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Preface

Biotechnology is a unit of engineering biology that studies ways of using living
organisms, their systems, or metabolic products to solve technological problems.
Molecular biotechnology explores the possibility of creating living organisms with
the necessary properties. Research in the field of molecular biotechnology has made
it possible to improve traditional biotechnological production and the quality of
food products, and has significantly increased the productivity of living organisms.
More than 40 years ago, methods of genetic engineering in molecular biotechnology
made it possible to use recombinant DNA and cell cultures in vitro.

In this book, the authors describe the modern trends and progress in biocatalysis
and biotechnology. Three chapters cover the use of biocatalytic methods to solve
the problems of processing renewable raw materials, the application of hydrolase-
catalyzed reactions in organic synthesis, and the use of biocatalytic technologies in
pharmaceuticals. The remaining three chapters describe electrochemical techniques
for the detection of breast cancer biomarkers, the oxidation and photocatalytic
treatment of textile wastewater, and the use of recombinant chitinase A, beta-
GlcNAcase, and lytic polysaccharide monooxygenase for chitin hydrolysis. Overall,
the book highlights the versatility of biotechnology and biocatalysis applications in
science and industry.

In today’s world, molecular biotechnology plays a leading role in processes of
genetic engineering and gene editing, using genetically modified organisms in
pharmacology, agriculture, biodegradation, and scientific research. The authors
of the book address the application of molecular biotechnology in science and
industry, diagnostics and therapy. This book will be of interest to researchers,
students, and specialists in various fields of biological engineering.

Dr. Sergey Sedykh, Ph. D. in Biochemistry

Institute of Chemical Biology and Fundamental Medicine SB RAS,
Novosibirsk State University,

Russian Federation
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Chapter 1

Heterogeneous Biocatalysts for the
Final Stages of Deep Processing of
Renewable Resources into
Valuable Products

Galina Kovalenko and Larisa Perminova

Abstract

Heterogeneous biocatalysis is a part of biotechnology and it has commercial
potential for industrial implementation, in particular the final stages of deep
processing of renewable raw materials. The commercially attractive heterogeneous
biocatalysts are prepared by immobilizing practically valuable enzymatic active
substances onto solid inorganic supports. Heterogeneous biocatalytic processes of
the target conversion of substrate into valuable market product are carried out in
periodic or continuous modes using traditional batch and packed-bed reactors, as
well as novel types of vortex reactors in accordance with the principles of green
chemistry. Heterogeneous biocatalysts for the final stages of deep processing of
vegetable raw materials such as starch and oils are described here. One of the
biocatalysts is glucoamylase immobilized by adsorption on mesoporous carbon
support Sibunit™ type. This glucoamylase-active biocatalyst is used at the stage of
starch saccharification, i.e., hydrolysis of dextrin to treacle and glucose syrups used
in food and confectionary industries. The second of the biocatalysts is recombinant
T. lanuginosus lipase immobilized on mesoporous silica KSK™ type and
macroporous carbon aerogel. These lipase-active biocatalysts can effectively com-
pete with traditional organic synthesis catalysts, and they are used in low-
temperature processes carried out in unconventional anhydrous media such as
interesterification of vegetable oils’ triglycerides with ethyl acetate for producing
ethyl esters of fatty acids (biodiesel and vitamin F) and esterification of fatty acids
with aliphatic alcohols for synthesis of various esters used as fragrances, flavorings,
odors, emollients, and nonionic surfactants in perfume and cosmetics industries.
The prepared heterogeneous biocatalysts due to their high enzymatic activity and
operational stability are promising for practical implementation.

Keywords: glucoamylase immobilized on mesoporous carbon, recombinant lipase
immobilized on mesoporous silica and macroporous carbon aerogel, heterogeneous
biocatalysts, starch saccharification, esterification of fatty acids

1. Introduction

Biocatalysis is a part of biotechnology that is inherently interdisciplinary and
comprehensive, and its achievements are determined by the state of art in the fields
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of microbiology, molecular biology, biochemistry, chemical technology, and engi-
neering sciences. Biocatalysis is a scientific field fully focused from the very begin-
ning on practice, and the main task is to study and use only one selected enzymatic
reaction for the purposeful target biotransformation of the initial reagent—sub-
strate (S)—into the valuable product (P) demanded by the market [1]. Heteroge-
neous biocatalysis is a very important part of biocatalysis that is based on
immobilized enzymatic active substances such as individual enzymes, whole
microorganisms, and partially or completely disrupted microbial cells. Heteroge-
neous biocatalysis as an interdisciplinary sphere of professional activities, undoubt-
edly, has great scientific importance and commercial potential for industrial
implementation, including the processing of renewable raw materials into valuable
market products. In accordance with the 12 principles of green chemistry listed in
[1, 2], biocatalytic processes satisfy all the requirements and provide environmen-
tally friendly and energy-saving technologies that are a promising alternative to
traditional chemical processes.

