution (1.1–6.1%), CYP2A6 and CYP2E1 made almost
no contribution due to their lowest enzyme activity.

2.4. Pharmacological Activity of JWH-019

Metabolic reaction usually results in reduction of the pharmacological activity of the
substances. However, in rare cases, metabolic activation occurs where metabolites show
stronger pharmacological activity, which is evidenced by an enhanced pharmacological
activity with increased pretreatment time.

Sprague Dawley rats were administered THC (0.3–3.0 mg/kg, I.P., N = 8), JWH-019
(1.0–30 mg/kg, I.P., N = 8), or JWH-081 (1.0–30 mg/kg, I.P., N = 8). All injections were
made 30 min prior to sessions. THC showed the strongest activity with its ED50 values of
0.85 mg/kg (Figure 5). JWH-081 fully substituted for the discriminative stimulus effects
produced by 3 mg/kg of THC (ED50 = 4.89 mg/kg). In contrast, JWH-019 only partially
substituted for THC when tested 30 min after injection (Emax = 46% at 3 mg/kg). We
also tested the pharmacological activity of JWH-019 with a pretreatment time of 60 min.
This time, interestingly, JWH-019 fully substituted for the discriminative stimulus effects
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produced by 3 mg/kg of THC (Emax = 97% and ED50 = 2.7 mg/kg). Prolonged pretreatment
time enhanced the pharmacological activity of JWH-019, indicating that an active metabolite
was produced in the JWH-019-treated rats.
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Figure 5. Dose–effect curves for substitution of JWH-019 (1.0–30 mg/kg, I.P., N = 8), THC
(0.3–3.0 mg/kg, I.P., N = 8), JWH-081 (1.0–30.0 mg/kg, I.P., N = 8), and cannabinoid vehicle (0.9%
saline containing 5% ethanol and 5% emulphor, I.P., N = 8) for THC (3 mg/kg, I.P.). All injec-
tions were made 30 min prior to sessions, except for JWH-019, which was also tested following
60 min pretreatment (black inverted triangles). JWH-019 dose dependently produced THC-like
discriminative-stimulus effects as reflected in dose-dependent increases in % drug responding when
administered 30 or 60 min before sessions, but was more potent and effective when injected 60 min
before testing. Vertical lines represent S.E.M. unless the S.E.M. is smaller than the size of the symbol.

3. Materials and Methods
3.1. Materials

Cannabinoids used in the study, JWH-019, JWH-081, and ∆9-THC, were obtained
from the NIDA Drug Supply Program (Research Triangle Institute, Durham, NC, USA).
Oxidative metabolites of JWH-019 were obtained from Cayman Chemical (Ann Arbor, MI).
Pooled human liver microsomes (HLMs), recombinant P450s, and NADPH Regenerating
System Solutions A and B were purchased from Corning (Corning, NY, USA). Recombinant
P450 systems used in the study included the expression of cytochrome b5. Water, methanol,
and acetic acid at LC/MS grade were purchased from Thermo Fisher Scientific (Hampton,
NH, USA). All other chemicals and reagents used for this study were of at least reagent
grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Thermo Fisher
Scientific, unless specified otherwise.

3.2. Separation and Detection of JWH-019 and Its Metabolites

The parent compound and its oxidized metabolites were separated and identified
by the ACQUITY UPLC System with a QDa single-quadrupole mass detector (Waters,
Milford, MA, USA). The mobile phases were 0.1% acetic acid (A) and 100% methanol (B),
and the flow rate was 0.5 mL/min with an elution gradient of 100% A (0–0.1 min) and a
linear gradient from 100% A to 10% A–90% B (0.1–8.5 min). An ACQUITY UPLC BEH
C18 column (130 Å, 1.7 µm, 2.1 mm × 50 mm) was re-equilibrated at initial conditions for
1.5 min between runs. The elution was monitored using the MassLynx software (Waters).
Injected standards and samples (10 µL) were analyzed with the QDa detector at a positive

133



Catalysts 2023, 13, 1008

mode. The optimized parameters of the QDa interface were: source temperature, 120 ◦C;
vaporizer temperature, 600 ◦C; drying gas (nitrogen) temperature, 600 ◦C; cone voltage,
15 V; capillary voltage, 800 mV; Gain 1. JWH-019 and its metabolites 5-hydroxyindole
JWH-019, JWH-019 COOH, 5-OH JWH-019, and 6-OH JWH-019 were monitored at their
m/z = 356.47 (JWH-019), 386.45 (JWH-019 COOH), and 372.47 (5-hydroxyindole JWH-019,
5-OH JWH-019, and 6-OH JWH-019). The retention times were 7.6 min for JWH-019,
5.5 min for 6-OH JWH-019, 6.5 min for hydroxyindole JWH-019, and 6.6 min for 5-OH
JWH-019, respectively.

3.3. Metabolism of JWH-019 in HLMs and Recombinant P450s

The metabolism of JWH-019 was examined by analyzing the activity of HLMs and
recombinant human P450 enzymes (CYP1A2, -2A6, -2B6, -2C8, -2C9, -2C19, -2D6, -2E1,
-2J2, -3A4, and -3A5). The substrate (final concentration 1–400 µM) was added to each
tube (50 µL) along with protein, water, and buffer (final concentration 0.1 M KPO4, pH
7.4); the reactions were started with the addition of an NADPH-regenerating system
(1 mM NADP+, 3 mM glucose 6-phosphate, 3 mM MgCl2; 1 U/mL glucose 6-phosphate
dehydrogenase) to ensure the saturation of NADPH, thus enabling cytochrome P450-
mediated reactions. As described previously in Jones et al. (2020) [29], we used up to
50 µg of enzyme sources for each incubation tube. We confirmed that we observed the
enzyme activity in a protein amount-dependent manner. Controls omitting the substrate,
protein, and NADPH were included with each assay. Reactions were incubated at 37 ◦C for
0–60 min and were terminated by the addition of three-time volume of methanol. Protein
and other particulates were precipitated by centrifugation at 12,000× g for 5 min, and the
supernatant was subsequently analyzed by the UPLC-QDa system as described above. All
reactions were performed in triplicate.

3.4. Kinetic Assay and Data Analysis

Incubation conditions were optimized for time and protein concentration, which is typ-
ically 15–30 min of incubation time and 1.0 mg/mL of protein concentration. All reactions
were performed within the linear range of metabolite formation. Other than substrate con-
centrations and incubation times, the reaction mixture composition and analytical methods
were identical to those described for the above screening assays. Incubations were carried
out with HLMs in the presence of various concentrations of the substrate (1–400 µM) for
15 min at 37 ◦C.

Kinetic parameters were estimated from fitted curves using a program (http://www.
ic50.tk, accessed on 1 July 2021) designed for non-linear regression analysis. The Michaelis–
Menten equation,

V = Vmax · [S]/(KM + [S]),

was used to calculate the KM and Vmax values, where V is the velocity of the reaction, S is
the substrate concentration, KM is the Michaelis–Menten constant, and Vmax is the maxi-
mum velocity. Kinetic constants are reported as the mean ± SD of triplicate experiments.
Quantification of 6-OH JWH-019 was performed by comparing the peak height to that of
the authentic standard.

3.5. Assessment of the Pharmacological Activity

All procedures were identical, with some modifications, to those in previous meth-
ods [30,31]. All procedures were carried out in accordance with the Guide for Care and Use
of Laboratory Animals as adopted and promulgated by the National Institutes of Health
(NIH). The experimental protocol was approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Arkansas for Medical Sciences. The detailed
method for the animal study can be found as a supplemental material.

The percentage of drug-appropriate responding was calculated by dividing the total
number of responses on the drug-appropriate lever by the total number of responses. Rate
of responding was calculated by dividing the total number of responses by the session time
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(excluding the post-response TO periods) and expressed as percentage of saline (control)
rate of responding. These data were shown as mean values (±S.E.M.) for groups of subjects
at each drug dose. If subjects were tested repeatedly under a single condition, the data
were pooled for an individual subject and then averaged into a group mean.

Full substitution was operationally defined as: (1) 85% or more of the group responses
on the drug-appropriate lever and (2) the group mean was significantly different from
that of saline. For all analyses, p < 0.05 was considered statistically significant. The
statistical significance was assessed by appropriate one-way repeated-measures analyses
of variance (ANOVA). A post hoc Bonferroni t test was used for all pairwise comparisons.
Dose–effect curves (DECs) for percent drug-appropriate responding were analyzed using
standard linear regression techniques, from which ED50 values (50% effective dose for the
substitution) with 95% confidence limit (95% Cl) values [32] will be calculated. Only points
on the linear part of the ascending portions of the DECs were used. For test substances that
did not fully substitute for the training drug, standard ANOVA was conducted to determine
whether drug substitution differed from saline controls. The maximal substitution (Emax)
was also compared.

4. Discussion

While a few SCB based drug products (dronabinol and nabilone) have obtained U.S.
Food and Drug Administration approval for human medicinal use, the number of unap-
proved SCBs used recreationally has rapidly expanded in popularity, due to their low cost,
ease of availability, and difficulty of detection [4,5,33]. Importantly, a significant portion
of patients admitted to emergency rooms after use of SCBs are adolescents [34]. However,
currently there are limited data to explain the high risk of SCB toxicity in adolescents.
Moreover, there is no emergency therapy that can be used to target SCBs in intoxicated
users. In order to develop therapeutic treatments for detoxification of SCBs, it is essential to
determine whether the metabolic process results in detoxification of SCBs or production of
their active metabolite., Additionally, the understanding of SCBs’ toxicokinetic properties
is unknown due to the uncontrolled and rapid emergence of SCBs, These knowledge
deficits make investigations into their metabolic profiles vital for developing improved risk
assessment and prognosis of clinical course following recreational use misadventure.

A previous study extensively investigated the metabolic pathway of JWH-018, finding
that at least 13 metabolites were formed in NADPH-supplemented HLMs [35]. One of
the major metabolic reactions of JWH-018 was mono-hydroxylation at the naphthalene
ring system, the indole moiety, or the alkyl side chain. Carboxylation of the alkyl chain
produced carboxylated JWH-018 in HLMs. Meanwhile, in a case of JWH-019, the chemical
structure of which is almost identical to that of JWH-018 except for the length of the alkyl
chain, 6-OH JWH-019 was identified as the main oxidative metabolite in HLMs. This
observation might appear inconsistent with the earlier investigation that detected 5-OH
JWH-019 and JWH-019 COOH in urine samples from drug users that were positive for
JWH-019 [26]. One explanation for this is a potential involvement of cytosolic enzymes
or extrahepatic tissues in the production of 5-OH JWH-019 and JWH-019 COOH. In fact,
DMEs including CYPs and carboxylases are widely expressed and functional in various
extrahepatic tissues [36,37].

One of the most significant findings in our study was the identification of CYP1A2 as
the major contributor to the mono-hydroxylation of JWH-019. The expression of CYP1A2
is highly regulated by an aryl hydrocarbon receptor (AhR), which is a ligand-activated
transcription factor. Environmental contaminants such as dioxin, polycyclic aromatic
hydrocarbons, and a component of ambient air pollution and cigarette smoke activate the
function of AhR [38], causing induction of the CYP1A2 expression. Moreover, CYP1A2
is a polymorphic enzyme. While many of the gene polymorphisms on human CYP1A2
result in reducing its enzyme activity, some genetic mutation can induce the activity [39].
Although increased metabolism might seem helpful, that is not the case if the metabolic
reaction produces an active metabolite. As evidenced by our investigation, 6-OH JWH-019
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seems to be an active metabolite (Figure 5). Therefore, genetic mutation and/or exposure
to AhR-activating environmental contaminants might be an important contributing factor
associated with development of JWH-019 toxic reactions in some individuals.

Another interesting observation in our study was the great ability of CYP2J2 to form
6-OH JWH-019 (Figure 4). Due to the lowest expression in the human liver, its contribution
to the overall metabolism of JWH-019 in the body was lower (Table 1). However, CYP2J2
is primarily expressed in the cardiovascular system, especially cardiomyocytes and en-
dothelial cells [40,41]. Due to its abundance in the heart, along with the ability to form
the active metabolite, CYP2J2 might be involved in an increased susceptibility to cardiac
toxicity of JWH-019.

In conclusion, we investigated the CYP-mediated oxidation metabolism of JWH-019
in NADPH-supplemented HLMs. We identified 6-OH JWH-019 as the main oxidative
metabolite in contrast to the case of JWH-018, which is metabolized to at least 13 oxidative
metabolites in HLMs. The RAF method concluded that CYP1A2 was the highest contributor
to the metabolism of JWH-019 in the liver. Prolonged metabolic process resulted in in-
creased pharmacological activity of JWH-019 in our animal study, suggesting that JWH-019
is metabolized to an active metabolite, which is most likely 6-OH JWH-019. Smoking and
genetic polymorphisms in the CYP1A2 gene might increase the risk of JWH-019-inducing
toxic reactions in individuals.
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Abstract: Tannase from Aspergillus ficuum was immobilized by two different techniques for comparison
of kinetic and thermodynamic parameters. Tannase was either entrapped in calcium alginate beads
or covalently-immobilized onto magnetic diatomaceous earth nanoparticles. When immobilized on
nanoparticles, tannase exhibited lower activation energy (15.1 kJ/mol) than when immobilized in
alginate beads (31.3 kJ/mol). Surprisingly, the thermal treatment had a positive effect on tannase
entrapped in alginate beads since the enzyme became more solvent exposed due to matrix leaching.
Accordingly, the proposed mathematical model revealed a two-step inactivation process. In the former
step the activity increased leading to activation energies of additional activity of 3.1 and 26.8 kJ/mol at
20–50 ◦C and 50–70 ◦C, respectively, while a slight decay occurred in the latter, resulting in the following
thermodynamic parameters of denaturation: 14.3 kJ/mol activation energy as well as 5.6–9.7 kJ/mol
standard Gibbs free energy, 15.6 kJ/mol standard enthalpy and 18.3–29.0 J/(K·mol) standard entropy
variations. Conversely, tannase immobilized on nanoparticles displayed a typical linear decay trend
with 43.8 kJ/mol activation energy, 99.2–103.1 kJ/mol Gibbs free energy, 41.1–41.3 kJ/mol enthalpy
and −191.6/−191.0 J/(K·mol) entropy of denaturation. A 90-day shelf-life investigation revealed that
tannase immobilized on nanoparticles was approximately twice more stable than the one immobilized
in calcium alginate beads, which suggests its use and recycling in food industry clarification operations.
To the best of our knowledge, this is the first comparative study on kinetic and thermodynamic
parameters of a tannase produced by A. ficuum in its free and immobilized forms.

Keywords: tannase; Aspergillus; immobilization; calcium alginate beads; magnetic nanoparticles;
kinetics; thermodynamics

1. Introduction

The immobilization of enzymes, when combined with the fundamental principles
of thermodynamics and kinetics, has proven to be a highly useful tool for the successful
application of biocatalysis in industrial processes [1,2]. If, on the one hand, immobilization
can enhance the stability and reusability of a biocatalyst, on the other hand, knowledge
of kinetic and thermodynamic parameters—such as decimal reduction time, half-life,
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activation energy, Gibbs free energy, enthalpy and entropy—is essential to predict the
reaction mechanism and behavior of any process using immobilized enzymes as well as
biocatalyst thermostability at a given operating temperature [1–3]. These aspects taken
together are key issues that must be considered to make the application of enzyme-based
industrial processes even more economic [1,4].

Tannase (or tannin acyl hydrolase, E.C. 3.1.1.20) is a biotechnologically important
enzyme that catalyzes the hydrolysis of ester and depside bonds present in tannins, such
as tannic acid among others, and releases gallic acid and glucose [5]. For this reason, many
industrial processes require tannase to improve their efficiency [6–8]. Such an enzyme
can be extracted from vegetable and animal sources. However, for being an extracellular
enzyme, microorganisms are its main producers for industrial applications [6]. Among
them, fungi (e.g., Aspergillus species) [7], bacteria [8] and yeasts [9] are generally used for
large scale production of tannases, since their enzymes are very stable in wide pH and
temperature ranges [7,9,10].

Being versatile enzymes, tannases have a lot of different applications in a number
of industrial sectors, such as food, beverage, animal feed, chemical and pharmaceutical
industries, as well as in wastewater treatment and other bioprocesses [6,7]. In particular,
thanks to their capability of increasing tannin solubility, tannases are broadly used to
improve the clarification of beer, juices and wine, thus reducing turbidity, improving color
appearance, and softening the costumer’s undesired astringent taste of tannins [8,11].

Despite its undisputed potential, the drawbacks connected with the use of free en-
zymes like tannases in industrial applications (e.g., insufficient stability and inability to
recover/recycle the biocatalyst) make the process expensive [7,12]. Enzyme immobilization
is one of the strategies developed to overcome these limitations [7,12,13]. After immobiliza-
tion, some features of the enzymes can change, being able to improve their catalytic capacity
and thermal stability, vary the pH range where they can be used, as well as facilitate their
separation/recovery by simple physical operations [12,14–16].

According to the required application, research efforts have focused on the develop-
ment of more effective enzyme immobilization techniques with better catalytic features,
seeking suitable/attractive carrier materials to be used as biocompatible support matrices
to immobilize biomolecules. However, according to Silva et al. [14], upon immobilization
the enzyme activity may be altered by some factors such as crosslink agents, binding
mode, microenvironment, diffusion, protein aggregation, molecular polarization, partition,
conformational changes, induction and structural flexibility.

Larosa et al. [17] have reported that, among the various available immobilization
methods, entrapment in calcium alginate beads is an effective method to immobilize tannase
and to preserve its catalytic activity because it does not involve chemical modification,
thereby ensuring easiness of use, mild conditions and low cost as its main advantages.
Recently, Intisar et al. [18] have reported that alginate biopolymer, an anionic polysaccharide
derived from brown seaweeds [19], has gained noteworthy consideration from researchers
and industrialists as a suitable material for developing entrapped enzyme preparations
with enhanced activities because of its versatile characteristics, such as no toxicity, relatively
high availability, low cost, simple preparation, good biocompatibility and reusability.

On the other hand, according to Cabrera et al. [20], diatomaceous earth, a lightweight
mineral clay composed especially of amorphous hydrated silica, has gained attention
thanks to its favorable properties, such as low cost, ready availability, high cation exchange
capacity, chemical inertness, porous structure, large surface area, and low thermal conduc-
tivity. In previous studies, Aspergillus ficuum tannase was immobilized by two different
techniques, namely entrapment in calcium alginate beads [19] and covalent immobilization
onto magnetic nanoparticles composed of diatomaceous earth coated with polyaniline [21].
The results of these works suggest that immobilized tannase systems are promising in food
applications to improve tea quality and to remove tannins from aromatic beverages.

Nowadays, enzyme immobilization and kinetic/thermodynamic studies have at-
tracted much interest [1,22–24]. Indeed, an overview of the literature published over the
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last two years up to the beginning of August 2023 has revealed that there has been an
increase in the contributions related to “enzyme immobilization and thermodynamic and
kinetic”, with no less than 815 research articles (based on the Science Direct search engine:
http://www.sciencedirect.com, accessed on 10 August 2023). However, there are a few in-
vestigations on the kinetic and thermodynamic parameters of immobilized or free tannases,
especially those of the comparative type like this.

Based on this background, the present work aimed to determine the kinetic and ther-
modynamic parameters of activity and thermal stability of A. ficuum tannase immobilized
either in calcium alginate beads or on magnetic nanoparticles. For this purpose, the per-
formance of both preparations was compared for the first time to that of the free enzyme,
providing valuable information for a better understanding of reaction mechanism and
performance prediction in possible enzyme-based industrial applications.

2. Results and Discussion

The Aspergillus ficuum tannase was previously immobilized on two supports with
different techniques, namely entrapment in calcium alginate beads [19] and covalent
immobilization on magnetic nanoparticles composed of polyaniline-coated diatomaceous
earth (mDE-PANI-tannase) [21]. In this work, both immobilized-enzyme preparations were
subjected to kinetic and thermodynamic modeling to determine the parameters involved in
both catalysis and protein thermal denaturation, whose related equations and definitions
have been mostly reported for two different enzyme preparations [25,26] and partially
summarized in Section 3.3. In addition, a comparative study of such parameters with those
of the free enzyme was also performed.

2.1. Thermodynamic Parameters of Tannase-Catalyzed Reaction

Figure 1A illustrates the straight lines obtained by plotting, according to Arrhenius,
the experimental results of tannin hydrolysis using free tannase, tannase immobilized
in calcium alginate beads and mDE-Pani-tannase. In particular, the straight lines on the
right refer to the increase in activity, described by the Arrhenius equation, resulting from a
temperature rise from 20 to 40 ◦C for both immobilized enzyme preparations and from 20
to 30 ◦C for the free enzyme. This 10 ◦C difference in the optimal temperature of catalysis
(Topt) can be ascribed to conformational changes that the enzyme underwent due to immo-
bilization in different supports [21]. Free tannase exhibited the highest activation energy of
reaction (E) (51 kJ/mol, R2 = 0.98) followed by tannase immobilized in calcium alginate
beads (31.3 kJ/mol, R2 = 0.96) and by mDE-PANI-tannase (15.1 kJ/mol, R2 = 0.99). The low-
est value of E observed for the enzyme immobilized on magnetic nanoparticles could have
been due to the covalent nature of bonds involved in such a type of immobilization, which
may have allowed the enzyme to be present only on the support surface and therefore more
available for contact with the substrate [14]. As reported by Fernandes et al. [27], lower
activation energies are desirable for commercial enzymes, as they imply lower expenses
during the process.

Unlike what occurred for E, the standard enthalpy variation of the enzyme unfolding
equilibrium (∆H◦u) [25,26], which was estimated from the slopes of straight lines obtained
at temperatures higher than Topt (on the left in Figure 1A), showed an opposite behavior,
with the highest value being observed for tannase immobilized in calcium alginate beads
(29.6 kJ/mol, R2 = 0.97), followed by mDE-PANI-tannase (17.6 kJ/mol, R2 = 0.90) and free
tannase (17.6 kJ/mol, R2 = 0.99). In this case, the higher this value, the greater the stability of
the biocatalyst at high temperatures [4]. This outcome corroborates with what was expected
from the technique used to immobilize tannase. The entrapment technique confined the
enzyme within the matrix, which gave it greater protection against sudden variations or
prolonged exposure to a given temperature. As explained better by Boudrant et al. [28], a
proper immobilization protocol is important to achieve higher performance of the biocatalist
and mainly to enhance its stability.
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Figure 1. (A) Arrhenius-type plots for determination of the activation energy of the reaction catalyzed
by free tannase, tannase entrapped in calcium alginate beads and tannase covalently immobilized on
magnetic nanoparticles (mDE-PANI-tannase). (B) Schematic representations of the main immobiliza-
tion techniques.

The entrapment technique imprisons the enzyme molecules inside the support
(Figure 1B, part I), and the pore size influences directly the enzyme activity. Differently
from adsorption (Figure 1B, part II) and covalent immobilization, it does not use chemical
bonds or electrostatic forces, and the enzyme is physically trapped in the matrix. On other
hand, covalent immobilization (Figure 1B, part III) resorts to chemical bonds. However,
the enzyme structure cannot make a bond with polymer supports like alginate and
polyaniline, for which a powerful crosslinking agent such as glutaraldehyde is needed.
Glutaraldehyde, a bifunctional compound with an aldehyde group in each extremity,
is able to make a chemical bond with amino groups from the side chains (Figure 1B,
part III); so, the enzyme is immobilized on the support surface. Both techniques have
their advantages depending mainly on the application [14].

It is noteworthy that the parameter ∆H◦u refers to the enthalpic energy related to
enzyme unfolding, which interferes with the formation of enzyme-substrate complex.
As previously described by Abellanas-Perez et al. [29], the enzyme has a specific affinity
for a particular substrate, which depends on its tridimensional structure; so, any change
in structure leads to a loss in biological activity. As explained by Da Silva et al. [4],
the tridimensional structures of enzymes are supported by non-covalent bonds such as
hydrogen bonds, Van der Waals forces, dipole-dipole interactions, ion exchange, etc., which
are easily broken by motion due to a temperature increase. At low temperatures there is
little vibration, and enzyme molecules are present in rigid forms. At higher temperatures,
due to some breaks of these bonds, enzyme molecules undergo structural modifications
and acquire more malleable conformations, which allows the substrate to more easily fit
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in the active site and, as a consequence, the affinity to increase. However, when too many
bonds are broken simultaneously, the enzyme cannot form its complex with the substrate,
and thus a decline in the reaction rate is observed [30].

2.2. Thermodynamics of Tannase Thermal Inactivation

As explained earlier, thermodynamics of thermal inactivation of the enzyme is related
to energy involved in the loss of protein structure. This occurs when the enzyme is subjected
to prolonged exposure to a given temperature.

2.2.1. Free Tannase Thermal Inactivation

Figure 2A shows the straight lines obtained by plotting the natural logarithm of
the free enzyme residual activity (Ψ) as a function of time at different temperatures
in order to determine the related constants of thermal inactivation (denaturation) (kd).
These kd values were later used to estimate the activation energy of free enzyme ther-
mal inactivation (Ed = 53.5 kJ/mol) through the Arrhenius equation (Figure 2B). The
straight lines showed high determination coefficients (R2), and the values of kinetic and
thermodynamic parameters of free tannase denaturation are listed in Table 1.
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Figure 2. Semi-log plots of residual activity (Ψ) of free tannase vs. time at different temperatures
(A) and Arrhenius-type semi-log plot of the first-order denaturation constant (kd) vs. reciprocal
temperature (1/T) used to estimate the activation energy of free tannase thermal inactivation (B).