Despite unique catalytic properties of soluble enzymes, such as 100% selectivity
and high reaction rates under very mild, usually ambient conditions, as well as
chemo-, regio-, and stereo-specificity, their industrial applications are limited due
to the main disadvantages, namely, homogeneous conditions of periodic processes
and inability to reuse enzymes that fall into wastewater. Immobilization of enzymes
on/in support may overcome this drawback. Immobilization is defined as the fixa-
tion of enzymatic active substances onto/inside water insoluble solid supports,
accompanied by retaining their enzymatic activity at a high level and their signifi-
cant stabilization (up to 10°~10° times). Immobilization prevents the inactivation of
enzymes and ensures their multifold reusability. The heterogeneous biocatalysts are
prepared by immobilizing the enzymatic active substances. These biocatalysts are
undoubtedly of great practical interest for widespread implementation in industrial
periodic and continuous bioconversion processes using batch stirred-tank, packed-
bed, and novel types of vortex reactors specially designed for the heterogeneous
diffusion-controlled biocatalytic processes in order to overcome diffusion limita-
tions and enhance biocatalysts’ productivity.

It is generally recognized that heterogeneous biocatalytic processes are more
commercially attractive for large-scale implementation than homogeneous technol-
ogies due to considerable simplification and reduction (in 1.2-1.4 times) of the total
production cost. Of course, the cost of the final product decreases with a decrease in
the cost of the enzymatic active component of the biocatalyst, as well as the support
and the method of immobilization. In order to reduce all expenses, both not purified
enzymes but partially or fully disrupted, or whole nongrowing microbial cells, as
well as inorganic support such as silica and carbon, and adsorptive immobilization
are preferable for preparing commercial biocatalysts.

For successful commercialization of the heterogeneous biocatalytic processes,
for example, the process of starch dextrin hydrolysis (saccharification), a biocata-
lyst has to convert 45% of the substrate during 15-20 min with the inactivation half-
time (t.,) of 30-120 days, which corresponds to 3-12 months operation of the
reactor without reloading. A high value of t,, (50-100 days) is essential to increase
productivity up to the recommended value from 100 kg to 10 tons of final product
per 1 kg of biocatalyst [3].

Heterogeneous biocatalysts for two important bioconversion processes are
briefly described here. One of the biocatalysts is glucoamylase immobilized by
adsorption on mesoporous carbon support Sibunit™ type. This glucoamylase-active
biocatalyst is used at the stage of starch saccharification, i.e., hydrolysis of dextrin
to treacle and glucose syrups. The second of the biocatalysts is recombinant T.
lanuginosus lipase immobilized on mesoporous silica KSK™ type and macroporous
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carbon aerogel. These lipase-active biocatalysts can effectively compete with tradi-
tional organic synthesis catalysts, and they are used in low-temperature processes
carried out in unconventional anhydrous media such as interesterification of vege-
table oils’ triglycerides with ethyl acetate for producing ethyl esters of fatty acids
(biodiesel and vitamin F) and esterification of fatty acids with aliphatic alcohols for
synthesis of various esters used as fragrances, odors, emollients, and nonionic
surfactants in food, perfume, and cosmetics industries.

2. Glucoamylase-active heterogeneous biocatalysts for starch dextrin

hydrolysis

The glucoamylases (glucan 1,4-alpha-glucosidases, EC 3.2.1.3) hydrolyze the
glycosidic bonds at the end of polymer (starch) or oligomer (dextrin) chains
releasing glucose. The main areas of industrial application of these enzymes are as
follows: (1) a large scale two-step hydrolysis of raw starch successively catalyzed by
a-amylase then glucoamylase, for production of sweeteners such as treacle and
glucose syrups used in food industry, and (2) large-scale processes of hydrolytic
conversion of starch to fermentable sugars as feedstocks for the production of some
commodity chemicals and the first-generation biofuel such as bioethanol. These
industrial processes are conducted on an enormous scale. Although the enzymes
involved are relatively inexpensive, they are used on a single-use, throw-away basis.
As mentioned above, immobilization of enzymes ensures enzyme recycling that can
provide significant saving in the cost of final products not less than 20%.

The glucoamylases are the main enzymes used in the key second stage of starch
conversion—hydrolysis of dextrin (saccharification), following the stage of
liquefication (dextrinization) of starch by amylases. It should be noted that the
immobilization of glucoamylase (not amylase) is justified and appropriate because
this enzyme converts relatively low molecular weight substrates such as dextrin (3-
5 kDa), and diffusion limitations can be overcome, in particular via design of
employed reactor. The development of heterogeneous biocatalysts with high
glucoamylase activity and operational stability is of great importance since they can
serve as the basis for modern technology for deep processing of renewable vegeta-
ble raw materials into demandable sweeteners.

Back in 1970s, Corning Glass Co. carried out the fist pilot plant tests of a packed-
bed reactor filled with a heterogeneous biocatalyst prepared by covalent immobili-
zation of glucoamylase on macroporous silica; the glucose productivity was 450 kg/
day. The main requirement for the commercial glucoamylase-active biocatalysts
was a sufficiently high operational stability at pasteurization temperature of 60°C or
higher. Inactivation half-times (ts,) of the tested Corning Glass biocatalyst were
520, 150, and 75 h at 55, 60, and 70°C, respectively [4]. The best result described
later in 2000 for a biocatalyst prepared by immobilization of glucoamylase on
polystyrene was that ti, = 300 h at 50°C [5]. The best result described in the recent
papers during 2008-2019 is that the glucoamylase immobilized by formation of
cross-linked enzyme aggregates (CLEA) has “excellent recyclability, retaining
over 45% of the relative activity after 24 runs” over a broad range of temperature
(55-75°C) [6]. According to the opinion of the specialists working on the R&D
projects of heterogeneous stage of saccharification the low thermal stability of the
immobilized glucoamylase at elevated temperature (above 50°C) was the main
reason why this process has not been commercialized so far.

Reputedly, the inexpensive and available carbonaceous materials with appropri-
ate texture parameters are promising supports for adsorptive immobilization of
enzymes, in particular of glucoamylase, for the preparing of commercially
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attractive heterogeneous biocatalysts. Sibunit™-type supports from a new class of
carbonaceous materials are porous carbon-carbon composites that combine the
advantages of both graphite such as chemical stability and electrical conductivity,
and active carbons in particular high specific surface area and adsorption capacity.
These supports are characterized by a high volume of mesopores and a narrow
controllable pore size distribution; some types have a large proportion of pores with
a size of 5-20 nm or a bidisperse meso- and macroporous structure suitable for
enzyme immobilization. Indeed, the sizes of globular molecules of most enzymes in
aqueous solutions are approximately 10 nm. And it can be argued that the specific
accessible surface area can be calculated using pore size distribution diagrams on
the assumption that pores with a diameter more than 10-15 nm are available for
immobilization of enzymes.

Textural parameters of the Sibunit support are as follows: total specific surface
area, S, per = 550 m’/g; total pore volume, Vs = 0.86 mL/g; and average pore
diameter, Djore = 18 nm as follows from pore size distribution diagram (Figure 1a).
Specific surface area accessible for enzyme immobilization was estimated to be
92 mzlg, that is 16% of Sg;, ggr. Surface of Sibunit formed by round coke deposits of
pyrolytic carbon looks rough and porous on the scanning electron microscopic
(SEM) images (Figure 1b).

The properties of the best glucoamylase-active biocatalyst (designated as
GlucoSib) prepared by physical adsorption of commercial enzyme preparation
GlucoLux™ type (produced by Sibbiopharm, Novosibirsk, Russia) on mesoporous
carbon support Sibunit™ are described in [7] and briefly here.

It was found that the porous texture of the carbon supports plays a key role in
stabilization of glucoamylase [7]. Predominant mesopores (10-20 nm in diameter)
of Sibunit and bulk catalytic filamentous carbon are appropriate in size to hydrated
enzyme molecules, whereas micropores of activated carbon (4 nm in diameter) are
too small. Exactly, mesopores provide multipoint binding enzyme molecules inside
the support and, as a result, ensure great stabilization of the activity. The thermal
stability of glucoamylase adsorbed on mesoporous carbon supports, measured in
dextrin solutions (32-53 w/v%) was found to be ~10° times higher than for soluble
enzyme [7].