Table 1. Kinetic and thermodynamic parameters of free tannase denaturation.

Temperature
(◦C)

kd
1

(min−1) R2 ∆Hd
2

(kJ/mol)
∆Gd

3

(kJ/mol)
∆Sd

4

(J/(K·mol)) t1/2
5 (min) D-Value 6

(min)

30 0.0021 0.98 50.99 100.15 −162.15 330.07 1096.67
40 0.0045 0.99 50.91 101.55 −161.72 154.03 511.78
50 0.0074 0.98 50.82 103.54 −163.13 93.67 311.22

1 kd = first-order denaturation constant. 2 ∆Hd = activation enthalpy of denaturation. 3 ∆Gd = activation Gibbs
free energy of denaturation. 4 ∆Sd = activation entropy of denaturation. 5 t1/2 = half-life. 6 D-value = decimal
reduction time.

The activation Gibbs free energy of enzyme denaturation (∆Gd), which reflects the
amount of remaining energy in the protein structure after exposure to a certain temper-
ature [31], increased from 100.15 kJ/mol at 30 ◦C to 103.54 kJ/mol at 50 ◦C, thereby
highlighting a certain thermal stability. This result suggests that, within the tested tem-
perature range and exposure time (120 min), free tannase denaturation was likely to be
reversible, as better explained in Section 3.3. Such an assumption is corroborated by the
negative values of activation entropy of free tannase denaturation listed in Table 1 (∆Sd).
In fact, according to Wahba et al. [23], negative entropy values suggest greater enzyme
stability and that the irreversible denaturation process is a further step forward involving
higher temperatures and longer times.

Consistently, the enthalpy of denaturation (∆Hd), which reflects the amount of broken
non-covalent bonds, showed only a slight variation. In fact, considering that the energy
to break a non-covalent bond can be estimated at about 5.4 kJ/mol [30], in the temper-
ature range under investigation only 9 non-covalent bonds were likely to be broken in
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free tannase, a number that does not seem to have been sufficient for the denaturation
process to become irreversible. In this respect, it is important to notice that enzymes with
thermostability characteristics in their free form are more suitable to be immobilized in
supports, as they can be recovered for later applications.

Other kinetic parameters evaluated for free tannase were the half-life (t1/2) and the
decimal reduction time (D-value), which characterize the thermal inactivation behavior
at each temperature to which an enzyme is exposed [24]. Both decreased by increasing
temperature, showing the temperature influence in reducing the overall activity due to
thermal inactivation. The thermal resistance constant (Z-value), a parameter of sensitivity
to temperature variation, was then estimated from the slope of thermal– death–time plot of
logD-value versus temperature. It revealed that an increase of about 19 ◦C is required for
D-value to be reduced by one log cycle, i.e., by 90% [14].

2.2.2. Thermal Inactivation of Tannase Immobilized on Magnetic Nanoparticles

The kinetic and thermodynamic parameters of thermal inactivation of mDE-PANI-
tannase were close to those found for the free enzyme. As can be seen in Figure 3, the
semi-log plots used to determine the values of kd (Figure 3A) and Ed (Figure 3B) showed
high R2 values (Table 2), demonstrating that mDE-PANI-tannase behavior can be described
by the equations outlined in Section 3.3. However, this tannase immobilization technique
reduced the value of Ed to 43.9 kJ/mol, i.e., by approximately 10 kJ/mol compared to
the free enzyme. Considering that the higher this parameter, the greater the stability of
a biocatalyst, such a reduction suggests that the enzyme was slightly more sensitive to
temperature variations [14].
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Figure 3. Semi-log plots of residual activity (Ψ) of mDE-PANI-tannase (starting hydrolysis specific
activity of 342 U/mg) vs. time at different temperatures (A) and Arrhenius-type semi-log plot of the
first-order denaturation constant (kd) vs. reciprocal temperature (1/T) used to estimate the activation
energy of mDE-PANI-tannase thermal inactivation (Ed) (B).

Table 2. Kinetic and thermodynamic parameters of mDE-PANI-tannase denaturation.

Temperature
(◦C)

kd
1

(min−1) R2 ∆Hd
2

(kJ/mol)
∆Gd

3

(kJ/mol)
∆Sd

4

(J/(K·mol)) t1/2
5 (min) D-Value 6

(min)

30 0.0030 0.99 41.33 99.25 −191.04 231.05 767.67
40 0.0054 0.96 41.25 101.08 −191.05 128.36 426.48
50 0.0088 0.99 41.17 103.08 −191.58 78.77 261.70

1 kd = first-order denaturation constant. 2 ∆Hd = activation enthalpy of denaturation. 3 ∆Gd = activation Gibbs
free energy of denaturation. 4 ∆Sd = activation entropy of denaturation. 5 t1/2 = half-life. 6 D-value = decimal
reduction time.

This behavior is corroborated by the decrease of Z-value from 19 to 16 ◦C. The values
of the other kinetic denaturation parameters, namely, D-value and t1/2 (Table 2), were also
smaller than those of free tannase (Table 1), confirming the lower thermostability of this
enzyme preparation.

∆Gd increased from 99.25 to 103.08 kJ/mol with increasing temperature from 30 to 50 ◦C
(Table 2), suggesting that tannase maintained its reversible profile of thermal denaturation
after immobilization on magnetic nanoparticles. This occurrence is consistent with the results
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of de Lima et al. [21], who reported that tannase immobilized on magnetic diatomaceous
earth nanoparticles coated with polyaniline could be reused up to 10 times losing only 34%
of its initial activity. ∆Sd also had negative values (−191.58/−191.04 J/(K·mol)), which are
characteristic of reversible inactivation. Finally, ∆Hd (41.17–41.33 kJ/mol) was reduced by
almost 10 kJ/mol compared to the free enzyme, which corresponds to the breakdown of
approximately eight non-covalent bonds.

2.2.3. Thermal Inactivation of Tannase Immobilized in Calcium Alginate Beads

Unlike what was expected from a typical thermal stability study, A. ficuum tannase
entrapped in calcium alginate beads exhibited an unusual behavior throughout the whole
tested temperature range (20–70 ◦C). While the free form of tannase and the mDE-PANI-
tannase showed the characteristic decay profile of protein denaturation (Figures 2A and 3A),
the activity of tannase entrapped in alginate beads, after an initial increase until a maximum
value after about 30 min, progressively decreased still keeping above its starting value
(Figure 4). This behavior is not commonly observed. Only Rodríguez-Lopez et al. [32]
reported the same behavior for mushroom polyphenol oxidase upon inactivation using an
80 ◦C hot water bath and 22.6 W/cm3 microwave power irradiation. However, there is no
mathematical model available in the literature on other biocatalysts that acted in the same
or similar way.
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(starting hydrolysis activity of 127.5 U/mL) vs. time at different temperatures.

Therefore, a new mathematical approach to the kinetic and thermodynamic parameters
of the biocatalyst entrapped in calcium alginate beads was proposed in the present study.
Since the calcium alginate beads were porous polymeric spheres where tannase had been
entrapped, they may have suffered leaching due to exposition to temperatures higher
than the optimum one, which may have partially degraded their polymeric structure and
increased pore size (Figure 5, part II). Obviously, a similar mechanism can be proposed
for the action of other external agents such as suboptimal pH, chemical agents and so
on. Therefore, the contact between enzyme and outer environment, i.e., the solvent in the
case of residual activity tests performed in this study at temperatures higher than that
optimal one or reaction medium in industrial applications, became progressively more
effective along the starting 30 minutes. However, when the enzyme was exposed for a
longer period, its structure began to be denatured, and there was a decrease in its activity
(Figure 5, Part III). Nonetheless, the residual activity still remained above the initial one.
Calcium alginate probably conferred extra protection to tannase, so that an activity lower
than the initial one would have required exposition longer than 100 min.
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to temperatures higher than the optimum one.

As mathematically described by Equation (5) onwards in Section 3.3, the kinetic
constant of the resultant of these two phenomena is the sum of both positive (kL) and
negative (kd) contributions in terms of residual activity. The values of these constants are
gathered in Table 3 along with the respective determination coefficients.

Table 3. Kinetic constants describing the activity increase due to matrix leaching (kL) and activity
decrease due to subsequent denaturation (kd) of tannase entrapped in calcium alginate beads.

Temperature
(◦C)

kL
(min−1) R2 kd

(min−1) R2

20 0.079 0.96 0.0043 0.85
30 0.0808 0.99 0.0040 0.99
40 0.087 0.96 0.0035 0.93
50 0.0879 0.95 0.0024 0.95
60 0.070 0.91 0.0023 0.87
70 0.0491 0.97 0.0068 0.96

It is possible to observe in Figure 4 that the straight lines describing the variations of lnΨ
over time did not obey the traditional one-step decreasing profile as the temperature was raised
from 20 to 70 ◦C. Since these constants are related to the activation energies involved in the two
proposed phenomena, it is possible to identify in Figure 6A two different regions, the former
between 20 and 50 ◦C (straight line on the right) and the latter between 50 and 70 ◦C (straight
line on the left). Thus, it was possible to estimate two activation energies linked to the increase
in tannase activity resulting from matrix leaching (EL1 = 3.1 kJ/mol and EL2 = 26.8 kJ/mol,
respectively) (Figure 6A) and an activation energy linked to the decrease in activity due to
denaturation under prolonged exposure (Ed = 14.3 kJ/mol) (Figure 6B).

As is well known, the Gibbs free energy variation is a parameter that measures the
spontaneity of any process, in that, positive values are characteristic of a spontaneous
process, negative values of a non-spontaneous process and a null value of a process in
thermodynamic equilibrium. As can be observed in Table 4, the standard Gibbs energy
variations related to both the activity increase due to leaching of calcium alginate beads
(∆G◦L) and to the activity decrease due to denaturation of the entrapped enzyme after
prolonged exposure (∆G◦d) were negative, demonstrating that the increase in biocatalyst
activity was a spontaneous phenomenon characteristic of the support outwear. However,
the values of ∆G◦ that referred to the combination of the two phenomena (∆G◦RT) were
positive, suggesting that the increase in activity was a non-spontaneous phenomenon
forced by the leaching process.
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denaturation under prolonged exposure (Ed) (B). Enzyme system: tannase entrapped in calcium
alginate beads.

Table 4. Thermodynamic parameters referred to the activity of tannase entrapped in calcium alginate
beads. Parameters referred to the increase in activity resulting from matrix leaching are denoted
by the subscript “L”, those referred to the decrease in activity due to enzyme denaturation under
prolonged exposure by the subscript “d” and those referred to combination of both phenomena by the
subscript “RT”. Standard variations of Gibbs free energy (∆G◦), enthalpy (∆H◦) and entropy (∆S◦).

Temperature
(◦C)

∆G◦
L

(kJ/mol)
∆G◦

d
(kJ/mol)

∆G◦
RT

(kJ/mol)
∆H◦

L
1

(kJ/mol)
∆H◦

d
(kJ/mol)

∆H◦
RT

(kJ/mol)
∆S◦

L
(J/(K·mol))

∆S◦
d

(J/(K·mol))
∆S◦

RT
(J/(K·mol))

20 −87.9 −95.0 7.1 29.9 14.3 15.6 401.9 372.9 29.0
30 −90.9 −98.5 7.6 29.9 14.3 15.6 398.6 372.2 26.4
40 −93.8 −102.2 8.4 29.9 14.3 15.6 395.1 372.1 23.0
50 −96.9 −106.6 9.7 29.9 14.3 15.6 392.3 374.1 18.2
60 −100.6 −110.1 9.5 29.9 14.3 15.6 391.7 373.3 18.4
70 −104.7 −110.4 5.6 29.9 14.3 15.6 392.3 363.3 29.0

1 ∆H◦L was calculated as the sum (EL) of both activation energies linked to the activity increase resulting from
matrix leaching (EL1) and activity decrease due to denaturation after prolonged exposure (EL2) (Figure 6A and
Equation (21)).

Standard enthalpy variations related to increased activity due to support leaching
(∆H◦L) and decreased activity due to denaturation after prolonged exposure (∆H◦d) did
not vary with rising temperature, being 29.9 and 14.3 kJ/mol, respectively, while the one
that referred to the combination of the two phenomena (∆H◦RT) was 15.6 kJ/mol in the
entire temperature range studied. This value corresponds approximately to the breaking of
only three non-covalent bonds after 90 min of biocatalyst exposure. Finally, the fact that the
related entropy variations were positive and very small (18.2 ≤ ∆S◦RT ≤ 29.0 J/(K·mol))
confirms that, despite representing an irreversible denaturation process, such thermal
inactivation was poorly significant and that the biocatalyst had excellent thermostability.

2.2.4. Inactivation of Immobilized Enzyme under Storage Conditions

Tannase immobilized either on magnetic nanoparticles or in calcium alginate beads
was finally subjected to a shelf-life study to determine the kinetic parameters often used to
characterize the stability of enzyme preparations to be used in industrial applications, i.e.,
the half-life (t1/2) and the decimal reaction time (D-value).

During experiments for 90 days at 4 ◦C (Figure 7) mDE-PANI-tannase showed sig-
nificantly greater stability than tannase entrapped in calcium alginate beads. Indeed, t1/2
(217 days) and D-value (720 days) of the former preparation were almost twice those of the
latter (t1/2 = 116 days; D-value = 384 days).
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3. Materials and Methods

Commercial tannase (300 U/g) from Aspergillus ficuum used in this study was pur-
chased from Sangherb Bio-Tech (Xi’an, China). It was immobilized either in calcium
alginate beads or on magnetic nanoparticles.

3.1. Tannase Immobilization
3.1.1. Immobilization in Calcium Alginate Beads

Tannase was entrapped in calcium alginate beads as described by de Lima et al. [19].
Briefly, 10 mL of A. ficuum tannase solution (6 mg/mL, corresponding to enzyme activity of
127.5 U/mL) in 0.2 M acetate buffer, pH 5.0, were mixed with 30 mL of 3.0% (w/v) sodium
alginate solution and dropped in 60 mL of 2.0% (w/v) CaCl2 solution at 4 ◦C under stirring
for beads formation. The resulting tannase-loaded beads, with approximately 0.4 mm mean
diameter, were left to cure in the same CaCl2 solution for 4.0 h, collected, washed twice
with distilled water, suspended in the above working buffer and finally stored at 4 ◦C for
further use.

3.1.2. Immobilization on mDE-PANI Nanoparticles

Diatomaceous earth (DE) particles were magnetized (mDE) according to Cabrera et al. [20].
A black precipitate was collected and coated with polyaniline (PANI) as follows. The precipitate
was submitted to treatment with 0.1 M KMnO4 solution at 25 ◦C for 60 min, and nanoparticles
were washed with distilled water and immersed into 0.25 M aniline solution prepared in 2.0 M
HCl at 4 ◦C for 30 min. Then, they were washed with distilled water and 1.0 M HCl to remove
residual aniline using an external 0.6-T magnetic field (Ciba Corning Medical Diagnostics,
Walpole, MA, USA). Finally, mDE-PANI nanoparticles were washed several times, dried at
50 ◦C and stored at 25 ◦C for later use.

mDE-PANI nanoparticles were activated with glutaraldehyde (2.5% (v/v)) by stirring
at 25 ◦C for 2 h and washed several times with distilled water for eliminating unreacted
glutaraldehyde. Tannase from A. ficuum prepared in 0.2 M sodium acetate buffer (1 mL of
3 mg/mL solution, corresponding to 342 U/mg specific activity), pH 5.0, was incubated
with mDE-PANI nanoparticles (0.05 g) at 4 ◦C under mild stirring for 20 h. Then, tan-
nase immobilized on mDE-PANI nanoparticles (mDE-PANI-tannase) was collected by an
external 0.6-T magnetic field, and the supernatants were used for protein determination
according to the Bradford method [33] using bovine serum albumin as a standard. The
immobilized derivatives were stored in sodium acetate buffer at 4 ◦C until use.

3.2. Determination of Free and Immobilized Tannase Activity

Tannase activity was measured according to Pinto et al. [34]. Briefly, 0.1 mL of the
free enzyme solution in 0.2 M acetate buffer, pH 5.0, or 15 calcium alginate beads with
immobilized tannase or 100 µg of tannase immobilized on 0.05 g mDE-PANI were added to
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2.0 mL of 0.05% (w/v) tannic acid solution. After homogenization for 7 min at 30 ◦C, 100 µL
of this reaction mixture were added to 150 µL of ethanolic rhodanine solution (0.667% w/v)
and allowed to react for 5 min. Then, 100 µL of 0.5 M KCl and, after 2.5 min, 2.15 mL of
distilled water were added to the mixture. The formation of a complex with maximum
absorbance at 520 nm was followed by means of a UV–Vis spectrophotometer, model
Lambda 25 (Perkin Elmer, Wellesley, MA, USA). One unit of tannase was defined as the
amount of enzyme necessary to obtain 1 µmol of gallic acid per minute under the assay
conditions (30 ◦C for 7 min). Control experiments were also performed using immobilized
beads without tannase [19].

3.3. Thermodynamic Modeling

Tannase, either free or immobilized in calcium alginate beads or magnetic nanoparti-
cles, was incubated for 2 h in 0.2 M sodium acetate buffer, pH 5.0, at various temperatures
(from 20 to 90 ◦C), and the residual enzyme activities were determined as described in
Section 3.2.

Activation energy of the enzyme-catalyzed reaction (E) and standard enthalpy varia-
tion of the enzyme unfolding equilibrium (∆H◦u) were estimated from semi-log plots of the
starting enzyme activity (Ai) versus the reciprocal temperature (1/T) in the temperature
range of 20–70 ◦C. In particular, as described elsewhere [25,26], the linearized log form of
the Arrenhius equation was used to estimate E in the temperature ranges of 20–40 ◦C for
immobilized enzyme preparations and 20–30 ◦C for free tannase:

Ai = Aoe−
E

RT (1)

while ∆H◦u was estimated from the slope of the left straight line of the Arrhenius-type plot
of lnAi at temperatures higher than the optimal ones (30 and 40 ◦C, respectively).

Thermal inactivation of most free or covalently immobilized enzymes can be described
by the following general deactivation model [35]:

N � k′1
k′2U

k′3→ D (2)

where N is the native biomolecule in its totally active state, while U and D the biomolecule
in its reversibly unfolded and ultimate irreversibly denatured states, while k’1, k’2 and k’3
are the rate constants of enzyme unfolding, folding and denaturation, respectively.

This was the case of both free tannase and tannase immobilized on magnetic nanopar-
ticles, for which the traditional kinetic and thermodynamic approach proposed for other
enzyme systems was successful [25,26].

However, after immobilization some enzymes may become more thermostable due
to variations in their tertiary structure induced by crosslinking agents or the matrix itself.
Since the entrapment of enzymes in calcium alginate beads implies their immobilization
within the matrix during the gelation process (Figure 5, part I), the access of substrate takes
place through the polymer pores. Organic polymers like this may be subject to degradation
when exposed to chemical, physical or microbiological agents. In this case, their pores may
increase in size and number, leaving the immobilized enzyme, i.e., tannase in this study,
more exposed to the reaction medium and allowing the substrate to enter the pores more
easily (Figure 5, part II). Equation (2) can then be rewritten in order to take into account
such an increase in enzyme activity due to exposure of the polymeric matrix to these agents:

I ko→ A � k1
k2

U
k3→ D (3)

where I and A are the immobilized-enzyme preparations at the beginning and after expo-
sure, ko is the rate constant of this phenomenon, while k1, k2 and k3 are the new unfolding,
folding and denaturation constants.
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Assuming that polymer degradation is an irreversible and first-order process, enzyme
activity tends to increase over time:

dA
dt

= kA (4)

where k is the overall kinetic constant and A the enzyme activity.
Because enzymes are molecules with biological activity, they progressively lose their

activity due to the denaturation process. In fact, when exposed for long time to agents
such as high temperature in the present case, non-covalent bonds can be broken, and their
three-dimensional structure becomes predominantly unfolded (Figure 5, part III). Normally,
as is the case of free tannase and tannase immobilized on magnetic nanoparticles, this
decay shows a linear trend and can be treated as an irreversible first-order reaction. On the
other hand, in the case of tannase entrapped in calcium alginate beads, k is influenced by
these opposite contributions, i.e., the activity increase resulting from polymer degradation,
described by the degradation constant (kL), and the activity reduction due to enzyme
denaturation described by the denaturation constant (kd):

k = kL − kd (5)

The contribution of the former phenomenon is more pronounced than that of the latter
when k > 0, and vice versa when k < 0. To better understand the meaning of this constant,
it is important to remember that the enzyme is in a thermodynamic folding/unfolding
equilibrium, which is governed by k1 and k2, while the formation of final product is
governed by k3. The overall kinetic constant can then be written as follows [36]:

k =
k1 k3

k2 + k3
(6)

By equaling Equations (5) and (6), we obtain the Equation:

kL − kd =
k1 k3

k2 + k3
(7)

that simplifies to Equation (8) when k3 � k2:

kL − kd = k3 Keq (8)

where Keq is the constant of the folding/unfolding equilibrium.
Considering that k3 = kBT

h [37], one can write:

Keq =
kLh
kBT
− kdh

kBT
(9)

where T is the absolute temperature, h the Planck’s constant, and kB the Boltzmann’s constant.
To describe the thermal inactivation kinetics, Ortega et al. [38] proposed a multi-

fraction inactivation model, which supposes the existence of multiple enzyme fractions,
each of which can be independently analyzed with first-order kinetics. Considering the
well-known relationship between the standard variation of Gibbs free energy (∆G◦) and Keq:

∆Go = −RT ln Keq (10)

and applying the approach of Ortega et al. [38] to the above two contributions governed
by kL and kd, we can calculate this parameter for the tannase system under investigation
(∆G◦TR) as:

∆Go
TR = −

(
RT ln

kLh
kBT
− RT ln

kdh
kBT

)
(11)
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Considering that:
∆Go = ∆Ho − T∆So (12)

under the equilibrium conditions described above, ∆G◦TR can also be described by the equation:

∆Go
TR = (∆Ho

L − T∆So
L)− ( ∆Ho

d − T∆So
d) (13)

By equaling the right members of Equations (11) and (13), we obtain:

RT ln
(

kd
kL

)
= ∆Ho

L − T∆So
L − ∆Ho

d + T∆So
d (14)

RT ln
(

kd
kL

)
= ∆Ho

L − ∆Ho
d + T(∆So

d − ∆So
L

)
(15)

ln
(

kd
kL

)
=

∆Ho
L

RT
− ∆Ho

d
RT

+
(∆So

d − ∆So
L)

R
(16)

By differentiating Equation (16) with respect to T, we can write:

d
(

ln kd
kL

)

dT
= −∆Ho

L

RT2 +
∆Ho

d
RT2 (17)

Applying the Arrhenius equation to the two above-mentioned contributions governed
by kL and kd, we can write the equation:

kd
kL

=
Ao e−EL/RT

Bo e−Ed/RT (18)

where EL and Ed are their respective activation energies, while Ao and Bo are the corre-
sponding pre-exponential factors.

The linearized version of this equation:

ln
kd
kL

= − (−EL + Ed)

RT
+ ln

Ao

Bo
(19)

can be differentiated with respect to T to omit the constant term, thus leading to the equation:

d
(

ln kd
kL

)

dT
=

(−EL + Ed)

RT2 (20)

Equaling the right terms of Equations (17) and (20), the enthalpy of the reaction
catalyzed by tannase entrapped in calcium alginate beads can be calculated as the difference
of Ed and EL:

∆Ho
RT = ∆H◦d − ∆H◦L = Ed − EL (21)

Considering Equation (12), one can calculate the entropy of tannase-catalyzed reaction
for this enzyme preparation by the equation:

∆S◦RT =
∆H◦RT − ∆G◦RT

T
(22)

3.4. Shelf Life Stability of the Immobilized Enzyme Preparations

Storage stability of both free and immobilized tannase, with starting activity of about
170 U/mL, was checked by determining the residual activity after long-time storage
(90 days) at 4 ◦C. Free tannase was stored as solution in 0.2 M acetate buffer, pH 5.0,
while the immobilized one was stored in wet form. Enzyme activity was determined at
regular time intervals (15 days). The kinetic shelf-life parameters of tannase immobilized
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either in mDE-PANI or in calcium alginate beads were evaluated for 90 days to 4 ◦C. The
enzyme activity was performed every 15 days using tannic acid as a substrate as described
in Section 3.2. kd, t1/2 and D-value were determined as described by Silva et al. [14].

4. Conclusions

The Aspergillus ficuum tannase, which was immobilized either by entrapment in algi-
nate calcium beads or covalently on magnetic nanoparticles, showed good stability when
subjected to different temperatures and exposed to the solvent for a long period. The ther-
modynamic analysis of the reaction revealed that tannase immobilized on nanoparticles
had the lowest activation energy and, therefore, would be the most appropriate enzyme
preparation to conduct low-cost industrial tannin degradation treatments. However, ther-
modynamics and kinetics of biocatalyst denaturation showed that, although the enzyme
either in its free or immobilized form is subject to a reversible denaturation mechanism,
calcium alginate immobilization ensured greater stability for longer. Using this entrapment
technique, tannase hydrolytic activity was increased due to leaching of support accom-
panied by pore enlargement, which, in addition to allowing greater biocatalyst contact
with the substrate, provided greater protection against thermal inactivation after 90 min
of incubation. Finally, shelf-life tests performed on immobilized biocatalysts at 4 ◦C for
90 days revealed that the enzyme immobilized on magnetic nanoparticles kept its activity
for almost twice the time as the enzyme entrapped in calcium alginate beads. Such findings
suggest that this tannase in both immobilized forms, which showed great potential for
tannin degradation and thermal stability, could be profitably exploited for applications in
the food industry.
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Abstract: Opioids are important analgesics, and their pharmaceutical application is increasing
worldwide. Many opioids are based on benzylisoquinoline alkaloids (BIA) and are still industrially
produced from Papaver somniferum (opium poppy). (S)-norlaudanosoline ((S)-NLS) is a complex
BIA and an advanced intermediate for diverse pharmaceuticals. The efficient synthesis of this
scaffold could pave the way for a plant-independent synthesis platform. Although a promising
biocatalytic route to (S)-NLS using norcoclaurine synthase (NCS) and ω-transaminase (TAm) has
already been explored, the cost-effectiveness of this process still needs much improvement. Therefore,
we investigated whether the synthesis could also be performed using whole cells to avoid the use
of (partially) purified enzymes. With an optimized mixing ratio of TAm- and NCS-containing cells
in batch biotransformations, 50 mM substrate was converted within 3 h with more than 90% yield
and a high enantiomeric excess of the product (95%). To further increase the space–time yield, the
cells were immobilized to enable their retainment in fixed-bed reactors. A comparison of glass beads,
Diaion HP-2MG and alginate revealed that the addition of Diaion during bacterial growth led to
the most active immobilisates. To facilitate sustained production of (S)-NLS, a fixed-bed setup was
constructed based on lithographically printed columns from biocompatible PRO-BLK 10 plastic. The
continuous production at two scales (5 mL and 50 mL columns) revealed insufficient system stability
originating from biocatalyst leaching and inactivation. Thus, while the use of whole cells in batch
biotransformations represents an immediate process improvement, the transfer to flow catalysis
needs further optimization.

Keywords: chiral synthesis; flow-reactor; immobilized cells; dopamine; stereolithography;
transaminase; benzylisoquinoline alkaloids

1. Introduction

Benzylisoquinoline alkaloids (BIAs) are a family of secondary metabolites with a
wide variety of pharmaceutical applications. Important examples of this family are the
opioid analgesics morphine and codeine, the antitussive noscapine or the antispasmodic
drug papaverine [1]. Opioids are classified as essential medicines by the World Health
Organization (WHO), due to their usefulness in reducing pain for trauma patients and
in palliative care [2], with 10 billion standard daily doses consumed per year [3]. For
industrial production, typically a largely mechanized process is used in which fully mature
plants are harvested, dried and then pulverized, before extracting the active component [4],
which is then refined for use in pharmaceuticals. Environmental factors such as pests,
diseases, and extreme weather events make poppy supply chains unstable, threatening the
secure availability of the medicines derived from them. Therefore, there is great interest in
developing efficient and scalable production platforms that would not only secure supply
but also overcome the capacity limitations of the plant-based production.
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More than 30 chemical and chemo-enzymatic synthesis pathways of morphine and
derivatives are known, but none of them could be developed to the point where industrial
production at market prices would be possible, as the synthesis of these chiral molecules
is very complex and currently not cost-competitive [5]. The first full biosynthesis of
opioids in yeast was published in 2015 but was also not able to deter industrial produc-
tion away from using the opium poppy as the raw material, due to the very low titers
achieved [6]. In the same year, an elegant biocatalytic route to the important BIA scaffold
structure (S)-norlaudanosoline ((S)-NLS) was published [7], which involves two enzymatic
transformations and the affordable starting materials dopamine (DA) and pyruvate, as
shown in Scheme 1. Since (S)-NLS can be diversified into various target structures, in-
cluding the pharmaceuticals morphine and codeine or the neuromuscular-blocking drug
cisatracurium [1,8,9], the efficient industrial-scale production of this molecule would repre-
sent a milestone on the way to a plant-independent synthesis platform.
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Scheme 1. In a ω-transaminase (TAm)-catalyzed reaction, dopamine (DA) is converted into 3,4-
dihydroxyphenylacetaldehyde (DOPAL). Subsequently, norcoclaurine synthase (NCS) synthesizes
(S)-norlaudanosoline ((S)-NLS) from DA and DOPAL. The functional groups relevant for the TAm
reaction are highlighted in red, while the stereochemical bond generated by the asymmetric NCS
reaction is depicted as a blue wedge.

In the two-step enzymatic synthesis of (S)-NLS, dopamine is first converted to 3,4-
dihydroxyphenylacetaldehyde (DOPAL) at the expense of pyruvate using transaminase
(EC 2.6.1.B16), which catalyzes the transfer of an amine group from an amine donor to
either a ketone or aldehyde with 5′-pyridoxalphosphate (PLP) as the amine shuttling
cofactor [10]. A transaminase subgroup, the so-called ω-transaminases (TAms), use non-α
position amino acids or amine compounds without carboxylic group as donors and have
been studied intensively due to their high relevance for the production of chiral molecules,
e.g., in fine chemistry and the pharmaceutical industry. The TAm-catalyzed reactions are
generally reversible [10].

In the triangular cascade to (S)-norlaudanosoline, the second step is catalyzed by
norcoclaurine synthase (NCS, EC 4.2.1.78), which combines dopamine and the formed
aldehyde, thereby creating the BIA core structure. NCS, which is found in plants, catalyzes
a stereoselective Pictet–Spengler cyclisation, where arylethylamine and aldehyde/ketone
condense followed by a ring closure.

One general problem of the reaction is the oxidative degeneration of DA and DOPAL,
which can be reduced by the exclusion of oxygen [11–13]. Another challenge is the inherent
instability of DOPAL and its tendency to create polymers with the surrounding molecules
via a radical reaction [11], often creating black eumelanin [14]. This can be mitigated by
adding the antioxidative ascorbate to the reaction solution [15].
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A spontaneous reaction of DA and DOPAL to racemic NLS can be observed in the
presence of several conventional buffer ions, for example, phosphate. This unwanted
spontaneous reaction can be minimized by using only specific buffers, for example, HEPES
buffer, and by keeping the DOPAL (or theoretically DA) concentration low [11,16,17].
Here, the triangular cascade synthesis of (S)-NLS using TAm and NCS is beneficial since it
generates and utilizes the reactive aldehyde DOPAL in situ and achieved yields of up to
87% using (partially) purified enzymes [7].

To further optimize the biocatalytic synthesis of (S)-NLS from dopamine and pyruvate
and its cost effectiveness, the use of whole cells instead of (partially) purified enzymes
and the establishment of a continuous process in flow are two options. While the use of
whole cells lowers the cost of the catalyst preparation, continuous processing can intensify
biocatalytic reactions, thereby reducing the size of the process equipment, improving
product quality and lowering energy and solvent consumption, as well as the waste
generated [18]. Ultimately, all these aspects reduce the footprint of the process and might
also improve its safety [19]. While diverse TAm reactions (e.g., [20–22]) and also the NCS
reaction [15] have been successfully performed in flow setups, the triangular synthesis of
(S)-NLS has not been investigated in flow so far.

The aim of this work was to elucidate whether the asymmetric two-step synthesis of
(S)-NLS can be performed with whole-cell catalysts and whether the joint implementation
of the TAm and NCS reactions in a continuous flow system provides access to a more
efficient synthesis of the BIA scaffold structure. Possible benefits could be a higher space–
time yield, a reduced spontaneous background reaction, and thus, a higher optical purity
of the product, as proposed by Lechner et al. [15]. Furthermore, simple 3D-printed columns
should be used as fixed-bed reactors. The method of 3D printing has long been used in the
manufacturing industry to produce design prototypes and accelerate developments, made
possible by the design freedom inherent in additive manufacturing in combination with
the low production costs [23], and we wanted to take advantage of these benefits in this
study as well.

2. Results

To investigate the asymmetric two-step enzymatic synthesis of the BIA scaffold struc-
ture (S)-NLS with whole cell catalysts in batch biotransformations and flow setups, two
recombinant E. coli strains expressing the genes for the enzymes TAm and NCS were culti-
vated separately. Subsequently, the cells were washed and lyophilized. Both biocatalysts
showed good expression levels of the target proteins (Supporting Figures S1 and S2). Typi-
cal specific activities of TAm-containing cells were in the range of 30 U per gram cell dry
mass. Due to the high (non-specific) reactivity of the aldehyde DOPAL, the specific activity
of NCS cells was not determined directly with the substrate in excess, but as combined
activity in batch experiments to identify the optimal cell ratio.

2.1. Batch Biotransformations

To achieve the maximum enzymatic activity and to test the interaction of both enzymes,
different mass ratios of lyophilized TAm- and NCS-containing cells were combined into
mixtures. The different cell mixtures were suspended in the reaction buffer, and the
reactions were performed in miniaturized stirred-tank reactors at the 12 mL scale. To
minimize the oxidation and subsequent polymerization of substrates and intermediates,
ascorbate was used, and the reactors’ headspaces were gassed with nitrogen. The antibiotic
gentamicin was added to prevent bacterial growth, e.g., on pyruvate as the carbon source.
The enzyme activity of TAm and NCS in the cell mixtures was measured in tandem, as the
NCS reaction is dependent on the supply of the intermediate DOPAL via TAm. The TAm
(1st cascade reaction) activity is in turn increased by the presence of NCS (2nd cascade
reaction), which uses DOPAL in its reaction. To obtain results that are comparable to those
of the cell-free enzyme system used by Lichman et al. [7], samples were taken after 3 h.
Measurements were done for (S)-NLS and (R)-NLS, to determine the yield (referring to
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dopamine) and enantiomeric excess (ee), as well as for alanine and pyruvate, to gain a
measure of the TAm activity, as summarized in Table 1.

Table 1. Activity screening of varied TAm/NCS-cell ratios in miniaturized stirred-tank reactors at
the 12 mL scale.

Cells Containing Ratio

TAm NCS TAm-Containing Cells/
NCS-Containing Cells

[-]

Yield a Ee b Alanine Pyruvate

[mg] [mg] [%] [%] [mM] [mM]

12 12 1 11 37 22 9
36 12 3 11 55 23 -
60 12 5 12 39 26 -
12 66 0.18 34 87 10 11
36 66 0.55 35 ± 1 c 81 ± 1 c 23 ± 1 c -
60 66 0.91 36 83 21 -
12 120 0.10 67 94 26 18
36 120 0.30 62 90 23 -
60 120 0.50 54 99 24 -
36 228 0.16 91 95 25 -
36 336 0.11 91 97 22 -
36 444 0.081 92 97 15 -
36 552 0.065 85 97 18 -
36 660 0.055 96 96 29 -

a Reaction conditions: 50 mM HEPES (pH 7.4), 50 mM dopamine, 50 mM pyruvate, 4 g L−1 ascorbate, 25 µg mL−1

gentamicin, 3 h, and 37 ◦C. b ee: enantiomeric excess. c: The data represent the results of single-replicate
experiments, except for one triplicate (n = 3) showing the low standard deviation of the determined values.

The central finding of this experiment was the fact that mainly the mass of NCS-
containing cells in the mixture was crucial for the yield, while the TAm-containing cell
mass above a minimal amount nearly did not factor in. In the assays with only 12 mg of
TAm-containing cells, residual pyruvate concentrations of 9 mM, 11 mM and 18 mM were
found. Increased amounts of TAm led to a complete pyruvate depletion during the reaction.
Pyruvate is used up much more than would be expected by the reaction scheme. This
has been anticipated as a necessary cost of using intact cells, which still contain metabolic
enzymes. These can metabolize some of the pyruvate as it is a central part of their carbon
metabolism [24]. Although gentamicin inhibits the protein biosynthesis and prevents
the growth of bacteria, metabolic enzymes already present in the cells can still degrade
the carbon source pyruvate. This was also shown in a previous experiment, where tests
with 25 mM pyruvate and without gentamicin led to a complete pyruvate depletion in all
samples. The increasing residual pyruvate concentration with the increasing concentration
of NCS-containing cells could indicate an inhibiting effect of the final product on the cellular
metabolism of E. coli, preventing the additional use of pyruvate as a carbon source.

While increased amounts of TAm-containing cells with a given amount of NCS-
containing cells led to only an insignificant increase in the total yield in two of the three
assays, for 120 mg of NCS-containing cells, higher amounts of TAm led to an even lower
yield (from 67 over 62 to 54%). This could indicate a negative effect of DOPAL accumulation
created by excess TAm. The synergy between the catechol and aldehyde groups of DOPAL
strongly enhances its reactivity, possibly leading to enzyme inactivation by modification of
functional protein residues, protein cross-linking and protein aggregation [25].

Increased amounts of NCS-containing cells in the reaction setup resulted in higher
yields: 12 mg of catalyst gave 11% yield, while 66 mg resulted in 35%. In the experiments
with 36 mg of TAm-containing cells, the yield seemed to linearly increase with the NCS-
containing cell mass until reaching 91% at 228 mg. Thereafter, the yield stopped increasing
steadily. The observed maximum yield of about 90% could be due to product inhibition of
NCS, which could be analogous to the inhibitory effect of (S)-norcoclaurine detected in an
earlier study [15]. This trihydroxylated compound represents the BIA scaffold structure
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occurring in plant BIA syntheses and differs from the tetrahydroxylated (S)-NLS by the
absence of a hydroxy group at the isoquinoline moiety.

In general, ee followed the trend of the yield. An increasing amount of NCS in
the reaction mixture led to an increase in enantioselective enzyme activity compared
to the non-selective spontaneous Pictet–Spengler reaction and thus to a higher optical
purity. Due to the single measurements, the effects that were observed with very high cell
concentrations are of limited significance. Fluctuations in the yield and ee could also be
due to measurement uncertainties. This implies that amounts of the NCS catalyst higher
than 228 mg do not reliably improve the output under these conditions. The mixture of
36 mg TAm-containing and 228 mg NCS-containing cell mass, corresponding to a mass
ratio of 3:19, seemed optimal, although as shown by the pyruvate depletion, even lower
ratios of TAm to NCS cells could also be successful.

Compared to the study performed by Lichman et al. [7], who used E. coli cell extract
for TAm activity in combination with purified NCS enzymes, slightly higher yields were
reached in this work. At substrate concentrations of 50 mM DA and 25 mM pyruvate, an
85% conversion (referring to DA) was reported after 3 h with a product ee of 96% (S). Due to
the differences in catalyst preparations, the enzyme loadings are hard to compare. However,
this result underlines that cheaply producible whole-cell catalysts are suitable for use in
this two-step enzyme reaction and there is no need for enzyme purification. Whole cells
were also employed in the study performed by Lechner et al. [15], who investigated the
NCS-catalyzed reaction of DA and 4-hydroxyphenylacetaldehyde to (S)-norcoclaurine. At
a catalyst concentration of 10 mg mL−1, 27% conversion with >98% ee was obtained. This
catalyst loading corresponds well to the experiments performed in this study, with 120 mg
NCS-containing cells in a reaction volume of 12 mL, where yields of ≥54% with 90–99% ee
were obtained, depending on the amount of TAm used. Although the syntheses are not
directly comparable because of the different enzymatic reactions, the mass transport across
two cell walls, which is necessary due to the use of catalysts with separately expressed
TAm and NCS genes, does not seem to be severely rate-limiting since the reaction is faster
than the one-step biotransformation to (S)-norcoclaurine, where the substrates must cross
only one cell wall. This is supported by the fact that the enzymatic activities of NCS with
DOPAL and 4-hydroxyphenylacetaldehyde, respectively, are typically in the same order of
magnitude [26].

The comparison with other data from the literature is difficult in general as early re-
ports either (1) used phosphate buffer leading to significant amounts of racemic
NLS [16,27,28], (2) aim at slightly different BIAs such as norcoclaurine [15,29] or (S)-
reticuline [30–32] or (3) only use a single-enzyme reaction [15,20,33].

2.2. Whole Cell Catalyst Immobilization on Carriers

To establish the two-step enzymatic reaction using cells in a flow setup, the cell mixture
must be immobilized in the reactor, e.g., on a suitable carrier material. Immobilization has
several advantages pertaining to (1) product purification, as less biomass must be removed,
(2) reusability, as enzymes can theoretically be used until fully degraded, and (3) volumetric
activity, as higher local cell concentrations can theoretically be created [34–36]. Thus, the
immobilization of the cell mixture on carrier particles was investigated.

Five distinct types of catalyst particles were tested. Diaion HP-2MG represents
methacrylic ester copolymer particles, which are hydrophilic and allow cells to adsorb to
their surface. Two different methods of cell adsorption on Diaion particles were assessed
here: (1) The incubation of particles with suspended lyophilized cells (Diaion incubated)
or (2) the addition of particles during the growth of cells expressing the enzymes (Diaion
overgrown). The dried particles with cells adsorbed on them were subsequently mixed.
(3) As an even cheaper adsorber material, glass beads were selected and also incubated
with the lyophilized cells [37]. For an established encapsulation option, calcium alginate
beads were chosen. The high porosity of cross-linked alginate combined with the potential
to use the full particle rather than just the surface implies the possibility of achieving
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high volumetric reaction rates, especially compared to the adsorption-based particles. The
alginate beads were created using two types of preparation: (4) pure calcium alginate
beads (uncoated alginate) or (5) calcium alginate beads additionally coated twice, first with
polyDADMAC, which binds as cation to the anionic alginate on the bead surface, and
subsequently in sodium-alginate, which binds to the polyDADMAC now on the surface,
creating layers that are linked together at multiple sites (coated alginate).

For the five different types of particles loaded with the (3:19) mixture of TAm and
NCS cells, respectively, 1.5 g of each were added to the miniaturized stirred-tank reactors
containing 12 mL reaction medium in a batch setup. Headspace aeration with nitrogen was
no longer carried out, as ascorbate was found to be sufficient to prevent oxidation, while
contact with oxygen was still minimized for the solutions. The setup and reaction medium
were otherwise kept the same as with the screening of cell ratios.

The yields obtained with the different preparations of the immobilized cells are sum-
marized in Table 2. Preparations with glass did not lead to significant product formation
(0.9% yield) and thus no ee could be determined. The optical purities obtained with all other
catalyst particles were in the range between 89 and 97%. Due to measurement uncertainties,
the differences between the ee values cannot be considered statistically significant. The
selection of the catalyst preparation for further experiments was therefore based mainly on
the yield obtained. The second lowest yield was observed for uncoated alginate particles
(19.9%), followed by coated alginate particles (33.5%). The use of incubated Diaion led
to a yield of 52.4%, whereas overgrown Diaion particles led to an even higher yield of
64.1%, corresponding to 55 mg of product. The addition of ascorbate and minimization of
oxygen contact seemed to prevent the formation of insoluble polydopamine and eumelanin
derivatives observed in other studies [20], as no blackening of any solution was observed.

Table 2. Yields, productivity and enantiomeric excess achieved with different catalyst particles.
Additionally, the cellular dry mass (CDM) and the cell loading are shown.

Carrier Yield a Space–Time Yield Overall Productivity Cellular Dry
Mass Cell Loading ee

[-] [%] [µmol mL−1 h−1] [mgS-NLS gCDM−1 h−1] [gCDM] [gCDM gcarrier−1] [%]

Uncoated alginate 19.9 ± 4.5 1.66 1.52 0.06 ± 0.01 0.04 97 ± 4
Coated alginate 33.5 ± 9.0 2.79 1.22 0.14 ± 0.03 0.09 89 ± 11

Glass 0.9 ± 1.1 0.08 - - c - -
Diaion HP-2MG

incubated 52.4 ± 10.6 4.36 0.72 0.35 ± 0.03 0.23 93 ± 3

Diaion HP-2MG
overgrown 64.1 ± 6.5 5.34 - - b - 95 ± 4

a Reaction conditions: 50 mM HEPES (pH 7.4), 50 mM dopamine, 50 mM pyruvate, and 4 g L−1 ascorbate. 3 h;
37 ◦C determined by chiral HPLC. n = 3. b Not measured. c No dry mass detectable.

While the cellular dry mass for the experiment with glass was below the limit of detec-
tion, the value for the overgrown Diaion could not be determined because the proliferation
of cells during preparation did not allow for a mass balance. When comparing the cellular
dry mass for the other three immobilizations, it was lowest with uncoated alginate at
0.06 ± 0.01 mg per batch of 1.5 g carriers, followed by coated alginate at 0.14 ± 0.03 mg,
while incubated Diaion HP2MG fixed 0.35 ± 0.03 mg cell dry mass. A slight turbidity, later
identified by microscopy as intact cells, occurred in the solution of alginate particles suggest-
ing that the alginate particles lose cells during the reaction. This could indicate a constant
loss of catalyst in the solution of alginate particles through a combination of dissolved
alginate matrix and cells slowly washing out through openings in the matrix. Binding E.
coli on Diaion seemed to be comparatively more stable and no turbidity was observed.

Although glass beads seem to be a bad choice for this type of use, they are still the
cheapest option of the investigated particle types and thus should not be easily discounted.
To increase adsorption and thus yield in future studies, (1) beads could be overgrown as
was done with Diaion in this study and (2) surfaces could be covered by a thin coating of
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Fe2O3 or other metal oxides, to increase the adsorption strength [38] or (3) cells could be
linked covalently by aminopropyltrimethoxy silane and glutaraldehyde to the carrier to
increase cell density [39].

The yield was related to the determined cellular dry mass to make statements about
the productivity of the cells in the different batches. Here, uncoated alginate scored highest
(1.52 mgS-NLS gCDM

−1 h−1), followed by coated alginate (1.22 mgS-NLS gCDM
−1 h−1) and

incubated Diaion (0.72 mgS-NLS gCDM
−1 h−1). While productivities were even higher in

alginate, this is to be expected, as the lower amount of biomass in these preparations led to
lower product accumulation and thus lower product inhibition, but also a lower space–time
yield, which was deemed paramount for a later application.

Though the exact productivity values could not be calculated for overgrown Diaion
particles, as it is unknown how much cell mass is deposited during incubation, they were
found to reach the highest yield combined with an acceptable ee of 95% and were thus
chosen as the biocatalyst for subsequent experiments.

To better interpret the higher yield of overgrown Diaion compared to incubated Diaion,
both particle populations as well as untreated Diaion particles and Diaion particles left
to hydrate in 0.9% NaCl for one day were measured using a Mastersizer 2000 (Table 3).
Sizes of wet Diaion (d (0.5) = 580 ± 2 µm), incubated Diaion (d (0.5) = 598 ± 4 µm) and
overgrown Diaion (d (0.5) = 546 ± 7 µm) were different; the overgrown Diaion particles
were smaller. The relatively lower diameter could be due to the abrasion of the particles by
the shaking during cultivation.

Table 3. Diaion HP-2MG particle sizes as measured by Mastersizer in µm. (n = 5).

Particle Preparation d (0.1) d (0.5) d (0.9)

Untreated 426 ± 23 574 ± 17 737 ± 15
1d in 0.9% NaCl 460 ± 6 580 ± 2 735 ± 13

Incubated with lyophilized cells 486 ± 2 598 ± 4 737 ± 5
Overgrown (added during induction) 462 ± 9 546 ± 7 643 ± 4

2.3. Preliminary Experiments in Packed-Bed Flow

Having established an optimum ratio of TAm-containing to NCS-containing cells and
having chosen overgrown Diaion particles as the best catalytic preparation, a preliminary
test in a flow setup was carried out. The flow setup could be advantageous over a batch
setup as it could allow production over a longer time scale than batch setups, if the enzyme
activity can be maintained, while still keeping concentrations of DA and DOPAL relatively
low. This in turn minimizes the unselective background reaction of DA and DOPAL
to racemic NLS, which can occur spontaneously, and also reduces the risk of substrate
polymerization to polydopamine or eumelanin derivatives.

For the preliminary experiment, a 5 mL-reactor (reactor A) with typical cylindrical
geometry was designed and additively manufactured. To facilitate manual filling and
assembly, the column was printed in two parts and complementary screw threads were
added to both parts. For the inlet and outlet, the form of a male Luer-Lock connection was
used, to allow an easy connection with the periphery.

Before both reactor parts were screwed together, the inside was carefully filled with
the overgrown Diaion particle mixture creating the particle bed. The reactor was then
connected to tubes, placed in a temperature-controlled incubator at 37 ◦C and was filled
with HEPES buffer. During the reaction, a HPLC pump was used to continuously feed
substrate at a flow rate of 0.5 mL min−1, while a fraction collector was used to collect the
outflowing fluid. The first fraction contained the outflow of the first 10 min (5 mL), while
each subsequent fraction contained the outflow of 20 min (10 mL). Samples were taken
from each fraction and the concentrations of both NLS enantiomers were measured to
calculate the yield and ee.

After the reaction, the particle mass was measured again to be able to compute porosity.
The bed volume was determined to be 4.26 mL accommodating 0.47 g of Diaion particles,
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which corresponds to 0.11 g cm−3. The total fluid volume of the filled column A was
determined as 1.6 mL resulting in a porosity of 37% (Φ = 0.37). This corresponds well with
the literature values for dense random packing (Φ = 0.359–0.375) and thus, this column
packing was deemed acceptable [40].