Macrokinetics of dextrin hydrolysis by immobilized glucoamylase was investi-
gated. Internal diffusion of dextrin inside the porous space of the biocatalysts
toward adsorbed glucoamylase was found to be a rate-limiting stage of the sacchar-
ification process. Indeed, the rate of dextrin hydrolysis significantly reduced if the
granule size was larger than 1 mm; for example, from 400 to 180 U/g for 1.2- and 3-
mm granules, respectively [7]. The GlucoSib-type biocatalysts were prepared using
support granules with diameter less than 1 mm; for example, the activity of the
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Figure 1.

(a) Pore size distribution diagram and (b) SEM image of Sibunit surface.
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biocatalyst prepared by adsorption of glucoamylase on Sibunit granules of 0.2-
0.7 mm in size was determined to be maximal, 530 U/g.

In order to overcome external diffusion limitations, a novel type of reactor such
as immersed vortex reactor (IVR) was designed and tested in lab scale [7, 8]. The
reactor body was filled with biocatalyst granules and then was immersed in a
substrate solution and rotated. Substrate solution of dextrin was sucked through a
bottom hole upon the body rotation and then moved with various high speeds
through the biocatalyst bed toward side holes. Thus, a significant intensifying mass
transfer of a substrate toward immobilized enzymes and, as a result, overcoming
diffusion limitations was achieved by rotating the reactor body immersed in a
substrate solution. Another very important advantage of the vortex type of reactor
is an absence of stagnant zones and jet streams inside the bed of biocatalyst. To
prevent formation of stagnant zones, the profiled reactor body was designed
(Figure 2a). Since the profile of each half of the prefabricated reactor body was
made in accordance with hyperbolic equation, the annular cross-section area for a
substrate solution stream was equal to 2zR-2 and remained constant during circula-
tion of substrate solution under operation. During this movement, the liquid was
obviously affected by hydrodynamic, centrifugal, and inertial (Coriolis) forces,
which resulted in a vortex flow of the substrate solution. The centrifugal forces
were responsible for slight compression of the biocatalyst bed, narrowing channels
for liquid flowing between granules, which results in the additional increase of mass
transfer. Because of high mechanical strength of the Sibunit support, the granules
were not distorted during the operation. Thus, the formation of stagnant zones was
minimized.

A lab scale setup of the immersed vortex reactor filled by the glucoamylase-
active biocatalysts GlucoSib was studied in the heterogeneous process of starch
dextrin hydrolysis [7]. To elucidate optimal conditions for the IVR operation, the
effect of rotation rate of the IVR body on the activity was studied. The maximal
activity of GlucoSib, 700-750 U/g, was measured at body rotation of 300-900 rpm
(Figure 2b). At 1000-1200 rpm, the reaction rate decreased perhaps due to the
formation of a funnel in the rotating reaction medium, and special profiled device
was designed to remove this defect.

The stability of the glucoamylase-active biocatalysts determined during contin-
uous operation in saccharification heterogeneous stage was sufficiently high. Thus,
the half-life time (t,) exceeded 700 and 350 h at 50 and 60°C, respectively.

o

al 800 b|

Activity, U per g of biocatalyst

pow

Substrate

T T T T T T
200 400 600 800 1000 1200
Rotation speed of reactor body, rpm

Figure 2.

Lengthwise cut of IVR body (a) and glucoamylase activity of the biocatalyst depending on rotation rate of
reactor body (b). Photo of IVR body. Conditions of dextrin hydrolysis: 50°C, 0.05 M acetate buffer pH 4.6,
10 w/v% solution of potato dextrin as substrate.
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Comparing these data with the Corning’s results in [4], the t, of GlucoSib
biocatalysts was estimated to be higher, 350 h vs. 150 h at 60°C, respectively. Long-
term stability was sufficient also; the biocatalysts retained initial activity for

10 months upon storage at ambient temperature (18-22°C).

A technological scheme has been proposed and tested on a laboratory scale using
the GlucoSib biocatalyst and immersed vortex reactor IVR for production of starch
treacle and glucose syrups by heterogeneous dextrin hydrolysis. The advantages of
this technological scheme are as follows: (1) significant acceleration of dextrin
hydrolysis; (2) energy and resource saving in comparison with traditional starch
processing; (3) a high quality of the final products due to the lack of protein
impurities; and also, very importantly, (4) easily regulated carbohydrate composi-
tion of the treacle by simply stopping rotation of reactor body. It should be noted
that when comparing the efficiency of the process of dextrin hydrolysis in vortex
reactor with parameters of traditional packed-bed reactor the productivity of the
IVR was higher by 1.2-1.5 times. The productivity in a novel proposed technology
was calculated to be 5.3 tons of glucose per 1 kg of biocatalysts GlucoSib that is quite
commercially attractive.