The advantage of additive manufacturing is the fast and inexpensive design of pro-
totypes for preliminary experiments to clarify individual questions. The small column
was used to investigate if any adverse effects of the “Figure 4®PRO-BLK 10” plastic were
detected (which was not the case) and if the immobilized cell preparation appears to be
sufficiently stable in the flow experiments to allow for larger-scale experiments needing
more material. From the combination of the flow rate and the hold-up volume of the
column, a residence time of 3.2 min was calculated. Compared to the batch experiment
with Diaion (overgrown), which was performed with 3-times more catalyst and a 56-times
longer reaction time, a much lower yield than 64.1% (Table 2) was expected. As shown in
Figure 1, a yield of around 6% was reached over 80 column volumes (CV), with a consistent
ee of 97% and an overall productivity of more than 118 mg(S)-NLS gCDM

−1 h−1, assuming
that these particles had at least the same cell loading as the incubated Diaion.
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Figure 1. Time-course of the synthesis of (S)-norlaudanosoline using column A with 0.47 g of
particles. White circles: data points yield; black line: linear trend; greyed area: method deviation
around trend line. Black circles: data points, ee. Reaction conditions: 50 mM HEPES (pH 7.4), 50 mM
dopamine, 50 mM pyruvate, 4 g L−1 ascorbate, 4 g L−1 ascorbate, 25 µg mL−1 gentamicin, 37 ◦C
and 0.5 mL min−1 flow. ee at 0.97 determined by chiral HPLC, trend equation y = − 0.012x + 6.7;
R2 = 0.59.

The yield dropped from about 6.5% at the start to 5.8% at CV 80, corresponding to a
trend of constantly decreasing yield. Over the time course of the experiment of 5 h, the
product concentration measured at the outlet decreased by 18%, pointing to the fact that
the system stability is not high enough for long-time operation. To further substantiate this
finding, a confirmational large scale-experiment was conducted.

2.4. Rescaled Packed Bed Reactor

To create comparability to previous experiments performed in batch mode, a residence
time of about 180 min was envisioned, which would correspond to a 60-fold increase in
contact time compared to the preliminary experiment with a residence time of 3.2 min. This
was achieved by lowering the flow rate from 0.5 mL min−1 to 0.1 mL min−1, which was
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the minimum flow rate compatible with the fraction collector and designing a column with
a 12-times increased inner volume of 48 mL. A cone shaped part was added to the inlet
and outlet section, to accommodate flow through the wider main cylindrical column part.
The total bed volume was determined to be 51.1 mL, which was filled with 15.05 g of a 1:2
mixture of overgrown Diaion particles carrying TAm or NCS and untreated Diaion particles
carrying no cells. For an industrial application, of course, the column should be filled with
active material only and the flow rate should be increased proportionally, while minding
the increased pressure. This was only carried out in this way to cope with the system
restriction regarding the minimum flow rate without using too much catalyst. Nevertheless,
a 3.7-fold higher catalyst load was used compared to the batch process performed with
Diaion (overgrown) (5.5 g versus 1.5 g). The total fluid volume was computed as 18.9 mL,
resulting in an average residence time of 189 min at a flow rate of 0.1 mL min−1.

Figure 2 shows the progression of the yield of the reaction and the ee of the product
as a function of column volumes. After replacing NaCl in the void volume of the column
with a substrate solution during CV 1, the yield rose rapidly to 88.3%. This is higher than
the yield obtained in the batch process with Diaion (overgrown), which can be explained
by the higher amount of catalysts in the system. The yield stayed stable for about 1–2 CVs
(~3–6 h). Afterwards, the yield decreased consistently and with increasing intensity until
the end of the experiment to 58%. This means a proportional loss of yield of about 34%
from CV 1.1 to 4.3. The achieved ee was consistent at 94 ± 4%. The system achieved a
production of 318 mg of (S)-NLS, corresponding to an overall productivity of more than
29 mg(S)-NLS gCDM

−1 h−1, assuming that these particles had at least the same cell loading
as the incubated Diaion. The deducted productivity dropped 4-fold compared to the small
column, mainly because more biomass was used over a longer run-time of the experiment.
Analyzing the data further, the observed trend was best fitted as an increasing exponential
decay, which seemed unusual. An extrapolation showed that the yield would approach
zero after 5.5 CVs of active production, confirming the finding that this setup is not suitable
for long-term operation.
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Figure 2. Time-course of the synthesis of (S)-norlaudanosoline using column B. White circles: data
points; reaction conditions: 50 mM HEPES (pH 7.4), 50 mM dopamine, 50 mM pyruvate, 4 g L−1

ascorbate, 25 µg mL−1 gentamicin, 37 ◦C and 0.1 mL min−1 flow. ee determined by chiral HPLC.

MTT-testing in the collected fractions showed a continuous loss of biomass from CV 1
when starting at 0.4 mg mL−1 at CV 1 and increasing to 2 mg mL−1 at CV 4. This resulted
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in a loss of 171 mg of biomass over the whole experiment, assuming the same cell loading
for these particles as it was determined for incubated Diaion. This corresponds to a loss of
at least 16% of biomass over the course of the reaction as shown in Figure 3.
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Figure 3. Time-course of wash out (black circles) during the synthesis using column B; black line:
linear trend; white circles: cumulative wash out. Reaction conditions as above, trend equation
y = 0.596·x − 0.194, R2 = 0.85.

Other factors that were considered as possibly contributing to this loss of yield could
be the loss of substrate due to polymerization and catalyst inactivation. Polymerization
seems unlikely, since these effects should be prevented by the addition of ascorbate to
the substrate solution and the mechanical barrier of the reactor walls, preventing direct
contact with the atmosphere. Also, the substrate and product fluid were monitored for
the emergence of black precipitates, which would indicate such reactions, but were not
found. The stability of the biocatalysts was tested by incubating cells at 37 ◦C (without
substrate) before their use in the reaction. In this experiment, a loss of activity of 16% after
24 h was observed, increasing to a loss of 48% activity after 48 h (Supporting Figure S3).
This indicates that the loss of activity is connected to enzyme inactivation. After four CVs
(meaning 12 h), this could account for about 10% of the 25% yield loss, but not for all of
it. This catalyst inactivation, in conjunction with the wash out of cellular material from
the particles, could be the reason for the observed loss of activity. As the wash out was
detected via an MTT-test and assuming that the loss of activity correlates directly to the
loss of cellular material, a loss of 16% yield could be due to wash out. This seems the most
likely explanation at least for the bulk of the activity loss that was observed.

Concerning experimental options to increase the performance, the enzyme degradation
occurring over time might be due to the fact that NCS is susceptible to protease attacks
originating from the E. coli cells. In this case, the identification of the responsible protease(s),
for example, by a screening of deletion mutants, and the use of the corresponding knock-
out strain for protein expression might increase the performance greatly [41], via a better
long-term stability of the enzymes involved in the synthesis.

It would also be of interest to measure the maximum amount of cells washed out of
the immobilization particles and to examine how many cells remain bound on the Diaion
carriers, as it is possible that only the extra outer layers of bacterial cells that adsorb onto
already bound cells and not directly onto the carrier itself are more easily washed away
under the pressure of the column flow. If so, a “single layered” particle would create less
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yield loss during use. The resulting reduction of the cell number per particle could then be
compensated for by increasing the amount of enzymatically active particles per column.

To increase the adsorption strength of and to decrease the wash-out from Diaion
particles, the silCoat technology proposed by Findeisen et al. could be adapted [42]. Solid
carriers are coated with a silicon layer containing cells or enzymes, thus reducing the
wash-out. Alternatively, thin coatings with metal oxides or covalent linking, as proposed
for glass beads, could also be utilized.

While the separation of enzyme-containing cells from Diaion particles and their subse-
quent wash-out as well as enzyme inactivation were identified as key challenges preventing
a long-time use of the column system, it already produced, in its current state, a decent
amount of (S)-NLS.

3. Materials and Methods
3.1. Chemicals, Medium and Buffers

All chemicals, Diaion HP-2MG (13601 Supelco Diaion®® HP-2MG), glass beads
(18406–500G, diameter ~5 mm) and sodium alginate (W201502) were obtained from Merck
KGaA (Darmstadt, Germany). Polydiallyldimethylammonium chloride (short: PolyDAD-
MAC, Polyquat 40 U50 A) was obtained from Katpol-Chemie GmbH (Bitterfeld, Germany).
For lysogeny broth (LB)-medium, 10 g L−1 tryptone, 10 g L−1 NaCl, 10 g L−1 yeast extract
were dissolved in deionized water (DIW). The pH was adjusted to 6.8. The buffers used in
this study are HEPES buffer (50 mM, pH 7.4) and MOPS buffer (10 mM MOPS, pH 7.0).
Adjustments of pH were carried out with NaOH and HCl if needed.

3.2. Expression of Proteins

Table 4 gives an overview of the proteins recombinantly produced in Escherichia coli in
this study.

Table 4. List of proteins, source organisms and encoding genes used in this study.

Source Organism Uniprot Entry Gene Name Abbreviation

Chromobacterium violaceum Q7NWG4_CHRVO CV_2025 TAm
Papaver somniferum NCS2_PAPSO Ps_NCS2 NCS

Mus musculus Q64433 groES -
Mus musculus P63038 groEL -

Escherichia coli (strain K12) P0A850 tig -

A plasmid encoding the NCS from Papaver somniferum (Ps_NCS2) was kindly donated
by the working group of Prof. Wolfgang Kroutil (Institute of Chemistry, University of
Graz, Graz, Austria). The gene encoding TAm (CV_2025) was synthesized by Eurofins
Genomics (Ebersberg, Germany) and codon optimized for the expression in E. coli (using
the GENEius tool of Eurofins Genomics). Both coding regions were cloned into pET28a(+)
vectors and expressed separately in E. coli BL21(DE3) (Novagen, Darmstadt, Germany).
For the recombinant production of NCS, the cells were co-transformed with the plasmid
pG-Tf2 from the Takara chaperone plasmid set (Takara Bio inc., Shiga, Japan). This plasmid
bears the genes groES-groEL-tig, which code for the GroES/GroEL chaperonins and the
trigger factor. In a previous study, it has been shown that the simultaneous expression of
chaperones had a positive effect on the specific NCS activity of the recombinant cells [15].

LB-medium supplemented with 50 µg mL−1 kanamycin was used for (pre)culture.
For the cells co-transformed with the pG-Tf2 plasmid, additionally, 25 µg mL−1 of chlo-
ramphenicol was used. The precultures were incubated overnight at 150 rpm at 37 ◦C in
an INFORS HT Multitron incubator (50 mm shake stroke, Infors AG, Bottmingen). The
main cultures were inoculated with the preculture to reach an optical density at 600 nm
(OD600) of 0.1.

The main cultures were grown at 150 rpm and 37 ◦C in 2 L shake flasks without baffles
filled with 400 mL media and 5 ng mL−1 tetracycline when NCS was to be expressed, until
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an OD600 of 0.5–0.7 was reached. Expression of NCS and TAm was started by adding
0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Cells were then grown for 16 h at
20 ◦C. Cells were harvested via centrifugation for 30 min, 4500 g, 4 ◦C, washed with HEPES
buffer with 20% (v/v) glycerol and stored at −20 ◦C until use. For lyophilization, cells
with TAm or NCS were pelleted and frozen in HEPES buffer at −20 ◦C for one day before
freeze-drying at −80 ◦C for three days or until completely dry.

3.3. Batch Biotransformations

To investigate the whole cell biotransformations in batch and to identify the optimum
ratio of TAm- and NCS-containing E. coli biomass, different ratios of the lyophilized whole
cell preparations were weighed with a precision balance and added to 12 mL of substrate
solution containing 50 mM pyruvate, 50 mM dopamine and 4 g L−1 ascorbic acid in 50 mM
HEPES buffer (pH 7.4). The reactions were performed in miniaturized stirred-tank reactors
(bioREACTOR48) from 2mag AG (Munich, Germany) equipped with S-type stirrers driven
at 500 rpm [43]. The reactor temperature was set to 37 ◦C, while headspace cooling (15 ◦C)
reduced evaporation. Prior to the reaction, the headspace was flushed with nitrogen and
during the reaction, >0.1 bar of nitrogen was attached to minimize oxidation. Sealing tape
was used to seal contact surfaces. The sampling aperture was closed with a fitting PTFE
plastic plug except during sampling. Yield was measured 3 h after starting the reaction.

3.4. Immobilization of Lyophilized Cells

Lyophilized cells were mixed in a ratio of 3 g TAm-containing cells to 19 g NCS-
containing cells, representing the optimum ratio determined during the batch experiments.
Different materials and methods were used for subsequent immobilization. While the
immobilization of lyophilized cells on the medium polarity adsorbent resin Diaion HP-
2MG and glass beads followed a single protocol, the confinement of cells in alginate was
performed with and without additional coating with PolyDADMAC. After immobilization,
Diaion and glass-based particles were lyophilized before use, while alginate particles
were not.

3.5. Incubated Diaion and Glass Beads

For Diaion (incubated) and glass, the method used by Findeisen et al. was adapted [42].
Thus, 22 g L−1 of mixed catalyst was added to 30 mL (final volume) HEPES buffer con-
taining 25 µg mL−1 gentamicin and 50 g L−1 of carrier. The dispersion was incubated for
16 h at 20 ◦C. The supernatant was removed, and the particles were washed twice with
50 mL HEPES buffer. Cellular dry mass immobilized on the particles was determined
by separate lyophilization of supernatant and incubated particles. Added mass on the
particles and reduced dry mass of the supernatant fraction were assessed as biological
loading on the particles.

3.6. Uncoated Alginate

For uncoated alginate, 11 g L−1 of the mixed cells was dispersed into MOPS buffer.
Subsequently, 10 g L−1 of sodium alginate was added. Beads were produced by adding
droplets of the solution to a stirred (300 rpm, magnetic stirrer) 100 mM CaCl2, 10 mM
MOPS (pH 7) solution using the Encapsulator Medical IEM-40 2 (nozzle 300, pump speed
6.8 mL min−1, 677 Hz) (Inotech, Nabburg, Germany). Particles were incubated for 30 min
at 25 ◦C before washing with 50 mL MOPS buffer. Cellular dry mass in the particles was
determined by dissolution of particles in a covering solution of 0.5 M citric acid for 8 h.
The fluid was centrifuged, resuspended in 50 mL MOPS buffer, and centrifuged again. The
pellet was lyophilized and weighed.

3.7. Coated Alginate

Coated alginate particles were created by using alginate particles (created as described
above), which subsequently were incubated in 50 mL of 1% PolyDADMAC. Particles
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were stirred (300 rpm) for 30 min at 25 ◦C, before washing with 50 mL MOPS buffer. The
incubation was repeated in a solution of sodium alginate (1%), then the washing was
done again. Finally, the particles were incubated in 1% PolyDADMAC as before and
subsequently washed again. Movement of the particles between containers and washing
was done with a sieve.

3.8. Immobilization of Growing Cells

The Diaion adsorbent resin was also used in another protocol in which the cells
were immobilized by adding the carrier material to the growing cells to achieve biofilm
formation [42]. For the preparation of Diaion (overgrown), 0.5 g of Diaion HP-2MG particles
was added at the time point of induction to 400 mL of bacterial culture.

3.9. Column Printing

The 3D-printing was done with a stereolithographic “Figure 4®Modular” printer (3D
Systems, Moerfelden-Walldorf, Germany) using “Figure 4®PRO-BLK 10” biocompatible
plastic (ISO10993-5 [44], ISO10993-10 [45]). Columns were precleaned manually with 70%
EtOH before use. Figure 4 shows a technical drawing of column A, while Figure 5 shows
column B.
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Figure 5. Dimensioning of column B (screwed column inner length 195 mm, inner diameter 18 mm
and volume 49.6 mL).

3.10. Setup for Continuous Flow

Column A was filled with overgrown Diaion particles before screwing both parts
of it together. Column B was filled with a 2:1 mixture of untreated Diaion particles and
overgrown Diaion particles. For evaluation purposes, CV was defined as the volume
inside of a packed column not occupied by the media. The column was connected using
PEEK-tubing (inner diameter 0.75 mm, outer diameter 1/16′′, from GE Healthcare (Uppsala,
Sweden) to a LC-10ADVP-HPLC-pump from Shimadzu (Duisburg, Germany) and a F9R
fraction collector from GE Healthcare.

Substrate was prepared with 50 mM dopamine, 50 mM pyruvate, 4 g L−1 ascorbic
acid and 25 µg mL−1 gentamicin in 50 mM HEPES buffer (pH 7.4). A 0.9% NaCl solution
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and a 5 mL syringe were used to prefill columns and determine inner system volumes.
Column and substrate feed were placed in an incubator at 37 ◦C while the further setup
was stored at 25 ◦C.

3.11. Sample Preparation

Samples of 1 mL were taken at predetermined times and added to 200 µL of 1 M
H2SO4. The samples were centrifuged at 10,000× g for 5 min to remove cells and cell
debris. A total of 100 µL of supernatant was evaporated and used for phenylisothiocyanate
(PITC) derivatization. This was done following the established procedure of Gonzales
et al. [46]. PITC-derivatized samples were then dissolved in 80:20 HEPES buffer:MeOH
before measurement. The remaining part of the sample was frozen at −20 ◦C for 16 h
and again centrifuged after thawing. Before chiral norlaudanosoline measurements, sam-
ples were diluted 1:10 with 50 mM HEPES buffer (pH 7.4), and 20% MeOH was added
before measurement.

3.12. Analytics

For all analytics, the Shimadzu Prominence HPLC 20A (Shimadzu, Duisburg, Ger-
many) equipped with an UV detector was used. For norlaudanosoline analytics, an
Astec Chirobiotic T column (25 cm) (Merck, Darmstadt, Germany) was used with 20:20:60
MeOH:ACN:25 mM phosphate buffer (pH 4.2) as mobile phase at a flow rate of 0.2 mL min−1

at 20 ◦C. Retention times were 21 min for (S)-norlaudanosoline and 30 min for (R)-
norlaudanosoline (Supporting Figures S4 and S5). The detector was set to 230 nm. For
pyruvate analytics, an Aminex HPX-87H column (30 cm) (Bio-Rad, Feldkirchen, Germany)
was used with 5 mM sulfuric acid (pH 2.3) as mobile phase at a flow rate of 0.4 mL min−1 at
30 ◦C. Retention time of pyruvate was 14.5 min. The detector was set to 210 nm. For alanine
analytics, a Nucleodur C18 Gravity-SB column (15 cm) (Merck, Darmstadt, Germany) was
used with 20:20:60 MeOH:ACN:25 mM phosphate buffer (pH 4.2) as mobile phase at a flow
rate of 0.3 mL min−1 at 35 ◦C. Retention time of alanine was 6.4 min. The detector was set
to 254 nm.

3.13. Biomass Quantitation via Metabolic Activity

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT)-test of
outflow of the rescaled packed bed reactor, 3 mL of each sample fraction was centrifuged
at 11.000× g for 15 min, and the supernatant was carefully removed, before resuspending
the pellet in 500 µL of 0.9% NaCl. Each sample was then split into 4 subsamples, each
further diluted by half (undiluted, 1:2, 1:4, 1:8) with 0.9% NaCl. A total of 80 µL of each
subsample was transferred into a microtiter plate and 20 µL MTT-solution (5 mg mL−1)
was added to each well. After 1 h of incubation, the plates were centrifuged at 11.000× g
for 5 min and the supernatant was removed and added to 400 µL solubilization buffer
(405 µL isopropanol + 75 µL 20% w/v sodium dodecyl sulfate + 20 µL 1M HCl) and the
solution was mixed thoroughly to solubilize the formazan crystals. Then, the absorbance at
575 nm and 660 nm was measured in an Infinite M Nano+ plate reader (Tecan, Männedorf,
Switzerland). The difference of the absorbance at 575 nm and at 660 nm was calculated.
The resulting signal was compared to the signal of catalyst suspended in 0.9% NaCl. This
generated a relative value for the metabolic biomass activity. The samples up to 2.8 CV
were processed immediately, while subsequent samples were processed the next day. For
quantification of cell mass loss during the experiment, cells treated equally and of the same
ratio as in the experiment were measured as reference during the experiment.

4. Conclusions

In the presented study, we have shown that the two-step enzymatic synthesis of (S)-
NLS, an important precursor of opioids, can be performed with lyophilized whole cell
biocatalysts containing the enzymes TAm and NCS. The decisive factor for a high yield and
optical purity of the chiral product was the addition of a high amount of cells containing the

168



Catalysts 2023, 13, 1347

NCS enzyme. This is probably due to the associated low concentration of the intermediate
DOPAL, which has a twofold positive effect: it prevents the unselective formation of
racemic (S)-NLS by a spontaneous Pictet–Spengler reaction and the occurrence of further
undesired side reactions of the highly reactive aldehyde. To allow for a comparison of
the reaction in batch and flow systems, the biocatalysts were first immobilized on Diaion
HP-2MG particles by adsorption and then filled into 3D-printed columns. No adverse
effects of the used plastic material were found, and a fast cycle of design and redesign
was possible. Although with 318 mg of (S)-NLS a decent product mass was synthesized,
the system was not stable enough for long-time operation due to biocatalyst leaching and
inactivation. Further investigation will have to show whether the biocatalyst inactivation
and the wash out of cells can be reduced to avoid a serious yield loss over time.
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cells using SDS-PAGE (18% gel); Figure S3: Time course of NCS activity in whole cells incubated
at 37 ◦C before substrate addition; Figure S4: Chromatogram of (S)-norlaudanosoline analytics;
Figure S5: Chromatogram of rac-norlaudanosoline analytics.
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Abstract: The grave environmental, social, and economic concerns over the unprecedented exploita-
tion of non-renewable energy resources have drawn the attention of policy makers and research orga-
nizations towards the sustainable use of agro-industrial food and crop wastes. Enzymes are versatile
biocatalysts with immense potential to transform the food industry and lignocellulosic biorefineries.
Microbial enzymes offer cleaner and greener solutions to produce fine chemicals and compounds.
The production of industrially important enzymes from abundantly present agro-industrial food
waste offers economic solutions for the commercial production of value-added chemicals. The recent
developments in biocatalytic systems are designed to either increase the catalytic capability of the
commercial enzymes or create new enzymes with distinctive properties. The limitations of low
catalytic efficiency and enzyme denaturation in ambient conditions can be mitigated by employing
diverse and inexpensive immobilization carriers, such as agro-food based materials, biopolymers, and
nanomaterials. Moreover, revolutionary protein engineering tools help in designing and constructing
tailored enzymes with improved substrate specificity, catalytic activity, stability, and reaction product
inhibition. This review discusses the recent developments in the production of essential industrial
enzymes from agro-industrial food trash and the application of low-cost immobilization and enzyme
engineering approaches for sustainable development.

Keywords: enzymes; agro-industrial food waste; biocatalysis; immobilization; enzyme engineering

1. Introduction

As global concern over food and agricultural sustainability, environmental resilience,
and food safety has grown over the years, the food industry has been exploring more
environmentally friendly ways to produce food and nutritional supplements. Enzyme
biocatalysis, which operates at the nexus of microbiology, molecular biology, biochemistry,
and organic chemistry is an illustration of a sustainable multidisciplinary technology. Bio-
catalysis has gained enormous industrial potential owing to its influential and eco-friendly
prospects with effective kinetics and commercial benefits [1]. Enzymes are macromolecular
biocatalysts with extensive applications due to their ability to operate in milder reaction
conditions, high catalytic efficiency, superior product selectivity, and their negligible tox-
icity to the environment and the body [2,3]. They have been the subject of numerous
research projects around the world in order to generate novel significant industrial pro-
cesses. A variety of microbial species (bacteria, fungi) have been traditionally employed
in the production of diverse products of commercial importance from different organic
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substrates converting them into simpler forms through enzymes [4]. Many microbes that
are typically utilized as a source of enzymes have had their microbial endogenous and
exogenous enzymes thoroughly researched [5]. A significant portion of microbial enzymes
are utilized in a variety of industrial processes, including those for food processing, animal
feed, biofuels, paper and pulp industries, pharmaceutical industries, textiles, polymer
synthesis, and detergent industries [6]. Enzymes such as cellulases, xylanases, amylases,
lipases, proteases, and pectinases have been commercially utilized in a wide range of
industrial processes, especially in the food industry.

In recent times, the idea of ‘circular economy’, which refers to the use of organic waste
from one industry as a source of raw materials for another, has gained much popular-
ity [7]. It is based on the principle of sustainable development known as the ‘5Rs’ (reduce,
recycle, reuse, recovery, and restore) and replaces the traditional linear economic model
(make–use–throw) with a more efficient circular one [8]. The food and agro-industrial
sectors have been revolutionized owing to modernization and industrialization, which has
dramatically increased the production of huge amounts of agro-industrial food waste [9].
The United Nations’ Food and Agriculture Organization (FAO) estimates that every year,
about 1.3 billion tons of food, which is one-third of global production, is wasted [10]. In
addition to the food waste, various agro-industrial residues and crop waste in the form of
lignocellulosic biomass (LCB) is generated annually around the globe [11–16]. Most of this
plant-based waste is either landfilled or burned alongside other municipal combustible
trash in an effort to recover energy [17]. Apparently, this organic refuse, which is a rich
source of carbohydrates, proteins, lipids, organic acids, and other necessary minerals, can be
channelized towards its value addition [9,18]. It could serve as an inexpensive fermentation
source for microbes in the food industries, which digest it via enzymes into key components
of circular economies. The industrial applications of enzymes have significantly risen in
the last decade, primarily in the food modification, biofuels production, biomedical and
pharmaceutical research, and the transformation of agro-industrial waste [18–20].

Even though enzymes offer many more benefits over traditional chemical catalysts
to valorize organic waste, a major bottleneck in their commercial viability is their non-
reusability, high sensitivity, and poor catalytic activity and stability in extreme environmen-
tal conditions of temperature and pH [18]. These challenges therefore need to be critically
removed through the development of stable biocatalytic systems. Enzyme immobilization
has received significant attention in the past few years as an important engineering ap-
proach to customize and enhance a wide range of catalytic features of enzymes, including
their activity, specificity, selectivity, and tolerance to inhibitors [12,19]. The development of
flexible carriers, including agro-food and crop-based materials, metal organic frameworks,
and nanomaterials, allows for the cost-economic immobilization of enzymes with better
enzymological properties, enabling catalytic reactions to be carried out under rigorous
processing environments [21].

The production of engineered enzymes by promising protein engineering tools such
as directed evolution, rational design, and computational methods, aids in improving
the enzymological properties with increased purity, catalytic efficiency, specificity, and
expression yield, owing to the altered amino acid sequence [22]. The application of tailored
enzymes for food processing enables their cost-effective production to achieve sustain-
able development. Figure 1 shows schematic representation of enhancing the value of
enzymes by immobilization and protein engineering approaches through valorization of
agro-industrial food/crop waste.

This review encompasses the valorization possibilities of agro-industrial food waste
through microbial enzymes. The review also highlights the novel strategies for food enzyme
immobilization and their potential applications in the food industry. Moreover, the deeper
insights on development of engineered enzymes for sustainable and green processing of
the waste biomass into diverse bioproducts are highlighted.
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2. Types of Agro-Industrial Food Waste

The ever-increasing world population and the rapid urbanization and lifestyle changes
have overburdened the food processing industries that generate abundant amounts of plant,
animal, and agricultural residue wastes. The massive build-up of such natural food waste
is a big challenge for mankind due to the lack of efficient waste management techniques.
Commonly, within the food supply chain, food which is abandoned, unused, thrown out,
and burnt from the harvest source or slaughter source is referred to as food loss. Most of
the food waste is generated during its production, harvesting, transportation, industrial
processing, and consumption [7]. The different types of organic wastes are majorly derived
as agricultural wastes or those from the food processing industries. The agricultural waste
can be majorly categorized as crop residues after harvesting, agro-industrial wastes, and
fruit and vegetable waste [4,23], whereas the food processing industries generate enormous
amounts of waste from cereals and pulses, fruits and vegetables, dairy, poultry, meat, egg
waste, aquatic life waste, and seafood waste during their processing. Moreover, commercial
and household kitchen waste also adds to the overall concerns of waste management [24].
Therefore, the apprehensions of deteriorating environment and waste management can
be better overcome by transforming the agro-food waste into a substrate for enzyme
production, besides a raw material for generation of diverse bioproducts such as biofuels,
xylitol, xylooligosaccharides, bioplastics, organic acids, etc. (Figure 2). Emphasis must be
laid on implementing modern technologies as well as alternative strategies for the effective
and successful use of non-consumable portions from the agro-food wastes leading to proper
waste management and sustainable development.
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2.1. Food Processing Waste

Different food processing and packaging industries produce tons of food items to meet
the constant demands of the food market. However, the side generation of unprocessed
food, leftover materials, spoilage, or contamination of raw food materials is an unavoidable
practice in the food industries. The food waste is subcategorized majorly as starch-based
food waste, dairy waste, meat and fish waste, vegetable trimmings, fruit peels, spent grains,
and pulp trash. Traditionally, the leftover food from the food processing industries is
dumped, incinerated, landfilled, composted, or anaerobically digested to enrich the soil.
These food wastes, however, are extremely nutritious, which makes them substrates for
microbial growth and production of diverse enzymes [25]. Moreover, these wastes can be
used as inexpensive raw materials for the production of primary and secondary metabolites
using microorganisms, with commercial value.

2.1.1. Fruit and Vegetable Waste

Fruit and vegetable waste (FVW) is produced in the food processing industries as a
result of cutting, thermal treatment, handling, processing, packaging, transportation, and
natural ripening [26]. Additionally, wastes are generated by microbial attack, discoloration,
and by a number of biochemical reactions involving enzymes, antioxidants, phenolic chem-
icals, and oxidation [4]. The landfilling and incineration of food waste is a common practice
preferred by industries, despite being unaffordable due to emissions of greenhouse gases
and high capital and operating costs [17]. The anaerobic digestion of FVW into biofertilizers
is an alternate option that might indirectly minimize environmental pollution and further
increase soil nutrition. In many developing nations, FVW consisting of pineapple, papaya,
banana leaves, orange peels, spinach, sugarcane tops, cabbage, etc., are converted into
animal feed to address the current animal feed scarcity [8,9,27].

2.1.2. Edible Oil Waste

Cooking or edible oil waste is produced by the edible oil industries throughout
a number of processing phases, including neutralization, degumming, deodorization,
bleaching, and hydrolytic/oxidative rancidity. The hydrolytic rancidity of the waste
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cooking oil results from lipid oxidation, moisture, age, oxidation, and addition of effluents
from industry rich in carbohydrates, fatty acids, and proteins [28]. Waste cooking oil is
a left over, dark colored liquid formed by repeated deep-frying processes, which is unfit
for human consumption because of its free short-chain fatty acids, aldehydes, ketones,
mono/di-glycerides, aromatic compounds, polymers, and many other properties [26].
Edible oil industrial waste is a cheap substrate for microbial lipid production that can be
produced by its co-fermentation with food waste [29].

2.1.3. Kitchen Waste

With a rapid increase in population, urbanization, and economic development over the
years, an abundant amount of kitchen waste (KW) is generated every day from households,
restaurants, public catering rooms, and hotels. KW includes cooked food wastes, leftover
fruits and vegetables, meat, shells and pits, egg shells, used oil, and grease [26]. It is
typically thought of as organic waste that decomposes quickly and has unpleasant aromas
that attract insects and rodents. KW residues are rich in carbohydrates, proteins, lipids,
lignin, organic acids, inorganic salts, and other bioactive substances and can therefore be
attractive substrates for enzyme production by microorganisms [30]. Humidified bread
waste was used as a low-cost substrate for the coproduction of α-amylase and protease
through solid state fermentation (SSF) by Rhizopus oryzae [31]. The utilization of KW with
the goal of producing value-added goods by enzymatic reactions has the potential to
improve the food supply chain and, therefore, food security.

2.1.4. Poultry, Slaughterhouse and Egg Processing Waste

A significant amount of waste is generated from the poultry, egg, meat, and related
food processing industries, in addition to solid/liquid waste from slaughterhouses. A con-
siderable amount of chicken feather waste is produced by the poultry industry, which could
be an excellent source of protein (∼90% keratin) for various industrial applications [32].
Bacteria such as Bacillus sp. FPF-1, Brevibacillus sp., Chryseobacterium sp. FPF-8, and Nnolim-
K2 were isolated as showing an excellent keratinase-producing ability employing chicken
feathers as the substrate [33]. The waste from slaughterhouses includes skin, hairs, feathers,
hooves, horns, deboning residues, and other materials that have a high level of organic
matter, protein, and animal fat [4,34]. Slaughterhouse waste might pose major health and
environmental risks if left untreated, which can instead be easily applied as a raw material
in the production of a variety of commercial materials.

2.2. Agricultural Waste

Agricultural waste (AW) is produced in millions of tons annually and its improper
management and disposal pose negative effects on the environment, including damaging
the ecosystem. Therefore, transformation of AW into valuable products using economical,
environmentally friendly, and sustainable methods has been the persistent objective of
governments, environmentalists, and other stakeholders. AW, when properly managed
and utilized, has the potential to be a significant contributor to ecological sustainability and
energy security. Generally, AW in the form of bagasse, bran, husks, peels, leaves, seeds,
stems, stalks, etc. (Figure 3) are utilized as soil improvers, fertilizers, animal fodder, and
in various other processes [4,23]. Agro-waste as lignocellulosic biomass (LCB) is majorly
constituted by cellulose backbone, with hemicellulose and lignin as other vital carbonaceous
fractions [13]. These polymers from the LCB have been researched as potential substrates
for lignocellulosic biorefineries for the production of second-generation biofuels and other
valuable materials [35–39]. The enzymatic saccharification of complex polysaccharides
into simple fermentable sugars using cellulolytic enzymes like cellulases and xylanases
is an inevitable step in the systematic conversion of LCB into biofuels [37,38]. Solid-state
fermentation (SSF) is also an attractive method for the exploitation of agricultural residues
for production of a consortium of industrial enzymes.
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3. Production of Microbial Enzymes from Agro-Food Wastes

Traditionally, the microbial enzymes have been of much importance in food prepa-
ration techniques. The state-of-the-art developments in enzyme technology over the last
few years have led to the creation of novel enzymes with a broad range of applications
in several industries. These industries are majorly associated with biofuel production,
food modification, agro-industrial waste transformation, laundry, and pharmaceutical and
biomedical research [18]. Microorganisms including fungi, yeast, and bacteria, as well as
their enzymes, are frequently utilized in a variety of food preparations to enhance flavor and
texture, and they also provide enormous economic advantages to various enterprises [40].
The majority of the world’s enzyme application is categorized into two categories as special
enzymes used in research, therapeutics and diagnostics, and industrial enzymes for food
and animal feed industries. The market for these enzymes is estimated to reach at about
$7 billion USD by the year 2023 and is expected to increase at a 7.1% compound annual
growth rate from 2020 to 2027 [41,42]. The valorization of agro-industrial food wastes by
the production of low-cost enzymes under solid-state fermentation is a promising and
extensively explored method [17]. Different sets of enzymes such as amylases, proteases,
lipases, laccases, cellulases, xylanases, and pectinases, among other enzymes, have been
produced by SSF using inexpensive food wastes. SSF offers a number of benefits, including
lower cost, higher yield, less waste, and simpler equipment and culture media derived
from organic, solid agricultural products or waste.

3.1. Amylases

Amylases are one of the most important industrial enzymes divided into two major
subclasses, i.e., α-amylase (EC 3.2.1.1) and glucoamylase (EC 3.2.1.3). α-amylase cleaves
1,4-α-D-glucosidic linkages in starch to convert it into maltose, glucose, and maltotriose,
whereas glucoamylase specifically converts amylose and amylopectin’s non-reducing ends
to glucose [43]. A-amylases, however, have been widely explored and applied in food,
clinical, brewing, detergent, textiles, and paper industries [17,44]. Additionally, they have
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also been widely explored for the valorization of agro-industrial residues and organic
by-products to improve the generation of bioproducts. Different microbial strains may
produce high activity amylases under optimized fermentation conditions using agro-food
wastes, such as kitchen waste, potato peels, watermelon rinds, and crop residues such as
rice husks [45] and corn cobs, coffee waste, and tomato pomace. Iqbalsyah et al. [45] inves-
tigated the production of amylase using rice husk substrate via solid-state fermentation
by Geobacillus sp. with maximum amylase activity of 1.85 U/g at 48 h. Mojumdar and
Deka [43] produced α-amylase by Bacillus amyloliquefaciens in SSF using rice bran, wheat
bran, and potato peels as common agro-industrial feedstocks. The medium containing
wheat bran as a substrate yielded the highest titer of amylase activity (112 U/mL), which
was followed by that of potato peels (89 U/mL) and rice bran (77 U/mL). A response
surface methodology was used for high α-amylase production (880 U/g) by Trichoderma
virens under optimized conditions using watermelon rinds waste biomass [44]. These
findings suggest that agro-industrial crop and food wastes can be used as inexpensive raw
materials for industrial amylase production, replacing the cost-intensive synthetic media.

3.2. Proteases

Proteases are amongst the most significant commercial enzymes with wide appli-
cations in food, dairy, detergent, pharmaceutical, and leather industries. Some bacterial
strains of the genus Bacillus and many fungal strains, including Rhizopus, Aspergillus, Penicil-
lium, etc. have been reported to be the most active protease producers [46,47]. The alkaline
protease enzyme covers about 65% of the global enzyme market that can proficiently con-
vert proteins to biopeptides [48]. A thermophilic fungi, Mycothermus thermophilus, from
hydrothermal springs was used for protease production under SSF using wheat bran with
an improved enzyme production (1187.03 U/mL) under optimal conditions [49]. Similarly,
microbial protease was produced from a newly isolated Neurospora crassa under SSF which
used soybean okara waste as the substrate under optimal fermentation conditions [50]. A
high protease activity of 1959.82 U/g was achieved with optimal activity at pH 9 and 55 ◦C
and preferably hydrolyzed casein protein. Camargo et al. [51] used processed orange and
grape wastes for determining their bromatological characteristics and production of pro-
teases from them employing Aspergillus niger CBMAI 2084. The mixed grape wastes showed
specific protease activity of 174.94 U/mg, whereas a protease activity of 16 U/g·min−1 was
observed in fermented orange waste.

Additionally, the microbial proteases produced from agro-food wastes can be exploited
for various biorefining applications in addition to their potential usage in numerous food
applications. Rawoof et al. [52] evaluated the effect of Lactobacillus manihotivorans lactic acid
production from food waste by simultaneous saccharification and fermentation with high
substrate utilization and less processing time. The Lactobacillus sp. produced appreciable
protease and α-glucosidase enzymes during the hydrolysis of complex molecules in the
food waste. The valorization of food waste biomass and in situ enzyme production in such
a biorefining strategy could significantly decrease the operating costs of the bioprocess as
compared to current industrial practices that use expensive substrates.

3.3. Lipases

Lipases, also called triacylglycerol hydrolases (EC 3.1.1.3), are vital enzymes used
in numerous industrial food processes [53,54]. These enzymes are involved in various
biochemical reactions that improve product quality, durability, and solubility, and provide
superior organoleptic features [55]. Lipases primarily hydrolyze triglycerides to obtain
free fatty acids, glycerol, monoacylglycerols, and diacylglycerols [56]. Alternatively, they
catalyze the synthesis of new products via aminolysis, alcoholysis, acidolysis, esterification,
and transesterification methods [17]. Lipases can be simply produced from lignocellu-
losic feedstocks and waste from other sources by using various microorganisms. The
majority of the previous research studies have concentrated on the production of extra-
cellular lipase with high activity by a range of microbial strains, including fungi, yeast,
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and bacteria, employing both SSF and submerged fermentation (SmF) [57]. Putri et al. [57]
performed lipase production from Aspergillus niger under optimized conditions by SSF of
rice bran and Jatropha seed cake. The results exhibited the yield of a very dry lipase extract
(282 U/mL enzyme) using 1% NaCl and 0.5% Tween 80 as the best extractants. Similarly,
Pereira et al. [56], using industrially processed mango peel and seed waste, evaluated the
lipase production using Yarrowia lipolytica by SmF. A lipase production as high as 3500 U/L
of extracellular lipase was achieved under optimum conditions of temperature (27.9 ◦C),
pH (5.0), and substrate concentrations.

Lipases can be easily produced using microorganisms under SSF by employing lig-
nocellulosic residues as cheap feedstocks. A recent study investigated the production
of lipase through Penicillium roqueforti growth via SSF using cocoa bran residues [53]. A
maximum lipase activity of 33.33 ± 3.33 U/g was achieved using palm oil (30%) after 72 h
of fermentation with the fungus. Likewise, in a promising experiment, P. roqueforti was used
to optimize lipase production (48 U/g) employing inexpensive cocoa shell waste biomass
applying an artificial neural system combined with a genetic algorithm system [54].

3.4. Lignocellulolytic Enzymes

Lignocellulolytic enzymes such as cellulases, xylanases, lignin peroxidases, laccases,
etc. have received much attention in the past decade for use in the lignocellulosic biore-
fineries for the production of biofuels and other green organic solvents [13,14,36,58]. These
enzymes have the capacity to break the complex linkages between polysaccharides (cellu-
lose, hemicellulose) and lignin and convert them into simpler forms [35,39,59]. Due to their
ability to assist in the disruption of the lignocellulose structure by degrading cellulose’s
β-1,4 linkages, these enzymes can improve the nutritional value of feed items with a high
fiber content.

3.4.1. Cellulases and Xylanases

Cellulases are the most important class of lignocellulolytic enzymes comprising exoglu-
canase (E.C. 3.2.1.176), endoglucanase (E.C. 3.2.1.4), and β-glucosidases (E.C. 3.2.1.21) [24,25].
These enzymes are essential for the hydrolysis of plant biomass as they cause complete
cellulose hydrolysis by their consecutive actions to form a glucose monomer for bioethanol
production [60]. Additionally, cellulases have been widely applied in brewing, bread, de-
tergents, textiles, pulp, and paper industries. Numerous bacterial and fungal species have
been reported to produce cellulases using cellulose rich agro-industrial food wastes. Srivas-
tava et al. [61], reported improved cellulase production by a novel fungus, Cladosporium
cladosporioides NS2, under SSF employing sugarcane bagasse. The fungal isolate exhibited
enhanced cellulase production with maximum filter paper cellulase (16.9 IU/gds), en-
doglucanase (150 IU/gds), and β-glucosidase (200 IU/gds) activity. In another study, Leite
et al. [62] carried out the simultaneous production of cellulase and xylanases from different
fungal strains using brewer’s spent grain as cheap agro-industrial waste. Aspergillus niger
was the best producer of the β-glucosidase enzyme with 94 ± 4 U/g activity, while A.
ibericus achieved maximum cellulase and xylanase activities of 51–62 U cellulase/g and 300
to 313 U xylanase/g, respectively.

In the last few years, the research on xylanases has risen to the forefront due to their
wide range of potential applications in numerous industries, including dairy, food, bakery,
feed, paper and pulp, and lignocellulosic biorefineries [24,36]. The microbial xylanases
are favored among the different sources of xylanolytic enzymes because they may possess
desirable processing features and may be produced in large quantities efficiently and
economically. Recently, Intasit and co-workers [63] produced a fungal xylanase from
lignocellulosic palm wastes by combining SSF and SmF using Aspergillus tubingensis TSIP9
in a bioreactor. The combinatorial SSF–SmF endorsed higher xylanase production with
high purification (7.4-fold), activity, and stability at different pH (3–8) and temperatures
(30–60 ◦C). Singh et al. [64] conducted a study to explore rice straw, wheat straw, sugarcane
bagasse, sawdust, cotton stalk, and rice husk waste as carbon sources for improved xylanase
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and cellulase production by Aspergillus flavus under SSF. Rice straw was determined to
be the best waste biomass for use as a carbon source for the production of enzymes
with maximum xylanase 180 IU/gds, CMCase 235 IU/gds, FPase (12.5 IU/gds) and β-
glucosidase 190 IU/gds, activities under optimum conditions. These studies demonstrated
that strain microbial strains can potentially be used for cellulase and xylanase production
that provides an economical method to produce high-value enzymes using agro-food
wastes by SSF and SmF techniques.

3.4.2. Lignin Degrading Enzymes

Lignin is an abundantly present complex aromatic heteropolymer, which is one of the
three major components of lignocellulosic biomass [16]. The lignification process is achieved
through polymer–polymer coupling reactions by free radicals formed by oxidases or by the
cross-linking of lignin monomers [65]. However, lignin degradation and depolymerization
is necessary in many aspects for effective biomass valorization into bioproducts and carbon
recycling. The agro-food waste is majorly represented as lignocellulosic biomass that acts
as an ideal substrate for the action of microbes and the production of lignolytic enzymes
in the food industry. Lignin peroxidases, laccases, and manganese peroxidases have been
considered as suitable biological catalysts for lignin depolymerization and degradation
into lignin monomers.

In a recent study, two thermotolerant lignin-degrading Bacillus sp. LD2 and Aneurini-
bacillus sp. LD3 exhibited an improved lignin degradation rate (61.28%) with high ligni-
nolytic enzyme activities. The lignin degrading enzymes, such as laccase, manganese
peroxidase, and lignin peroxidase from these bacteria possessed maximum activities of
1484.5, 1770.75, 3117.25, and U L−1, respectively [66]. Bagewadi et al. [67] used rice straw,
corn cobs, sugarcane bagasse, wheat bran, and groundnut shells as potential substrates for
laccase production under SSF using Trichoderma harzianum. The results revealed wheat bran
to be suitable feedstock for maximum laccase production (510 U/g) with an 8.09-fold in-
crease under optimized conditions. It is pertinent to note here that the high-cost commercial
enzyme production systems have limited their wide scale applications in the lignocellulosic
biorefineries. Therefore, the development of indigenous enzyme production processes
using agro-food wastes as the inexpensive raw materials may help in bringing down the
overall costs of production of second-generation biofuels and platform biochemicals.

3.5. Pectinolytic Enzymes

The pectinolytic enzymes have been widely explored in the food industry that catalyze
the fragmentation of pectin-containing biomaterials forming an integral component of
plant cell walls [68]. Pectin disintegration requires a set of pectinolytic enzymes including
exo- and endo-polygalacturonases, and pectate- and pectin lyases [17]. Pectinases find
applications in wine and fruit juice making to clarify the final product and eliminate turbid-
ity. By using de-esterification and depolymerization reactions, the pectinases break down
complex pectins in a sequential and synergistic fashion [69,70]. Most of the microorganisms
can produce pectinase enzymes, however, fungi are favored for commercial applications
since more than 90% of the enzyme produced is secreted into the culture medium by fungi.

Among different fungal species, Penicillium, Aspergillus niger, Trichoderma viride, and
Rhizopus offer many advantages as pectinase producers since they are designated as Gen-
erally Regarded as Safe (GRAS) strains and produce extracellular bioproducts that may
be readily recovered from the fermented medium [68]. Núñez Pérez et al. [69] isolated a
wild strain of Aspergillus sp. To produce pectinases from pectin-rich dehydrated coffee
pulp and husk under SSF with 29.9 IU/g of enzyme activity. Sethi et al. [70] reported the
use of natural substrates, such as neem oil cake, mustard oil cake, groundnut oil cake,
green gram peels, black gram peels, chickling vetch peels, pearl millet residues, broken
rice, wheat bran, finger millet waste, apple pomace, banana peels, and orange peels for
pectinase biosynthesis from Aspergillus terreus NCFT4269. The results displayed that a
maximum pectinase activity of 6500 ± 1116.21 U/g was achieved under SSF, while the
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liquid static surface fermentation gave the enzymatic activity of 400 ± 21.45 U/mL under
optimized conditions. Future research studies on pectinolytic enzymes should be focused
on determining the molecular processes that control enzyme secretion in addition to modes
of action of diverse pectinolytic enzymes on agro-food pectic substrates. It would offer a
strong platform for controlling microorganisms to produce large amounts of effective and
affordable enzyme systems.

4. Low-Cost Enzyme Immobilization Strategies

The bioconversion of agro-industrial food and crop waste into valuable fuels and
bioproducts often depends on the cost of the method, equipment, and infrastructure, as
well as the market value of the finished products. Enzymes offer an array of advantages in
the valorization of abundantly generated agro-food wastes [19,21,41,42,69]. They perform
biochemical catalytic reactions with exceptional specificity and decent stereo-selectivity,
and, under very mild reaction conditions, enable the development of more environmen-
tally friendly, green, and sustainable biochemical processes [21]. The operating range of
enzymes is, however, rather constrained, and enzymes originating from natural sources
are particularly effective only under their optimal conditions [18]. Moreover, a lack of
maintenance of their stability, catalytic activity, and recovery under variable industrial
bioprocessing conditions of pH, temperature, water activity, and solvent properties is a
major hurdle [71]. Therefore, the development of steady biocatalytic systems involving en-
zymes is crucial for expanding their commercial applications. In the last few years, enzyme
immobilization has received significant attention as an important bio-engineering approach
to customize and enhance a wide range of enzyme catalytic characteristics, including activ-
ity, physicochemical stability, specificity, selectivity, and tolerance of inhibitors [12,72,73].
The overall cost of the enzymatic production process can be reduced by immobilizing the
industrially significant enzyme support matrixes [74]. To create reusable, long-standing,
and stable immobilized biocatalytic systems, the choice of the supporting matrix and the
immobilization technique is essential [4]. A number of emerging support materials have
been recently used for enzyme immobilization, such as magnetic nanoparticles, graphene
oxide, polyurethane foam, or chitosan [75]. The inexpensive immobilization matrixes pos-
sess several advantageous properties that help in developing highly efficient biocatalysts
(Figure 4).
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These support materials can be used to immobilize and entrap the enzymes through
different techniques, such as adsorption, crosslinking, covalent binding, and
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entrapment [21,75–79]. Table 1 shows the list of promising enzyme immobilization supports
with major results and applications.

Table 1. Enzyme immobilization by different supporting materials.