2.1 Conclusion for the part 2

The highly active and stable heterogeneous biocatalysts for dextrin hydrolysis
were prepared by adsorption of glucoamylase on mesoporous carbon support
Sibunit™. Under technological conditions (32 w/v% dextrin, 60°C, pH 5), the
maximal activity was observed to be equal to 750 U/g, and inactivation half-life
time (ti,) was 350 h. The immersed vortex reactor designed specially for the bio-
catalytic diffusion-controlled heterogeneous processes was used to carry out starch
saccharification with enhanced productivity roughly estimated as 5 tons of glucose
per 1 kg of biocatalysts.

3. Lipase-active heterogeneous biocatalysts for vegetable oil and fatty
acid bioconversion

Heterogeneous lipase-active biocatalysts are of great importance due to remark-
able properties of their enzymatic active component, namely lipase (triacylglycerol
acyl hydrolase, EC 3.1.1.3.), that catalyzes a variety of reactions involving triglycer-
ides—hydrolysis, esterification (synthesis of esters), inter-(or trans-)esterification
(intra- and intermolecular exchange between fatty acids’ residues), alcoholysis, and
aminolysis [2, 9]. Nowadays, the main areas of industrial application of lipases and
lipase-active biocatalysts are as follows: (1) hydrolysis of oily and fat stains on
clothes by smart washing powders containing lipases as additives; (2) a large scale
process of interesterification of the oil-fat blend to produce valuable ingredients, in
particular for various spreads and margarine; (3) alcoholysis (methanolysis/
ethanolysis) of triglycerides of vegetable rapeseed and soybean oils, as well as waste
cooking and algal oils, into methyl/ethyl esters of fatty acids for production of
biodiesel as an additive to fuel for engines; and (4) esterification of organic acids
and synthesis of marketable valuable products including various esters of fatty
acids for food and cosmetic industries, as well as enantiomers for pharmaceutical
industry.

The most interesting and unique property of lipases is their ability to catalyze
reaction in anhydrous media of organic solvents with water content less than 1%.
Despite nonconventional conditions, these processes are characterized by high
efficiency such as 100% selectivity, high conversion, and yield of final product.
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One of the best results of oils’ methanolysis by commercial biocatalyst Novozym®
is that conversion of triglycerides into methyl esters of fatty acids (biodiesel) was
~99% for 50 h at 45°C [10]. In 2007, the first biocatalytic process of the biodiesel
production was implemented by methanolysis of edible oils’ waste with the pro-
ductivity of 10,000 tons; the biocatalyst was prepared by immobilization of lipase
from Candida sp. [11].

NOVO (NOVOZYMES) Company is a leader in the production and sale of
heterogeneous biocatalysts prepared by immobilizing the recombinant lipases on
various supports. The Lipozyme® TL IM biocatalyst is prepared by immobilization
of recombinant thermostable 1,3-specific T. lanuginosus lipase on silica. This biocat-
alyst is widely used in the industrial interesterification of fat-oil blends in order to
produce valuable products, such as specialized fats and spreads without undesirable
trans-isomers of fatty acids, as well as substitutes of cocoa butter and dairy fat. The
Novozym ®435 biocatalyst is prepared by immobilization of nonspecific Candida
antarctica lipase on a macroporous polyacrylic polymer. The commercial
Novozym® biocatalysts type are used in biodiesel production by methanolysis of
vegetable oil (rapeseed and soya been) and waste oils of cooking. Nowadays, the
NOVO biocatalysts are intensively studied for application in various processes,
including organic synthesis.