Supporting Material Immobilization
Method

Immobilized
Enzyme Major Results Application Reference

Rice husk ash Adsorption Lipase Higher adsorption capacity of
biocatalyst Biodiesel production [80]

Magnetic rice straw
(MRS) Adsorption Lipase

36% higher esterification
yield with Lipase-MRS

composite
Biodiesel production [73]

Rice husk Covalent Lipase
Immobilized lipase exhibited

high esterification
yield (88.0%)

Esterification reaction
for biodiesel
production

[81]

Rice husk, sugarcane
bagasse, babassu

mesocarpus, corn cobs,
coffee grounds,
coconut bark

Adsorption Lipase High immobilization
efficiencies (>98%)

Hexyl laurate
production [77]

Green coconut fiber Adsorption and
cross-linking Laccase >80% initial activity retained

up to six cycles

Oxidation of
aromaticorganic and

inorganic
compounds

[82]

Spent coffee grounds Covalent β-glucosidase
Enriched aglycone content

(67.14 ± 0.60%) by
enzymatic treatment

Isoflavone
conversion in black

soy milk
[83]

Spent grain Adsorption Trypsin
High operational and thermal

stability of
immobilized enzyme

Protein hydrolysis [84]

Rice straw biochar Adsorption Laccase Increased enzyme stability
and reusability

Anthracene
biodegradation. [85]

Rice husk, egg shell
membrane Covalent Lipase

High immobilization
efficiency for rice husk (81%)
and eggshell membrane (87%)

- [86]

Tomato peels Covalent Pectinase

High thermal and pH
stability, reusability, and

storage stability of
immobilized biocatalyst

Lycopene production [87]

Fruits peels and scraps Covalent Pectinase and
cellulase

80% of residual activity
retained for magnetic

biocatalyst after ten cycles

Antioxidants
production [88]

Dairy waste Cross-linkage Lactase, glucose
isomerase

Improved transglycosylation
activity of enzyme for

improve lactulose yield
Prebiotics production [89]

Green coconut fiber Covalent Laccase 100% activity after 10 cycles Clarification of apple
juice [90]

Chicken Feather Covalent Laccase 94.32% after 3 weeks
of storage

Oxidation of Veratryl
alcohol [76]

Carboxymethyl
cellulose nanoparticles Covalent Lipase Immobilized enzyme with

higher activity and stability
Diverse applications

in food industry [91]

Dialdehyde starch
nanoparticles Adsorption Lipase High stability (82.5%) and

recycling rate (53.6%) Food processing [92]

Graphene oxide-
magnetite naoparticles Covalent α-amylase Enhanced stability and half

life of immobilized enzyme
Maltose containing
syrup production [93]

Alginate beads Covalent Pectinase Improved thermostability of
immobilzed enzyme Juice processing [94]

Alginate-gelatin
hydrogel matrix Cross-linkage Lipase High thermal stability

(96% activity) Fatty acid production [79]
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4.1. Agro-Food Wastes for Enzyme Immobilization

The exploitation of agricultural residues and food wastes as novel immobilization or
supporting matrices for enzymes offers economic solutions for industrial bioprocess, in
addition to solving the issues of environment pollution and waste disposal. Undeniably,
agro-industrial food and crop wastes contain a variety of characteristics with intriguing
potential applications, including high surface area, high porosity, and the presence of sev-
eral chemical groups, such as amino, carboxyl, hydroxyl, phosphate, and thiol groups [95].
Otari et al. [73] reported a one-step novel and robust method of lipase immobilization on
magnetic rice straw using Fe2O3 nanoparticles. The results exhibited high lipase immo-
bilization efficiency of 94.3% with 91.3 mg·g−1 of enzyme loading, increased enzymatic
stability by 8-fold at a high temperature (70 ◦C), and reusability. Lira et al. [77] used
rice husk, sugarcane bagasse, babassu mesocarp, corn cobs, coffee grounds, and coconut
bark residual biomasses as supports for lipase immobilization extracted from Thermomyces
lanuginosus. The results showed an immobilization efficiency of more than 98% with high
hydrolytic activity of 4.608 U/g using rice husks as immobilization supports. The activa-
tion of agro-industrial food wastes as supports/carriers for enzyme immobilization with
low-cost materials postures an upper hand for researchers with its constant availability and
environment friendliness. Recently, the stability of Candida rugosa lipase was enhanced by
its covalent immobilization by glutaraldehyde-activated agricultural wastes. Rice husk sup-
port provided the highest stability to the enzyme with the highest retention of initial activity
(94.1%), followed by sugarcane bagasse (90.3%) and coconut fiber carrier (89.3%) [81].

Lignocellulolytic enzymes have also been immobilized using agro-food based biomasses
as support materials. In a previous study [85], the ligninolytic enzyme-laccase was immo-
bilized on the surface of rice straw biochar for anthracene biodegradation. The laccase
exhibited an effective immobilization yield of 66% with high stability up to six cycles
and retention of 40% of initial activity. Similarly, Ghosh and Ghosh [82] successfully im-
mobilized purified laccase from Aspergillus flavus PUF5 on coconut fiber while retaining
80% of its initial activity after using it for six repeated cycles. These findings support the
notion that agro-industrial crop and food waste biomass can produce stable and robust
biocatalysts containing immobilized industrially important enzymes with better results
than commercial preparations.

4.2. Magnetic Nanoparticles for Enzyme Immobilization

The development of strong enzymatic systems with high stability and catalysis at
several extremities is required for commercial applications. Magnetic nanoparticles are
regarded as potential support materials when compared to conventional immobiliza-
tion carriers because of their high surface area, small size, and large surface to volume
ratio [74,75]. The nanostructural support materials have huge potential to develop nano-
biocatalyst systems involving enzymes displaying high catalytic properties in both aqueous
and non-aqueous environments [96]. Suo et al. [91] immobilized lipase on ionic liquid-
modified magnetic carboxymethyl cellulose nanoparticles that exhibited strong specific
activity, which was 1.43 fold higher than that of the free lipase enzyme. In similar research,
Yang et al. [92] achieved high storage stability (82.5%) and recycling rate (53.6%), and better
stability and durability of lipase enzymes immobilized by magnetic dialdehyde starch
nanoparticles. Moreover, the immobilized lipase displayed better enzymatic properties and
improved acid-base tolerance and thermal stability as compared to the free enzyme.

In another research study, Desai et al. [93] prepared graphene oxide–magnetite nanopar-
ticles for amylase immobilization through covalent bonding, which increased the half-life
of the immobilized enzyme (20 h) as compared to the free enzyme (13 h). The immobilized
amylase also demonstrated high reusability up to eleven subsequent cycles during the
production of high maltose containing syrup. The co-immobilization strategy by nanopar-
ticle composites involving two or more enzymes have also been attempted. Nadar and
Rathod [88] simultaneously co-immobilized pectinase and cellulase enzymes onto amino
functionalized magnetic nanoparticles for antioxidants extraction from waste fruit peel
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residues. When compared to free form, the magnetic nano-biocatalyst demonstrated a
two-fold improved half-life in the temperature range of 50–70 ◦C and retained up to 80% of
residual enzyme activity even after ten repeated cycles. Immobilized laccase on Fe3O4 mag-
netic nanoparticles was employed in a novel detoxifying method to enhance Rhodotorula
glutinis lipid synthesis from rice straw hydrolysate [96]. The immobilized laccase presented
better stability, retaining 56% of its original activity at pH 2 and 76% at 70 ◦C compared with
the free laccase. These findings suggest that enzyme immobilization on magnetic nanopar-
ticles has immense potential to valorize the agro-food waste hydrolysate for improving the
production of valuable bioproducts.

4.3. Biopolymers for Enzyme Immobilization

Biopolymers are quite valuable among supports for enzyme immobilization because
of their ‘green’ properties, such as biocompatibility, biodegradability, bio-functionality, and
bio-stability [74]. Additionally, biopolymers offer a wide range of chemical and structural
properties, need low temperatures during synthesis, and are readily available [97]. Chitin
and chitosan are remarkable immobilization carriers of interest among the support mate-
rials explored for immobilizing enzymes. A study was conducted on immobilization of
pectinase onto chitosan magnetic nanoparticles using dextran polyaldehyde as a macro-
molecular cross-linking agent [78]. The immobilized pectinase showed high reusability
and permanence retaining 85% and 89% of its original activity after seven cycles and
fifteen days of storage, respectively. Recent reports suggest the use of new immobilized
food enzymes in food applications. In a novel and sustainable method, a fluidized bed
reactor with immobilized propyl endopeptidase protease enzyme from Aspergillus niger
on food-grade chitosan beads was used to continuously generate high-quality, gluten-free
beer from barley malt [98].

The use of hydrogel matrices, such as alginate, for enzyme immobilization is quite
popular because they are environmentally benign enzyme carriers with excellent gel poros-
ity and biocompatibility. Recently, Abdel-Mageed et al. [79] synthesized an alginate-gelatin
hydrogel matrix as immobilization support for lipase from Mucor racemosus (Lip). The
immobilized biocatalyst exhibited improved thermal stability while retaining 96% of its
activity after four cycles and 90% of its original activity at 4 ◦C stored for 60 days. Like-
wise, Aspergillus aculeatus pectinase immobilized on alginate beads ensured satisfactory
thermostability of the enzyme with low values of activation entropy for juice process-
ing [94]. A recent study focused on the use of co-immobilized pectinase, amylase, and
cellulase using different immobilization matrices, such as chitosan, silica gel, and sodium-
alginate for fruit juice clarification. The highest activity for amylase (90.9 ± 4.3 U/g carrier),
pectinase (85.7 ± 4.0 U/g carrier), and cellulase (23.2 ± 1.1 U/g carrier) was observed
when they were co-immobilized onto silica gel with immobilization efficiency of 67.9%,
53.6%, and 72.9%, respectively [99]. These research developments suggest the potential of
these biopolymers in enzyme immobilization processes in paving the way for wide scale
applications of enzymes in food analysis, food bioprocessing, and food control, among
other areas.

5. Enzyme Engineering Approaches

Though enzymes catalyze a wide variety of biochemical reactions, yet they are not
suited for many essential catalytic bioprocesses or other industrially relevant substrates
that are beyond their natural cellular micro-environments. The desired attributes of di-
verse industries can be satisfied by using tailored enzymes in novel, cutting-edge enzyme
engineering and stabilization techniques, opening up new opportunities for their use in
biocatalysis. In the present scenario, the high value of protein engineering has been well
recognized in industrial-level biotransformation [100]. Protein engineering, with assis-
tance from molecular approaches or directed evolution, rational design, or computational
methods, enables the accelerated designing of biocatalysts that are ideal for any desired
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bioprocess with commercial applications [101]. Figure 5 explains the different strategies of
enzyme engineering for improved biocatalysts.
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Figure 5. The schematics of different enzyme engineering methods.

The enzymatic diversity created by these methods through the application of semi-
rational designs based on artificial intelligence, protein structure, and sequence information
yields superior specificity and functionality of industrial enzymes. Different approaches
for the enzyme engineering are presented in Table 2.

Table 2. Different enzyme engineering strategies and engineered biocatalysts.

Method Enzyme Source Improved Properties References

Directed evolution

α-amylase Bacillus cereus GL96 Higher pH and thermostability [102]

β-glucosidase A Clostridium thermocellum Higher thermostability and
catalytic activity [103]

Lipase Proteus mirabilis 4.3-fold catalytic efficiency and
enhanced stability of enzyme [104]

Amylase Bacillus licheniformis R-53

Enzyme with better effects in
delaying recrystallization,

reducing hardness, improving
elasticity of bread dough

[105]

β-glucosidase Pichia pastoris Better saccharification
efficiency [106]
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Table 2. Cont.

Method Enzyme Source Improved Properties References

Rational design

Serine peptidase Pseudomonas aeruginosa High thermostability and
catalytic activity [107]

Lipase Candida rugosa
Higher enzyme esterification

yield (88.0%) and retained
72.7% of initial activity

[81]

β-glucosidase Talaromyces leycettanus Improved substrate affinity
and catalytic efficiency [108]

α-amylase Bacillus licheniformis High specific activity and
thermostability (70 ◦C) [109]

α-amylase Bacillus subtilis Improved hydrolytic pattern of
engineered enzyme [110]

Computational designs

Lipase Rhizopus chinensis

High catalytic efficiency
(700%), potential for

propeptide to shift the
substrate specificity

[111]

Lipase Yarrowia lipolytica Increased reaction rate and
enzyme recyclability [112]

Lipase Pseudomonas aeruginosa
Increased enzyme stability and
activity by creation of α-helix
hotspots after immobilization

[113]

Glucose oxidase Aspergillus niger
Improved catalytic efficiency
with high gluconic acid yield

(324 g/L)
[114]

5.1. Directed Evolution

The enzyme biocatalysts must exhibit superior productivity and selectivity with
minimal catalyst loadings at high substrate concentrations, which can be accomplished by
creating mutant enzyme libraries and using directed evolution. Directed evolution (DE) is
a potent method for producing efficient enzyme catalysts that can carry out a variety of
biocatalytic tasks without in-depth knowledge of structure–function correlations [115]. DE,
also referred to as molecular evolution, does not require information of the sequence or
three-dimensional structure of the enzymes [116]. Consistent high-throughput screening
of the mutant library and effective library construction are required for successful DE
experiments. The major highlights of DE include the creation of random gene libraries,
expression of genes in an appropriate host, and screening libraries of mutant enzymes
according to the need [117].

Recently, Pouyan et al. [102] used an in silico approach to redesign α-amylase from
Bacillus cereus GL96 for higher thermostability and characterized the engineered enzyme
using directed evolution. The engineered α-amylase exhibited superior properties over
wide temperature (70 ◦C) and pH (4–11) ranges. In another study, lipase from Proteus
mirabilis was genetically fused to self-crystallizing protein (Cry3Aa) for immobilized lipase
crystal production by DE in Bacillus thuringiensis [104]. The immobilized lipase mutant
exhibited 4.3-fold greater catalytic efficiency and enhanced stability that could efficiently
catalyse waste cooking oil into biodiesel for at least 15 cycles with reasonable conversion
efficiency.

Similarly, in another study, the site-directed mutagenesis of a lipase from Pseudomonas
fluorescens provided enhanced thermostability to the enzyme which could be applied
to food applications [118]. The transglutaminase enzyme from Streptomyces mobaraensis,
which catalyses the cross-linking modification of proteins and other biotechnological
fields, was subjected to site-directed mutagenesis [119]. The variant enzyme possessed
higher thermostability with improved specific activity. These studies provide deeper

186



Catalysts 2022, 12, 1373

insights of the structure–function relationship for improving the thermostability of different
enzymes through directed evolution. It also offers a theoretical framework and background
knowledge for designing enzymes with improved properties to satisfy industrial demands.

5.2. Rational Design

Rational design (RD) is a classical protein engineering strategy for obtaining tailored
enzymes with improved catalytic properties, kinetics, thermostability, substrate specificity,
and resistance to organic solvents [107,116]. RD brings precise variations in the amino
acid sequence via site-directed mutagenesis and is used when the structure, function, and
mechanism of action of the target enzyme is already known [120]. The enzyme of interest
can be engineered by RD involving targeted mutagenesis, computational techniques, and a
de novo design [121]. In a study by Ashraf et al. [107], a serine peptidase from Pseudomonas
aeruginosa was engineered using rational design for improved thermal stability and catalytic
efficiency. The mutant enzyme exhibited higher Tm and increased residual activity at
elevated temperature compared to the wild type.

Some researchers have recently used computational design techniques to alter impor-
tant industrial enzymes used with improved enzymatic activity. Costa et al. [122] employed
a computational protein design method to redesign Cel9A-68 cellulase from Thermobifida
fusca through linker mutations that facilitated higher enzymatic activity for cellulose degra-
dation. In another study by Elatico et al. [113], the computational technique was used to
reverse engineer the lipase from Pseudomonas aeruginosa PAO1 using proline mutations.
The technique helped in creating variants with possible α-helix hotspots for augmented
enzyme activity and stability. Given the promising traits the mutant enzyme displays, these
protein engineering methods could be taken into consideration for additional research to
fulfil the industrial requirements.

6. Current Challenges and Future Prospects

Sustainable development based on the idea of a circular economy could possibly assist
in achieving the targets of global waste minimization, valorization, and its recycling. The
agro-industrial food waste which is an underutilized resource ideally fulfills the criteria
for circular economy for conversion into useful bioproducts. Agro-food waste contains a
significant amount of latent nutrients that can be efficiently extracted, recycled, repurposed,
and used as substrates for enzyme production. Enzymes have been widely explored in
the food industry and lignocellulosic biorefineries for producing numerous value-added
biochemicals. However, the scaling up of enzyme production still faces a huge research
gap to meet the industrial requirements. The significant challenges and barriers, including
high production costs, low stability, and long reaction times, among others, still persist
in the commercial applicability of enzymes. Moreover, the market cost of enzymes is
quite high owing to the fact that expensive synthetic substrates and processes are used
for their production. For enzyme prices to be competitive, they would need to be an
average of $0.10 per gallon [123]. The development of biocatalytic enzyme systems from
low-cost agro-food wastes represent a distinctive technological approach for environmental
and economical sustainability. Different strategies to improve enzyme production costs
have been proposed through comprehensive research efforts over the past few decades.
Additionally, the shortlisting of agro-food wastes as the carriers for enzyme immobilization
with various operational requirements is challenging, but exciting in terms of further
mitigating the cost-related issues of enzyme applicability at industrial levels.

There are certain challenges also related to enzyme immobilization practices. These in-
clude enzyme distortion during immobilization, steric hindrance of enzymes with substrate,
rapid consumption of the substrate, etc. The distortion of the enzyme during immobiliza-
tion occurs when the enzyme is being used under more severe conditions than normal
conditions. However, stabilizing the enzyme during immobilization might allow for higher
activity than the soluble enzyme. The steric interference of enzymes with the substrate
may depend upon the enzyme loading on the immobilization support. If the surface of the

187



Catalysts 2022, 12, 1373

support material does not completely block the active site, a reasonable activity against
large substrates can be found with minimal enzyme load, resulting in enzyme molecules
with free space around them to bind with the substrate. Apparently, the substrates with
different molecular sizes and using different enzyme loadings could help in understanding
if the issues are caused by steric hindrances or enzyme distortion. In certain cases, the
enzyme is physically adsorbed on the surface of the immobilization matrix and may release
from the support, resulting in lower efficiency. This issue may be discovered by measuring
the activity in the washing solutions, particularly the initial ones. Therefore, a deeper
understanding of the mechanisms of enzyme immobilization on the support matrixes is
necessary to mitigate these inadequacies.

Looking forward, the improvements in the science and engineering knowledge for
choice of microorganism, enzyme production under SSF and SmF systems, and maintenance
of optimum chemical, physical, and biological parameters could develop the sustainable
bioprocess. The development of stable biocatalytic systems by novel immobilization
technologies using agro-food wastes as carriers could also elevate the industrial applications
of enzymes. Over the last several years, the increase in the market demand for enzymes to
establish new technological bioprocesses has substantially driven the need for engineered
enzymes with unique biocatalytic and economic attributes. Research on engineering of the
local enzyme environments and their catalytic regions using exciting computational and
machine learning technologies is expected to further increase in coming years and involve
multi-step reaction cascades, economizing the overall bioprocess. Moreover, powerful tools
like life-cycle assessments and techno-economic analyses could be used for the evaluation
of the viable commercial-scale biocatalytic processes. Further understanding of enzymes
can be more effectively used in a range of industrial processes, which will come from
research studies of both known and yet-to-be discovered enzymes.

7. Conclusions

The management of food and agricultural trash is one of the most pressing issues for
modern civilization. The proper repurposing of agro-food wastes utilizing green technol-
ogy is critical to reduce the negative and destructive consequences of waste disposal that
produce compounds with added value, aiding towards implementing circular economy.
Microbial enzymes play a key role in the valorization of agro-industrial crop and food
wastes compared to conventional chemical catalysts. The utilization of agro-food waste
to produce commercially important enzymes by microorganisms offers great promise for
efficient waste utilization and sufficient biocatalytic systems with high conversion efficien-
cies, thereby allowing achievement of the targets of sustainable development. Furthermore,
using novel, inexpensive enzyme immobilization supports and engineered enzymes can ex-
hibit improved catalytic performance when applying them to industrial food applications.

Author Contributions: Conceptualization, V.S. and P.N.; Validation, V.S., M.-L.T., C.-W.C., P.N. and
C.-D.D.; Formal Analysis, V.S., M.-L.T., P.N. and C.-W.C.; Investigation, V.S., M.-L.T. and C.-D.D.;
Writing—Original Draft Preparation, V.S.; Writing—Review & Editing, P.N. and C.-D.D.; Visualization,
V.S., M.-L.T. and C.-D.D.; Resources, M.-L.T. and C.-H.K.; Supervision, M.-L.T., P.-P.S. and C.-D.D.;
Funding Acquisition, C.-D.D. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was funded by Taiwan MOST for funding support (Ref. No. 109-2222-E-992-002).

Data Availability Statement: Not applicable.

Acknowledgments: Authors V.S. and P.N. gratefully acknowledge National Kaohsiung University of
Science and Technology, Kaohsiung City, Taiwan, for providing the post-Doctoral fellowship. Authors
M.-L.T., C.-W.C., and C.-D.D. acknowledge Ministry of Science and Technology, Taiwan MOST for
funding support (Ref. No. 109-2222-E-992-002).

Conflicts of Interest: The authors declare no conflict of interest.

188



Catalysts 2022, 12, 1373

Abbreviations

AW Agricultural waste
FAO Food and agriculture organization
FVW Fruit and vegetable waste
GRAS Generally Regarded as Safe
KW Kitchen waste
LCB Lignocellulosic biomass
SmF Submerged fermentation
SSF Solid state fermentation
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Abstract: Ultraviolet radiation (UVR) has been scientifically proven to cause skin disorders such as
sunburn, skin cancer and the symptoms of chronic exposure. Natural sun screening compounds have
recently gained tremendous attention from the cosmetic and cosmeceutical sectors for treating skin
disorders such as hyperpigmentation and aging. A wide range of natural UV-absorbing compounds
have been used to replace or reduce the number of synthetic sunscreen molecules. One of the
primary causes of photoaging is DNA damage, mainly caused by UVR. Photoprotection provided
by traditional sunscreens is purely preventative and has no efficacy after DNA damage has been
initiated. As a result, the quest for DNA-repair mechanisms that block, reverse, or postpone pathologic
processes in UV-exposed skin has stimulated anti-photoaging research and methods to increase the
effectiveness of traditional sunscreens. This review summarizes many natural compounds from
microalgae, lichens, and plants that have demonstrated potential photoprotection effects against
UV radiation-induced skin damage. Furthermore, it offers an overview of current breakthroughs in
DNA-repair enzymes utilized in sunscreens and their influence on photoaging.
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1. Introduction

Prolonged sun exposure has long been recognized to induce photoaging [1], a process
in which the skin suffers changes in epidermal thickness, significantly increasing pigment
heterogeneity and dermal collagen deterioration, dermal elastosis and keratinocyte and
melanocyte mutagenesis. [2]. Regular UV exposure has a variety of biological impacts on
mammals, including the start of early aging, hyperpigmentation (dark spots), erythema,
immune system suppression and DNA damage. Recent qualitative research further distin-
guished between hypertrophic and atrophic skin aging, with the latest characterized by
increasing skin thickness and sallowness and the latter by erythema and an increased risk
of skin cancer [3]. The multibillion-dollar anti-aging goods market [4] is a reflection of the
priority today’s society places on looking young. Ultraviolet (UV) radiation has been shown
to be responsible for 80% of skin aging on the face [5]. Based on this, the strongest defence
against cutaneous age-related abnormalities is prevention with strict photoprotection [4],
despite the market’s emphasis on skin-aging reversal. A wide-brimmed hat, photoprotec-
tive apparel, sunglasses, and the use of sun protection factor (SPF) 30 broad-spectrum hued
sunscreen to exposed areas are all necessary for adequate photoprotection.

In order to defend themselves, microalgae produce useful compounds that attract
the attention of the beauty industry and make them prospective candidates for cosmetic
or cosmeceutical products, particularly those that protect skin from UV damage. Solar
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energy is converted by microalgal cells into chemical energy, some of which is then stored
as bioactive molecules [6]. These secondary metabolites are referred to as “bioactive
molecules” since they exhibit biological activity [6]. Researchers concluded that microalgal
extracts or bioactive compounds derived from microalgae have enormous potential for
innovative new bio-based products such as cosmetics, medications, and nutraceuticals
after several studies revealed that microalgae have high antioxidant capacities [6]. Several
skin care products for humans include microalgae. For instance, the company Soliance
employs an entire Arthrospira species, and personal skin care products include the Chlorella
species-derived peptide sequence LVMH. Alguronic acid is another ingredient in the anti-
aging skin care products produced by the company Solazyme [7]. The production of more
reliable and secure formulations at a cheaper cost is made possible by the use of Spirulina
extracts in dermo-cosmetic formulations. Long-term research is necessary to confirm its
anti-aging efficacy. Dunaliella salina is an esteemed microalga that is abundant in β-carotene,
which has anti-aging potencial [8]. Similar to other organisms, exposure to UV light in
humans can have negative effects, including short-term erythema or “sunburn” and long-
term premature aging of the skin [9]. In this review, we discussed the value of cosmetics
made from promising microalgae and their prospective applications in sunscreen [10–15],
anti-aging [16], and skin-whitening products.

Furthermore, DNA damage is one of the primary causes of photoaging and is mostly
caused by ultraviolet radiation (UV-R) [17]. In an attempt to identify the biological targets
of UV-R and the subsequent cascade of impaired cell functioning and tissue deterioration,
recent research examined the harmful effects of UV-R at the cellular and molecular lev-
els [18]. Although endogenous DNA repair mechanisms, persistent DNA damage from
prolonged UV exposure can build up and result in photoaging and the development of
skin cancer [19,20]. Conventional sunscreen protection is preventative and useless once
DNA damage has already occurred. While the majority of the literature to date has focused
on how DNA-repair enzymes affect the development of cancers linked to UV exposure [20],
the goal of the current review is to examine recent research on the biological process of
photoaging and the function of DNA-repair enzymes. The top sunscreens with DNA-repair
enzymes that are currently on the market are mentioned below [21].

2. UV-Induced Skin Damage

The prevalence of several diseases and conditions linked to solar UV radiation has
dramatically risen and is still rising. Mammalian skin exposed to UV radiation on a regular
basis has a variety of biological effects, such as the onset of early aging, hyperpigmentation
(dark patches), erythema, DNA damage, and immune system suppression [2,18]. These
changes can directly or indirectly contribute to the growth of skin cancer [22,23]. The
least prevalent but most active component of solar radiation is UV-B (280-315 nm). As
the “burning ray”, UV-B radiation comprises up to 4–5% of total solar radiation, and
sunburn brought on by UV-B is 1000 times more intensive than UV-A. Moreover, UV-B
seems to be more genotoxic than UV-A. Ionizing radiation may directly damage atomic
structures in live cells, resulting in alterations in chemical and biological processes. It can
also work in an indirect manner by radiolyzing water, which leads to endogenous bursts
of reactive oxygen species (ROS) in the intercellular matrix as well as in and around the
radiation track that could harm lipids, proteins, and nucleic acids [24]. Proteins and genes
involved in oxidative metabolism are susceptible to direct or indirect effects from bursts
of ROS. It mostly affects the basal cell layer of the skin’s epidermis. The formation of the
isomerization of trans- to cis-urocanic acid, pyrimidine photoproducts, the upregulation of
ornithine decarboxylase activity, the production of free radicals in the skin, photoaging,
cell cycle growth arrest, and photo carcinogenesis are just a few of the harmful biological
effects it causes. UV-B exposure most likely initiates the production of free radicals, which
depletes the skin’s antioxidant reserves, making the skin less able to defend itself against
free radicals produced by exposure to daylight. DNA damage is thought to be the cause
of squamous and basal cell carcinoma in the skin. Moreover, it may also weaken the
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skin’s immunological defences [25,26]. Even very brief exposures to UV-C are extremely
harmful to all forms of life. The skin suffers severe damage as a result. Thankfully, ozone
in the Earth’s atmosphere entirely absorbs UV-C from the sun, and no solar radiation with
wavelengths below 290 nm reaches the planet’s surface [25,26]. In this review, we will
briefly touch on how UV radiation causes the development of ROS [27] and how these ROS
can cause skin ailments [28], including hyperpigmentation (dark patches), skin aging, and
photoaging [29].

2.1. Hyperpigmentation

Hyperpigmentation is a process in which patches of the skin become darker in color
than the surrounding skin. The pigment melanin was overproduced and accumulated,
changing the hue of the skin. Lentigines, liver spots, and age spots are other names for these
hyperpigmented lesions. They appear on sun-exposed areas of the body, especially the
arms and face, and are thus most likely caused by long-term UV exposure [30]. The dermal
melanophages that have been seen histologically to lay beneath the lentigines may also
contribute, at least in part, to their appearance of darkness. These findings probably point to
a difference in the genetic expression of the keratinocytes (KC) and melanocyte (MC) within
the spot as compared to the MC in the non-spot skin around it. The epidermal architecture
is frequently drastically altered, which may be partially due to the damage caused by
persistent UV exposure that is linked to spot formation. Tyrosinase, a glycoprotein [30]
found in the melanosome membrane that catalyzes the conversion of L-tyrosine to melanin,
is one enzyme that plays a major role in regulating melanogenesis [31].

Melanogenesis is controlled at the level of tyrosinase maturation and translocation. The
presence of certain carbohydrate moieties regulates the translocation of tyrosinases [32]. Eu-
melanin and pheomelanin, two different kinds of melanin, are produced by melanosomes.
Tyrosinase and associated proteins (TRP-1 and TRP-2) are created by MITF’s phosphoryla-
tion, which is triggered by a number of signaling pathways, including the ERK, cAMP, and
Wnt pathways. Upstream of the receptor molecules such as KIT (ligand SCF) and MC1R
(ligands α-MSH, ASP, and ACTH) upregulate these signaling pathways, and the cAMP
pathway is activated by the KIT receptor, as well as the MC1R which stimulates the ERK
and cAMP pathways simultaneously. This further phosphorylates the MITF (Figure 1).
Finally, tyrosinase-related enzymes are expressed as a result, which further facilitates the
formation of melanin [33–35]. Likewise, when exposed to UV, the skin produces ROS,
which activate the MC1R and α-MSH receptors and increase the synthesis of tyrosinase,
resulting in the excess production of melanin [36] (Figure 1).

However, actinic lentigos exhibit a rise in the mRNA levels of melanogenesis-related
genes, such as tyrosinase, TYRP1 (tyrosinase-related protein 1), POMC (proopiomelanocortin),
DCT (dopachrome tautomerase), and MITF (microphthalmia-associated transcription fac-
tor). Moreover, the epidermal endothelin cascade (which includes endothelin-1, endothelin
converting enzyme 1-a, and endothelin-B receptor) is accentuated, and a role for stem
cell factors in hyperpigmentation (particularly solar lentigos) has been discovered [37].
Changes in the factor XIII1 melanophages and epidermal–melanin axis have also been
noted. As many of these alterations continue even after avoiding more UV exposure,
they appear to be irreversible [38]. The specifics of these apparent alterations in genomic
expression have not yet been established.

2.2. Skin Aging

Higher mammals go through the intricate process of skin aging, which is brought on
by two things. One is intrinsic, in which genetics, epigenetics, and hormonal status have
a role in aging [39]. The latter is extrinsic, where skin aging results from exposure to UV,
visible, and IR radiations, climate, air pollution, chemicals, smoking, drugs, lifestyle, diet,
emotional factors and stress, etc. [40]. Premature aging or photoaging are terms used to
describe this process [41]. All skin regions are impacted by intrinsic aging. Aged skin is
thin, translucent, dry, prone to fine lines and wavy hair growth, unable to produce enough
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sweat, and loses subcutaneous fat tissue, which results in hollowed cheeks and eye sockets,
and inadequate sweating [42]. Each bodily site’s symptoms could be different. According to
Davis et al., the degree of pigmentation and maybe other, as of yet unidentified, contributing
variables cause the intrinsic aging process, which is found to vary by ethnic group [43].
Indeed, there is no such thing as skin that ages only due to intrinsic reasons. Those who
have lived solely indoors their entire lives may develop skin conditions that are quite
similar to that. Individuals often have skin that displays distinct extrinsic aging phases
overlaid on the degree of intrinsic aging.
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Figure 1. Signaling channels that are involved in melanin production. Adenosine 3′,5′-cyclic AMP
(cAMP), cAMP response element-binding (CREB), tyrosinase-related protein (TRP), microphthalmia-
associated transcription factor (MITF), melanocortin 1 receptor (MC1R), wingless-related integration
site (Wnt), -melanocyte-stimulating hormone (MSH), agonist stimulating protein (ASP), and stem
cell factor (SC).

The aging of the skin is significantly influenced by ROS. Around 1.5–5% of the oxygen
that is ingested by the skin is converted into ROS by radiolyzing water [44]. Inherent
aging is thought to be mostly caused by ROS, which is continually created as a byproduct
of aerobic metabolism in the mitochondria’s electron transport chain [45]. In the skin,
keratinocytes (KC) and fibroblasts (FB) are the primary sources of “mitochondrial” ROS. The
reactive superoxide anion radical (•O2

−) is a ROS that is primarily created in mitochondria
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from oxygen by adding an electron to each oxygen (O2) molecule. Superoxide anions, which
are ROS particles, can damage cellular structures when produced in large quantities [44].

The numerous growth factor and cytokine receptors are activated by ROS, and this
further stimulates the P13/AKT pathway and mitogen-activated protein kinase (MAPK)
signal transmission. However, the FoxO is rendered inactive by the AKT pathway, which
prevents the cell’s production of antioxidant enzymes. Activator protein-1 (AP-1) and NF-
κB are both nuclear proteins that MAPK regulates, and the expression of MMP is caused by
AP-1 stimulation [46]. MMPs are a group of extracellular proteinases that include zinc that
breaks down extracellular substances, including collagen and elastic fibers, which results in
the development of wrinkles [46,47]. Moreover, the hyaluronidase enzyme, which breaks
down hyaluronic acid, is activated by ROS. The extracellular matrix contains hyaluronic
acid, which helps to maintain the skin smooth, wet, and lubricated by absorbing and
holding onto water molecules [48,49]. Yet, recent experimental data demonstrate that low
amounts of ROS might serve as a beneficial signaling agent, particularly when superoxide
anions are transformed into hydrogen peroxide. The principal mitochondrial neutralizer
of constantly generated superoxide anions is manganese superoxide dismutase (MnSOD).
Outside of the mitochondria, there are other types of SOD, but only MnSOD has been
proven to be crucial for the survival of aerobic life [50]. Although, the extracellular matrix
degrades more quickly, and cells have a decreased capacity for cell replication, which are
two additional key phenomena linked to intrinsic skin aging. All dividing cells lose some
of their capacity to replicate over time. This particularly impacts MC, FB, and KC in the
skin. Cellular senescence is the name of this process. In older skin, senescent, non-dividing
cells are more prevalent. [51].

Extrinsic aging is brought on by oxidative environmental variables such as
sunlight [52,53], cigarette smoke, or other pollutants [54]. According to epidemiologi-
cal research, prolonged exposure to cigarette smoke and UV-A radiation both hasten the
aging process of the skin [55]. The main cause of extrinsic skin aging, also known as
photoaging, is exposure to UV light [53]. The rate of skin aging caused by UV radiation
relies on the frequency, length, and intensity of sun exposure as well as the natural defense
provided by skin pigmentation [56]. Deep wrinkles, loss of elasticity, dryness, laxity, an
appearance of having a rough texture, telangiectasias, and pigmentation disorders are
characteristics of photo-aged skin, which is considerably different from the skin that is
mostly intrinsically old [57]. According to the Fitzpatrick skin phototype, photoaging is
more pronounced in people with fair skin (skin types I and II) and less pronounced in those
with skin types III or above [58]. As a result, the degree of photoaging is mostly determined
by the total UV radiation received as well as by the skin’s level of pigmentation. Damage to
the structural elements of the connective tissue of the dermis is the main factor responsible
for the aged look of photodamaged skin [59]. The three main groups of biomolecules that
make up connective tissue structural proteins (collagen and elastin), glycosaminoglycans
(GAGs), proteoglycans, and special macromolecules are created by FB (laminin fibrillin,
hyaluronan, and fibronectin) [59]. In recent years, a great deal of work has been carried
out to understand the molecular alterations in photoaged skin [60]. The direct and indirect
effects of UV radiation on epidermal and dermal structures in connection to aging and the
function of oxidative processes herein are discussed in the next portion of this review.

Principles of Sun-Induced Photoaging

The word “photoaging” refers to certain functional, clinical, and histological charac-
teristics of skin that has had repeated sun exposure [61]. It originated from a number of
words, including rapid skin aging and heliodermatosis. Nonetheless, several characteristics
of photoaged skin are unique, making it a distinct process with its own pathophysiology.
Particularly among the Western population, longer lifespans, more free time, and excessive
exposure to UV radiation from natural sunshine or tanning beds have led to an increase in
the need for skin protection against the harmful effects of UV exposure. Photoaging will
thus be a growing problem in the future. The clinical and histological signs of photoaged
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skin have been recognized for some years, but the underlying molecular processes causing
the precise macro- and microscopic abnormalities have only recently been identified [61].

“Telomere shortening and damage are recognized causes of cellular senescence and
aging” [62,63]. A cell’s age may be determined by the length of its telomeres. Many age-
related diseases, including benign and malignant neoplasms and photoaged skin, have
been linked to genomic instability brought on by telomere shortening [64–67]. Accelerated
telomere shortening has been associated with DNA-damaging substances such as ROS
in vitro investigations [68]. This contributes to UV-induced damage to important regulatory
genes, which results in the classic signs of photoaging [69]. Reactive oxygen species (ROS),
which are produced by UV irradiation, activate a variety of cell surface receptors, including
those for keratinocyte growth factor, insulin, tumor necrosis factor (TNF-α), and interleukin-
1. Protein-tyrosine phosphatase-j, an enzyme that keeps receptors such as the EGF receptor
inactive (hypophosphorylated), is inhibited by ROS, which mediates receptor activation in
part. By stimulation of the stress-related mitogen-activated protein (MAP) kinases p38 and
c-Jun amino-terminal kinase, receptor activation causes intracellular signaling (JNK). The
nuclear transcription complex AP-1, which is made up of the proteins c-Jun and c-Fos, is
transcriptionally induced by kinase activation [70].

In addition to activating receptors, UV also produces ROS that damage membrane
lipids, causing ceramide to be released and AP-1 to be activated (Figure 2) [71]. Cyclooxy-
genase enzymes convert arachidonic acid into prostaglandins, which attract inflammatory
cells to the location. Since it inhibits the effects of transforming growth factor-β (TGF-β),
a cytokine that stimulates collagen gene transcription [70,72] and negatively controls ker-
atinocyte proliferation, increased AP-1 transcription and activity prevent the production of
the main dermal collagens I and III (Figure 2) [70,73]. Activated receptors drive the tran-
scription of the matrix metalloproteinase (MMP) gene, which in turn encourages signaling
cascades that lead to the production of transcription factor AP-1. Furthermore, procollagen
gene expression in fibroblasts is suppressed by AP-1. Matrix metalloproteinases, which
are produced by KC and FB, degrade collagen and other proteins that make up the dermal
extracellular matrix. The structural and functional integrity of the extracellular matrix is
threatened by dermal damage that is not effectively healed. Repeated sun exposure causes
a build-up of dermal damage, which eventually results in the recognizable wrinkles of
photodamaged skin (Figure 2).

The intracellular signaling proteins SMAD2, SMAD3, SMAD3, and SMAD7 are ac-
tivated by TGF-β to mediate its actions, and SMAD7 inhibits these effects [74]. In fact,
UV causes the human skin’s SMAD7 protein to be produced, which disrupts the TGF-β
SMAD2-3 signaling [75,76]. This causes keratinocyte proliferation, epidermal hyperplasia,
and a reduction in type I procollagen synthesis, which results in collagen loss. Further
reducing collagen transcription, AP-1 lowers the number of TGF-β receptors in the body.
This also counteracts the intrinsic retinoic acid stimulatory action on collagen synthesis.
Collagen production is therefore decreased in the skin that has been photodamaged by
UV radiation on a regular basis [75]. Moreover, UV-induced PTEN phosphatase inhibition
and Akt kinase activation, which both work by stimulating the phosphoinositide 3-kinase
signaling pathway, boost AP-1 activity [77]. The cysteine-rich 61 protein (CYR61), a new
regulator of collagen production that is triggered by UV irradiation in FB, has recently
been demonstrated also to stimulate AP-1. Matrix metalloproteinase (MMP)-1 and other
enzymes that break down extracellular matrix components are produced as a result of
CYR61 (collagenase). Moreover, CYR61 lowers the amount of TGF-β receptors and reduces
the formation of type I procollagen [78]. The levels and activity of MMPs, notably MMP-1,
MMP-3 (stromelysin-1), and MMP-9, are increased by CYR61′s induction of AP-1 (92-kDa
gelatinase) [70,79]. Furthermore, UV irradiation enhances the development of MMPs and
activates the nuclear factor (NF)-κB transcription factor, which in turn causes the expression
of proinflammatory cytokines such as vascular endothelial growth factor (VEGF), IL-1,
IL-6, and TNF-β [80,81]. After neutrophil infiltration into UV-irradiated skin, MMP-8, a
collagenase of neutrophil origin, further exacerbates matrix deterioration. In fact, one study
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contends that infiltrating cutaneous neutrophils is the primary cause of UV-induced MMP
and elastase release. Tissue inhibitors of metalloproteinases (TIMPs), which slow down
matrix breakdown, cannot completely counteract the negative effects of MMPs. Superoxide
and peroxynitrite, a byproduct of the nitric oxide process generated by UV-irradiated KC,
can activate NF-κB [82]. The dermis accumulates partially damaged collagen fragments as
a result of UV-induced collagen degradation, which is usually incomplete and is thought to
lessen the structural integrity of the skin [70]. Large collagen degradation products also
prevent the synthesis of new collagen [83], which means that collagen degradation itself
adversely controls the production of new collagen.
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Figure 2. Model showing the effects of solar UV rays on connective skin tissue. The keratinocytes (KC)
and fibroblasts (FB) growth factor and cytokine receptors are activated by ultraviolet rays (jagged
arrow). Matrix metalloproteinase (MMP) gene transcription is stimulated by activated receptors,
which in turn promote signal transduction cascades that result in transcription factor AP-1. AP-1
also suppresses procollagen gene expression in FB. Collagen and other proteins that make up the
dermal extracellular matrix are broken down by matrix metalloproteinases, which are released by
KC and FB dermal injury that is not properly repaired; this compromises the extracellular matrix’s
structural and functional integrity. Frequent sun exposure leads to dermal damage build-up, which
finally produces the distinctive wrinkles of photodamaged skin (Modified from 70). Dashed lines
represent the nucleus.

3. Application of Microalgae in Cosmetics

Microalgae produce a number of secondary metabolites with anti-inflammatory, anti-
blemish and antimicrobial activities [5]. Certain microalgal extracts such as
Arthrospira platensis, Chlorella vulgaris, and Dunaliella salina can be used for repairing skin
aging, healing and preventing wrinkle formation [84–87]. The microalgae or its compo-
nents’ activity is the basis for the creation of several commercially available cosmetics
and cosmeceuticals. Anti-aging creams, refreshing/regenerating care items, emollients
and anti-irritants in peelers, sunscreen cream, and hair care items are a few examples of
commercialized microalgae sources in the skin care industry. These cosmetics and cosme-
ceuticals contain bioactive microalgae components or algal extract (Table 1 and Figure 3).
The products could offer promising and innovative alternatives to existing cosmetics and
drive the development of new functions for cosmetic products.
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Cosmetic and cosmeceutical products must safeguard the natural dermal qualities
and improve its appearance of health. They are typically applied when skin becomes
dry due to a change in the filaggrin gene, which produces the skin’s natural moisturizing
component. Additionally, by protecting against both external and internal influences, they
could be used to lessen the signs and symptoms of aging [6]. In addition to offering these
advantages, they should have anti-bacterial and anti-fungal activities against organisms
such as Mucor ramaniannus and Candida albicans to protect the equilibrium of the skin
flora. Moreover, extracellular matrix stability, acne management, cell regeneration, skin
whitening, inflammation control, stimulation of angiogenesis, and oxidative stress manage-
ment are all areas where microalgal antimicrobial peptides play distinctive roles. Cosmetics
may contain chemicals that have unintended adverse effects, such as triggering hypersensi-
tivity reactions, anaphylactic shock, or fatal poisoning [88]. To select compounds as safe
cosmetics, some crucial studies such as genetic toxicity, phototoxicity, photo genotoxicity,
toxicokinetics, and carcinogenicity should be conducted. Due to the growing popularity
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of cosmetics, there is a greater demand for natural and sustainable resources for the man-
ufacture of cosmetics [87]. Cosmetics made from microalgae can replace current goods
and are safe for the environment; the FDA has authorized Arthrospira extract as a “safe”
food ingredient.

Table 1. Potential application of microalgae as natural cosmetics.

Species Ingredient Activity/Uses References
Anabaena virabilis,
Nostoc punctiforme,

Gloeocapsa sp.

Mycosporine-like amino
acids (MAAs) Photoprotection [89,90]

Arthrospira platensis,
Dunaliella salina,
Chlorella vulgaris,

and Nannochloropsis
oculata

Sporopollenin, scytonemin,
mycosporine-like amino acids

(MAAs)
Photoprotection [91]

Odontella aurita Polyunsaturated fatty acids
(PUFAs)

Prevents oxidative stress
on skin [92]

Porphyra sp.,
Porphyridium

sp.
Phycoerythrin Cosmetics (face powder,

eye shadow) [93]

Arthrospira sp. Phycocyanin Cosmetics (eye shadow) [94]

Dunaliella,
Nannochloropsis Carotenoids

Wrinkle reduction, collagen
formation and

tissue regeneration
[95]

Arthrospira sp. Phycobiliprotein

Improves moisture
balance of the skin, skin

complexion,
strengthens skin’s

immunity and
reduces wrinkle

[96]

Dunaliella salina β-carotene Stimulates cell
proliferation [95]

Arthrospiraplatensis γ-linoleic acid Prevents early skin aging and
wrinkle formation [96]

Asterocapsa nidulans Alguronic acid Strengthens skin immunity [97]
Porphyridium

sp. Sulfated polysaccharide Strengthens skin
immunity [97]

Botryococcus braunii Squalene

Improves skin elasticity and
moisture retention,

prevents age
spots and hyperpigmentation

[98]

Haematococcus
lacustris Astaxanthin Photoprotection [99,100]

Nostoc commune, Anabaena variabilis,
Aphanothece
halophytica

Mycosporine-2- glycine Inhibition of advanced
glycation end products [97]

Olisthodiscus luteus, Microchloropsis
salina Fucosterol

Decrease matrix
metalloproteinases expression

and increase
collagen production

[91]

Dunaliella bardawil β-carotene Improves bioavailability and
antioxidant properties on skin [101]

Researchers have discovered that compounds derived from microalgae can be uti-
lized as the primary active ingredient in cosmetics, but some of these compounds also
have characteristics that allow for them to be employed as excipients, such as stabiliz-
ers, dyes, or thickening agents [87,102]. Typically, personal care items, including face
lotion, cream, shampoo, body soap, and colorants for cosmetics, are formulated using
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their extracts or bioactive compounds [6,103,104]. Their sterols can also be utilized in
moisturizing lotions [105]. Moreover, their pigments, like the keto carotenoid astaxanthin
and β-carotene, are utilized in skin care, anti-aging, and anti-irritant treatments [105]. In ad-
dition, β-carotene with non-modified β-ionone rings such as β-carotenes are the precursor
molecules for vitamin A [104]. Fucoxanthin protects against UV-B-induced skin damage by
reducing intracellular ROS, like astaxanthin, an orange-colored pigment with antioxidant
and provitamin A properties. Fucoxanthin has anti-pigmentary action in UV-B-induced
melanogenesis in addition to its sunscreen properties [105,106]. Fucoxanthin could be an
active component of cosmeceuticals and nutraceuticals utilized in the defense of the skin
from photoaging [16,105,107]. Microalgae are also a source of phenolic compounds which
are valuable antioxidants and photoprotective compounds [108,109]. The green microalga
Lobosphaera incisa accumulates triacylglycerols (TAGs) with exceptionally high levels of
long-chain polyunsaturated fatty acids (LC-PUFA) and arachidonic acids (ARA) under ni-
trogen (N)-deprived conditions [110]. The cosmetic industry uses extracts from microalgae
which are high in pigments, PUFAs, phycobiliproteins and carbohydrates which can be
used to make lotions, creams and ointments. Mycosporine-like amino acids (MAAs) are
small <400 Da, water-soluble, colorless UV-absorbing compounds synthesized by marine
microbes as an adaptation for their high sunlight environments. They have a unique absorp-
tion spectrum between 309 and 362 nm. Structurally, MAAs are divided into two groups:
(i) the mycosporines, which have a single modified amino acid residue connected to a
cyclohexenone core, and (ii) MAAs, which have two such amino acid substituents [9,14].
MAAs have good antioxidant properties. MAAs produced from Dunaliella, Arthrospira, and
Chlorella have the potential to act as sunscreens to reduce the damage induced by ultraviolet
rays. Microalgae Odontella aurita also showed potential free radical scavenging activity to
maintain youthful skin.

Adequate research is currently lacking in order to apply the findings of in vitro ex-
periments on model organisms and the application of efficient compounds to human skin.
Additionally, patients and researchers must understand that compliance is crucial when
using natural cosmetics since they work more slowly than traditional cosmetics made of
synthetic substances. Important research on genetic toxicity, photo genotoxicity, phototoxi-
city, toxicokinetics, and carcinogenicity should be carried out in order to choose substances
as safe cosmetics. To specify compounds as a harmless cosmetic, certain crucial studies
such genetic toxicity, photogenotoxicity, phototoxicity, toxicokinetics, and carcinogenicity
should be performed [111]. Using genetic toxicity studies, such as the Ames Salmonella test,
one may determine the carcinogenic potential of bio compounds produced from microal-
gae [112]. Moreover, the 3T3 neutral red uptake (3T3 NRU) experiment, the 3-dimensional
(3D) epidermis model, and the erythrocyte photohemolysis test can be used to determine
the phototoxicity of microalgal bioactive compounds. Nevertheless, as natural products
have long been used to promote health and wellbeing, they may have promised nutritional
and therapeutic benefits with minimal-to-no negative effects.

3.1. Photoprotection Prospects of Microalgal Products

Organic carbon molecules and oxygen, which are necessary for life on Earth, are
produced by cyanobacteria, algae, and plants, which also turn solar energy into chemical
energy. UV rays hit the Earth’s surface more intensely as a result of ozone layer depletion
and the rising emission of atmospheric contaminants. The ozone layer absorbs UV-C
radiation, which ranges in wavelength from 100 to 280 nm. The ozone layer blocks most
of the ultraviolet-B (UV-B) radiation (280–315 nm) that reaches the Earth’s surface, but
some do get through. As the ozone layer thins, UV-B radiation intensity rises. However,
the ozone layer has little effect on ultraviolet-A (UV-A) light, which ranges in wavelength
from 315 to 400 nm (320 to 400 nm). The primary kind of solar radiation that enters our
atmosphere is UV-B, which harms living things exposed to the sun by causing DNA strand
breaks, membrane rupture, enzyme deactivation, the production of cytotoxic DNA lesions,
and other extremely hazardous effects. Because native DNA molecules cannot absorb UV-A
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radiation, ROS are created, which cause indirect DNA damage [113]. As a result of these
consequences, UV-A and UV-B have mutagenic and carcinogenic effects on humans, speed
up the skin’s aging process, and cause photodermatitis. In order to defend themselves from
UV radiation, microalgae have developed a number of defenses, including (i) the expression
of DNA-repair enzymes; (ii) the creation of antioxidant enzymes; (iii) the avoidance of
the UV; and (iv) the production and accumulation of UV filter metabolites [114]. These
mechanisms, along with the manufacture of UV filter metabolites, commonly known as
“microbial sunscreens”, make microalgae potential candidates for the cosmetic sector to be
employed in sunscreens produced from natural sources [113,115].

To defend themselves from sun radiation, microalgae produce a variety of UV filter sub-
stances, including sporopollenin, scytonemin, mycosporine-like amino acids, β-carotene,
and other substances such as biopterin glucoside, lycopene, and ectoine for UV protection
and photoaging [91]. These bioactive substances shield the body from skin cancer, sunburn,
and other diseases by inhibiting the manufacture of melanin, among other things.

The skin is shielded from UV damage by lutein, which is generated by Chlorella pro-
tothecoides, Scenedesmus almeriensis, Muriellopsis sp., Neospongiococcus gelatinosum,
Chlorococcum citriforme, Chlorella zofingiensis, D. salina, and Galdieria
sulphuraria [15,87,102]. The chemicals in microalgal extracts or extracts from microal-
gae help shield the skin from UV damage [87]. The most significant and extensively
researched compounds that are utilized in sunscreens made by microalgae are scytone-
min and mycosporine-like amino acids. Cyanobacteria produce scytonemin—a lipophilic,
extracellular yellow-brown pigment—in their sheath when exposed to intense sun ra-
diation in order to shield themselves from UV-A radiation with an absorption of up to
90% [10,15,114]. Scytonemin has a maximal absorption range of 252–386 nm [114,116,117].
Coelastrin A and Coelastrin B, two novel MAAs from Coelastrella rubescens, exhibit pho-
toprotective properties [118]. Klebsormidin A and klebsormidin B, the newly identified
MAAs from Klebsormidium, showed that their biosynthesis and intracellular enrichment is
strongly induced by UVR exposure, supporting the function of these compounds as natural
UV-sunscreens [119].

Scytonemin is produced when the gene responsible for its production is activated by
UV-A, and it then builds up in the body. Scytonemin and derivatives of scytonemin can be
produced by a number of cyanobacterial species such as Anabaena, Calothrix, Chlorogloeopsis,
Diplocolon, Gloeocapsa, Hapalosiphon, Lyngbya, Nostoc, Phormidium, Pleurocapsa, Rivularia,
Schizothrix, Scytonema, and Tolypothrix [113].

The hydrophilic and colorless mycosporine-like amino acids (MAAs) are produced by
marine organisms such as cyanobacteria [11,12], microalgae, macroalgae, fungi, etc., that act
as an antioxidant by preventing ROS-induced DNA damage as well as a photoprotectant
by shielding cells from UV-B and UV-A radiation by absorbing radiation and dissipating
excess heat energy into the cell and surroundings [120–122]. Only a small percentage of
the physical and chemical filters on the market, referred to as “broad-spectrum sunscreen”,
can effectively block both UV-A and UV-B rays [123]. Therefore, it is crucial to include
MAAs as a UV filter agent in sunscreens since they have a high capacity to absorb UV
between 309 and 362 nm, making them a broad-spectrum sunscreen [115]. They can be
a very stable cosmetic product because they are also very photostable and very resistant
to heat, pH fluctuations, and different solvents [124]. The first sunscreen product, named
Helioguard 365, was created by the Swiss company Mibelle AG Biotechnology using a
natural UV screening substance called an MAA containing a certain proportion of Porphyra-
334 and shinorine obtained from red algae Porphyra umbilicalis [125,126].

3.2. Microalgal Compounds as Anti-Aging Therapies

The formation of AGE (advanced glycation end products), the impact of ROS, and ma-
trix metalloproteinases (MMPs) are the most important processes among theories about the
aging process. Pharmaceutical companies have recently become interested in substances
that are preventing AGE. Recently described as an inhibitor of AGE formation, mycosporine-
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2-glycine (M2G), a very uncommon mycosporine-like amino acid, has been proposed as
a key component in anti-aging therapies [127]. Nostoc commune, Anabaena variabilis, and
Aphanothece halophytica have all been found to be capable of producing mycosporine-2-
glycine. The key strategy to delay the aging of the skin is moisturization. It can support
skin elasticity and beauty maintenance and increase environmental harm prevention. Hy-
droxy acid (HA) benefits the skin and has been utilized in cosmetic goods to moisturize
skin. Plants are capable of producing hydroxy acids, but because plant output is restricted,
interest in algal polysaccharides is growing. According to studies, Pediastrum duplex ex-
tract has a significant number of polysaccharides and can be used to preserve and mois-
turize skin [87]. Salicylic acid, α-HA, and β-HA are different types of HA. Due to the
hydroxyl group connected to the carbon atom adjacent to the carboxyl group, α-HA is
also known as 2-hydroxy acid. Lactic and glycolic acids are cosmetics’ two most widely
used 2-hydroxy acids. As a result of the hydroxyl group linked to the carbon atom that
comes in second place when counting, starting from the carboxyl group, β-HA is also
known as a 3-hydroxy acid. Citric acid is the most well-known 3-hydroxy acid utilized
in the cosmetic formulation [128]. A. variabilis, Anacystis nidulans, Chlorella pyrenoidosa,
Chlamydomonas reinhardtii, Cyanidium caldarium, Phormidium foveolarum, and Oscillatoria
species have also been shown to create 2-hydroxy acids and 3-hydroxy acids, and their
extracts can act as antioxidants [129,130].

3.3. Microalgal Product’s Potential as Skin Whitening Agents

The pigment melanin is what gives hair, skin, and eyes their pigmentation, and it is
created to protect the skin from UV damage. Nevertheless, melanin overproduction gives
the skin a distinct color [87,131]. Tyrosinase is a crucial enzyme that starts the manufacture
of melanin, and tyrosinase inhibitors can stop pigmentation in the skin [132]. Tyrosinase
inhibitors contain phenolic structures or metal chelating groups, which result in two
mechanisms: inhibiting interactions between the substrate and the enzyme and chelating
copper within the active site of the enzyme. Finding novel, naturally derived alternatives
to these synthetic tyrosinase inhibitors is important due to their high toxicity, low stability,
insufficient action, and poor skin penetration, and microalgae can serve as a promising
possibility [133]. S. plantensis extracts can be employed as tyrosinase inhibitors [133].
According to Oh et al. (2015), Pavlova lutheri inhibits melanogenesis [134]. Tyrosinase
inhibitory activity was also demonstrated by Oscillapeptin G from Oscillatoria agardhii,
asthaxanthin from Haematococcus pluvialis, and zeaxanthin from N. oculata [135]. In addition
to inhibiting the tyrosinase enzyme, vitamins C and E can inhibit the skin’s synthesis
of melanosomes. A well-known NADH (Nicotinamide Adenine Dinucleotide Hydrate)-
based process that protects mammalian skin from UV radiation damage is the self-acting,
synergistic combination of vitamins E and C. Pediastrum cruentum’s high concentration of
vitamins E and C make it a potential candidate as a cosmetic to prevent melanoma [136].

4. Excipients in Sunscreen

Despite the increasing use of cosmeceuticals and sunscreen additives, assessing their
safety and efficacy is critical. While the specific mechanism of UV-R and VL-induced pho-
toaging is unknown, the downstream consequences of increased ROS, MMPs, and DNA
damage have already been widely described [137]. Sunscreen additives have been used or
suggested in sunscreens to improve photoprotection and assist in preventing photoaging
by battling the negative effects of sunshine on the skin. Antioxidants are crucial in avoiding,
alleviating, and damping free radicals and oxidative stress. Despite the fact that our cells
manufacture natural antioxidants, UV-R and other stressors frequently outnumber our
indigenous supply [138]. To restore depleted antioxidant reserves and reduce oxidative
stress on the skin, topical antioxidants have been included in sunscreens. Wang et al. [139]
examined the radical skin protection factor (RSF) and antioxidant power (AP) of 12 sun-
screen lotions containing vitamin C, vitamin E, or other antioxidant compounds against
simulated UVA- and UVB-induced ROS in an ex vivo investigation conducted in 2011.
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Recent reviews and research have shown that adding antioxidants to sunscreen formulas
has a favorable effect. In one study, sunscreens containing SPF 25 plus a combination of
caffeine, vitamin E, vitamin C, Gorgonian extract, Echinacea pallida extract, and chamomile
essential oil revealed a lower MMP-1 expression than those with simply SPF 25. [140]. The
effectiveness of antioxidants in sunscreens may vary depending on the formulation of
the sunscreen. It has been argued that in order for antioxidants to be effective, they must
have strong antioxidative capabilities, be present in high concentrations, be viable in the
final formulation, and be able to permeate the stratum corneum while being active in the
epidermis and dermis [138]. With regard to antioxidants studied in topical formulations,
vitamin C (l-ascorbic acid) is the most abundant antioxidant in the skin and, due to its water
solubility, plays a key role in the skin’s aqueous compartments [138]. It also aids in the
replenishment of vitamin E, functions as a cofactor in collagen formation, and lowers elastin
build-up. Thankfully, it is possible to create a stable formulation by combining it with other
antioxidants, such as vitamin E (α-tocopherol) and ferulic acid [138,141]. Murray et al. [142]
revealed that once compared to untreated skin, skin pre-treated with sunlight-simulated
UV-R after application of a topical formulation of 15% l-ascorbic acid, 0.5% ferulic acid (CE-
Fer), and 1% α-tocopherol for 4 days significantly reduced UV-induced erythema, thymine
dimers, sunburn cells, and p53 induction. Additionally, vitamin E has been proven in
several animal and human trials to be helpful in reducing lipid peroxidation, photoaging,
and photocarcinogenesis [138]. This shows that topical CEFer may play a function in
photoaging and skin cancer prevention [141,142]. Vitamin A and its analogues, namely,
retinoids and β-carotene, have indeed been extensively researched in the field of anti-aging
and have demonstrated efficacy in the prevention and restoration of photoaging [143]. To
decrease protein-1 and MMP-1 production, they bind to cytoplasmic receptors, including
cellular retinoic acid-binding protein types I and II, in addition to nuclear receptors such as
nuclear retinoic acid receptors and retinoid X receptors [138]. This causes enhanced epider-
mal proliferation, epidermal thickness, stratum corneum compression, glycosaminoglycan
biosynthesis and deposition, and increased collagen formation [138]. Additionally, there
is scientific proof that topical retinoids might play a role in non-melanoma skin cancer
prevention by beginning tumor cell growth arrest and normal cellular differentiation [144].
Nevertheless, because retinol and retinoids are somewhat unstable when exposed to UV
and visible light, their usage as a sunscreen component is primarily for anti-aging bene-
fits rather than improved photoprotection. Several botanicals contain polyphenols, such
as tea leaves, almond seeds, grape seeds (Vitis vinifera), and pomegranate extract [145].
Through one study, sunscreen incorporating polyphenols such as epigallocatechin-3-gallate
from tea extracts outperformed sunscreen alone in terms of protecting human skin versus
solar-simulated UV-R [140]. Moreover, green tea extract combined with resveratrol, another
polyphenol, gave SPF protection irrespective of chemical and physical UV filters.

Melatonin functions as an antioxidant in three distinct but complementary ways. It can
serve as a free radical scavenger, reduce free radical production, and increase the activity of
antioxidant enzymes [146]. It has shown potential in the treatment of both UV-B and UVA-
induced oxidative damage. Melatonin treatment reduced p53 expression, enhanced DNA
repair, and lowered CPD production in human MC and KC [147]. Melatonin also inhibited
UV-induced erythema and stimulated endogenous enzymes to combat oxidative stress [9].
According to this study, melatonin may be an additive in protecting KC, FB, and MC against
UV-induced photoaging. Genistein, a soybean isoflavone, has been shown to block tyrosine
kinase—the enzyme that begins epithelial receptor-mediated signaling [148]. It has been
shown that applying genistein to human skin prior to delivering an erythemogenic UV
irradiation dosage inhibits JNK and MMP-1 overexpression without causing cutaneous
erythema, suggesting that genistein does not serve as a sunscreen but rather impacts
UV-mediated signaling [149].

Photolyases, in addition to antioxidants, are useful sunscreen ingredients. Photolyases,
especially CPDs, are enzymes with the unique capacity to repair DNA damage. These are
flavoproteins that require flavonoids as cofactors to absorb UV. In both in vivo and in vitro
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experiments, UV-absorbed energy is subsequently transferred to damaged DNA to break
CPD links [150]. When combined with SPF 50 sunscreen and antioxidants, it dramatically
decreases photoaging indicators compared to sunscreen exclusively or sunscreen with
antioxidants [151].

5. DNA-Repair Enzymes with Sunscreens: Recent Concepts

Sunscreens are essential for combating photoaging because they block the transmission
of UV-R [152]. Numerous studies have shown that using traditional sunscreens on a regular
basis can help prevent the development of skin cancer [153,154]. They do not heal skin
cells that have already been harmed by sun exposure [155]. Sunscreens that incorporate
DNA-repair enzymes, as well as antioxidants in combination with the sun protection factor
(SPF), provide “active photoprotection” [155]. Using a dual mechanism of prevention and
repair, these chemicals may overcome the existing insufficiency of sun radiation damage
management [155]. The two most important examples, photolyase and T4 endonuclease V,
are explored further below.

5.1. Photolyase

The genome of 81 strains of the genera Synechococcus, Cyanobium, and Prochlorococcus,
obtained from various marine and brackish habitats, were compared. It was observed that
these strains together had eight distinct photolyase/cryptochrome protein members [156].
Photolyase, a flavoenzyme containing the flavin adenine dinucleotide molecule, functions
as a catalytic cofactor in restoring UV-induced DNA damage in CPD and 6-4PPs [157].
Photolyase identifies damaged thymine dimers and repairs them by directly absorbing
blue light, even by flavin adenine dinucleotide molecules or by transferring energy from an
activated antenna chromophore to second chromophore [157]. This eventually divides into
separate pyrimidines, returning the electron towards the enzyme’s redox cofactor [158].
Photolyase use is also related to a decrease in MMP-1 in the skin’s dermal and epidermal
compartments. MMP-1 overexpression in human skin cells causes collagen breakdown,
which is important in photoaging [159]. Because CPD has a far higher mutagenesis poten-
tial than 6-4PPs or other lesions and is responsible for most UV-induced mutations, current
research has focused exclusively on CPD photolyase as a repair enzyme [160]. CPD pho-
tolyase has been shown to be useful in reducing photodamage in both in vitro and in vivo
experiments [161]. Numerous clinical trials regarding the use of a topical medication
comprising liposome-encapsulated CPD photolyase have now been reported. It has been
utilized either in people with no skin lesions or as an adjuvant treatment in patients with
actinic keratoses (AK), which are in situ squamous cell carcinomas caused by persistent sun
exposure [162]. Sunscreens with chemical UV filters mixed with liposome-encapsulated
CPD photolyase were used in all human investigations [161,163]. The encapsulation of lipo-
somes transports enzymes through the human stratum corneum and delivers biologically
active proteins into the living epidermis. [164]. This method may open up a new avenue
for photoprotection against some types of UV-induced skin damage [163].

5.2. T4-bacteriophage Endonuclease V (T4 Endonuclease V)

T4 endonuclease V is an enzyme discovered in Escherichia coli infected with the T4
bacteriophage. It has been demonstrated to repair UV-induced cyclobutane pyrimidine
dimers in DNA, which, if left unrepaired, lead to mutations that cause actinic keratoses and
non-melanoma skin malignancies (NMSC) [165]. When UV-damaged DNA is identified, it
is cleaved by two coupled activities: apurinic-apyrimidinic endonuclease and pyrimidine
dimer-DNA glycosylase. This enzyme improves UV-damaged DNA repair and has addi-
tional favorable effects on UV-damaged cells. The effect of T4 endonuclease V increases the
efficacy and speed of naturally occurring DNA repair by around four-fold. [166]. Moreover,
the enzyme promotes skin regeneration and repair while preventing the breakdown of
extracellular matrix components, which aids in the prevention of photoaging [167]. T4
endonuclease V encapsulation into liposomes as delivery vehicles, dubbed “T4N5”, is
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essential for sufficient penetration into the stratum corneum. Mouse research found that
applying T4N5 to the skin might be a beneficial adjuvant to sunscreens for preventing and
decreasing UV-R-related local effects such as sunburn cell development [168].

5.3. Comparison of Sunscreens with and without DNA-Repair Enzymes

Improvements in the study of skin biology have resulted in the creation of a wide range
of therapies to prevent aging and enable skin regeneration. The following characteristics
should be included in a perfect sunscreen: 1) UV-B and UV-A radiation protection; 2) ROS
scavenging capabilities; preferably, 3) filter stability and safety; 4) and the incorporation
of enzymes that aid in cellular DNA repair [34]. Recent irradiation experiments have
shown that adding DNA-repair enzymes to traditional sunscreens may prevent UV-R-
induced molecular damage to exposed skin more than traditional sunscreens alone [169].
For example, in clinical research conducted by Carducci et al. [169], 28 AK patients were
randomly assigned to either topically apply sunscreens containing DNA-repair enzymes
(n = 14) or sunscreens alone (n = 14) for 6 months. The primary end measures were
hyperkeratosis, field cancerization, and changes in CPD levels in skin biopsies. CPD levels
were found to be 61% lower in patients who used sunscreens containing DNA-repair
enzymes versus 35% lower in patients who used traditional sunscreens (p < 0.001), showing
their effectiveness in lowering CPD production [169]. The combination of CPD photolyase
and topical antioxidants greatly reduced CPD and free radical-induced protein degradation.
The scientists found that sunscreens combining antioxidants and photolyase outperform
traditional sunscreens to prevent skin aging, most likely due to a synergistic effect [151].
So far, this has been the only clinical study examining the effect of sunscreens containing
DNA-repair enzymes on photoaging.

The current study focuses on creating novel sunscreens and their increased protective
impact based on previous evidence from comparable investigations. A sunscreen containing
CPD photolyase (Eryfotona® AK-NMSC, Isdin SA) has recently been examined as an
example. Clinical and histological investigations revealed good effects on field cancerization
in AK patients, such as an increase in the number of AK lesions and a reduction in the
degree of cancerization in the field [170]. Because DNA photodamage and ROS are both
early events in the formation of AK, the impact might also be applied to photoaging.
Another new product (Ateia® Kwizda Pharma, Vienna, Austria) combines a traditional
sunscreen with a proprietary component combination, Nopasome®. Nopasome® is a
liposome-encapsulated CPD photolyase (Photosome®), T4 endonuclease V (Ultrasome®),
and nopal cactus extract. Ladival® med (STADA Arzneimittel, Bad Vilbel, Germany) is
another branded photolyase-containing sunscreen with SPF 15 or 20 [171]. The following
is a list of presently available sunscreens that contain DNA-repair enzymes and have
adequate scientific backing (Table 2).

Table 2. A description of the existing range of sunscreens with DNA-repair enzymes. a American
SPF (Currently, SPF is exclusively calculated for US goods based on UV-B protection).

Name Composition SPF DNA-Repair/Activity Company Reference

Ateia®
2% Nopasome, Nopal

cactus extract, jojoba oil
and vitamin E

50+

50
30
25

Liposome-encapsulated
photolyase, endonuclease

Kwizda Pharma
GmbH, Vienna,

Austria
[163]

Neova Active®

(SPF43) Neova
Everyday®

(SPF44) Neova
Silc Sheer®2.0

(SPF 40)

Octinoxate 6.5%,
Octisalate 2.5%, Zinc

Oxide 8.5%.
Photolysomes.

Sodium Hyaluronate.
and Vitamin E

43 a

44 a

40 a

Liposome-encapsulated
photolyase, endonuclease

Pharma Cosmetics,
Oradell, New
Jersey, United

States

[172]
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Table 2. Cont.

Name Composition SPF DNA-Repair/Activity Company Reference

Neova Smart
Moisture®

Copper Peptide Complex,
Photolysomes and
Amino acid blend

30 a Liposome-encapsulated
photolyase

Pharma Cosmetics,
Oradell, New
Jersey, United

States

[172]

Eryfotona®

AK-NMSC

Repairsomes, bisabolol,
acetato detocoferol,

pantenol, etc.
100+ Liposome-encapsulated

photolyase
Isdin, SA,

Barcelona, Spain [172]

Heliocare 360◦
AK Fluid

Fernblock®+
Genorepair®Complex,

Sulforaphane, Biomimetic
melanin, Arginine, etc.

100+
Liposome-encapsulated

photolyase, endonuclease,
8-oxoguanine glycosylase

Cantabria Labs,
Madrid, Spain [161,164]

Priori Tetra®

Zinc Oxide + Titanium
Dioxide, mustard seed
extracts, Soliberine +

Melanin Carnosine, etc.

50 a
Liposome-encapsulated

photolyase, endonuclease,
8-oxoguanine glycosylase

PRIORI Skincare,
San Diego,

California, United
States

[161,164]

Ladival® med

Alkyl benzoate, pentylene
glycol, xanthan gum

titanium dioxide, vitis
vinifera seed extract
isostearic acid, etc.

20
15

Liposome-encapsulated
photolyase

STADA
Arzneimittel, Bad
Vilbel, Germany

[171]

Sesderma
Repaskin®

Phytospingosine
liposomes, Alkyl benzoate,
pentylene glycol, titanium

dioxide, tocopheryl
acetate and xanthan

gum, etc.

50
30

Liposome-encapsulated
photolyase

Sesderma, Madrid,
Spain [161]

In conclusion, recent research indicates that including DNA-repair enzymes in tradi-
tional sunscreens gives a more effective alternative for avoiding UV-R-generated damage
that causes carcinogenesis and photoaging. Combining them with topically applied antioxi-
dants is a good way to enhance this impact further. Unfortunately, there is minimal evidence
for these effects in people, notably in the prevention of skin aging. So far, only one clinical
trial has shown the effect of DNA-repair enzymes in sunscreens on photoaging [151].

5.4. Limitation of DNA-Repair Enzymes in Sunscreens

This research’s limitations include topical liposomal DNA-repair enzymes that were
reported to be protective against UV-induced skin cancer in humans, which does not
necessarily justify their preventative impact on photoaging. Most of the included studies
failed to discriminate between the effects of DNA-repair enzymes on carcinogenesis and
photoaging. As a result, it can now not clearly translate improved carcinogenesis outcomes
to photoaging treatment or prevention. The tiny size of study cohorts further restricts
the significance of their findings. Clinical investigations with a significant number of
individuals, concentrating exclusively on anti-photoaging effects, are required.

6. Conclusions and Future Perspectives

The overexposure of human skin to external stressors such as UV and pollution causes
an increase in ROS generation, which causes various skin-related issues such as hyper-
pigmentation, early aging, etc. The cosmeceutical and cosmetic industries have taken
notice of the numerous distinctive and significant bioactive metabolites that microalgae
synthesize through photosynthesis and other mechanisms. Microalgae are natural and
sustainable sources of bioactive compounds and are thus thought to be great possibilities
for cosmetics. It is necessary to assess all potential microalgal metabolites for use in cos-
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metics/cosmeceuticals and optimize production technology for each. Although microalgal
bioactive metabolites can be produced using biotechnologically advantageous and environ-
mentally friendly processes, they are also considered “safe”. This study explores a number
of microalgae species and bioactive compounds obtained from microalgae for use in sun-
screen, skin-whitening cosmetics, and anti-aging products. Microalgae are regarded to be
attractive prospects for cosmetic products since they are natural and sustainable sources
of bioactive compounds. Furthermore, this study presents an outline of contemporary
advancements in DNA-repair enzymes employed in sunscreens and their impact on pho-
toaging. In Tables 1 and 2, we have included some of these bioactive compounds together
with their producer and the current range of sunscreens that contain DNA-repair enzymes.
Since UV-R-induced DNA damage plays a significant role in both processes, it is possible
to hypothesize that DNA-repair enzyme’s positive effects can also be applied to photoag-
ing. Controlled trials that support this effect and show that DNA- repair enzyme-infused
sunscreens are better than regular sunscreens are still missing. Antioxidants, photolyases,
and other sunscreen compounds have made it possible to reverse skin aging in addition to
providing better photoprotection.

Nevertheless, before clinical guidelines are released, larger-scale, repeatable inves-
tigations must be conducted. Although the majority of microalgae are investigated for
their cosmetic properties, several species remain unexplored. As a result, there is a need
to standardize low-cost, effective, and more productive extraction techniques. In addition
to effectiveness, the molecular basis of these compound’s actions and safety issues are
particularly important for forthcoming difficulties in the cosmetics sector.
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