It is well-known that methanol and ethanol inactivate enzymes rapidly. There-
fore, in order to reduce the biocatalysts’ inactivation, methanol was added stepwise
in small portions during the reaction cycle of the biodiesel production. Another
acylating reagent—methyl or ethyl acetate—was examined to be used. It was found
that this reagent did not reduce the activity of the commercial biocatalyst
Novozym® even at a molar ratio of oil to methyl acetate equal to 1:12; and under
optimal operating conditions, the yield of methyl esters was equal to 96% and the
biocatalyst’s half-life time (t.,) increased 20-fold in comparison with tu, in reaction
with methanol [12]. Acyl derivatives of glycerol produced in interesterification of
vegetable oils with methyl or ethyl acetate are valuable commercial products also.
For example, mono- and triacyl glycerol are employed as fuel additives.
Triacylglycerol (triacetin) is widely used in the food industry due to its good
moisture-retaining properties. If the linseed oil is used in biocatalytic interesteri-
fication with ethyl acetate, the produced mixture of ethyl esters of w3-, w6-unsatu-
rated fatty acids (vitamin F) is a valuable product for cosmetics industry and fodder
additives production.

Nowadays, enzymatic esterification is considered as a competitive alternative to
the chemical organic synthesis of various esters that are valuable commercial prod-
ucts commonly used in manufacturing flavors, fragrances, emollients, lubricants,
antimicrobial agents, and nontoxic surfactants. The requirement of consumers for
such natural products is constantly increasing. Compared with organic synthesis
using strong liquid and solid acids as catalysts and temperature above 100°C (usu-
ally, 120-150°C), the enzymatic esterification is currently of great commercial
interest since this method of esters’ production proceeds efficiently at a low tem-
perature (usually, at 20-40°C) without the formation of any by-products and with
high specificity toward substrates. The heterogeneous lipase-active biocatalysts for
the low-temperature esters’ synthesis are prepared, as mentioned above, by
immobilizing lipases on solid supports by various chemical origins and texture.
These heterogeneous biocatalytic processes realized in periodic or continuous
modes in anhydrous reaction media fully satisfy the requirements of “green”
chemistry and they are promising for implementation into the organic synthesis
industry [2].

The authors and their collaborators have developed and researched systemati-
cally the heterogeneous biocatalysts in which the enzymatic active component was a
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recombinant T. lanuginosus lipase. These lipase-active biocatalysts were prepared
both by entrapment of fully disrupted cells (lysates) of recombinant strain-
producer rE.coli/lip inside silica xerogel and its nanocarbon-containing composites
[13, 14, 17] and by adsorption of T. lanuginosus lipase produced by recombinant
lipase on silica [15-18] and carbon aerogel [19]. These biocatalysts were studied in
the reactions of tributyrin hydrolysis [13, 19], interesterification of oil-fat blends
and vegetable oil triglycerides with ethyl acetate [13, 14], and esterification of fatty
acids [15-19]. The two biocatalysts prepared by adsorptive immobilization of
recombinant T. lanuginosus lipase are described briefly below.

3.1 Biocatalysts prepared by adsorption of recombinant lipase onto
mesoporous silica

The enzymatic active component of the developed heterogeneous lipase-active
biocatalysts was recombinant T. lanuginosus lipase (designated as rPichia/lip) that
was produced extracellular by the methylotrophic yeast Pichia pastoris X-33 strain
specially constructed by the following genetic engineering manipulations: (1)
chemical synthesis of the gene of a mature T. lanuginosus lipase taking into account
the nucleotide sequence found in the Protein Data Bank (PDB-database); (2) clon-
ing of the synthesized gene into a plasmid vector and production of the constructed
recombinant plasmid in E. coli cells; (3) transformation of competent P. pastoris
cells with the obtained plasmid and selection of recombinant yeast clones; and (4)
analysis of the selected clones for the ability to produce extracellular and secrete
recombinant T. lanuginosus lipase into the nutrient culture medium. Finally, condi-
tions for the cultivation and intensive growth of the rPichia/lip strain-producer
were optimized in order to increase the concentration of the secreted target
enzyme. The lab scale production of recombinant lipase was carried out in a 10-liter
BIOK gas-vortex bioreactor (ZAO Sayany, Russia); the lipase concentration in
nutrient media reached 2 g/L. Partial purification of recombinant lipase was carried
out by precipitation of the secreted rPichia/lip with ammonium sulfate (up to 75%
saturation) at 4°C for 16 h. The precipitates were dissolved in distilled water, and
further dialysis against a 25 mM acetate buffer pH 4.0 was carried out. The samples
of dialyzed and lyophilized rPichia/lip were used for the preparing lipase-active
biocatalysts.

Mesoporous silica (SiO,) of KSK™ type was used as a support for immobiliza-
tion of recombinant T. lanuginosus lipase; its textural parameters are as follows: the
specific surface area 157 m*/g; total pore volumes (Vy) 0.76 mL/g; average pore
diameters 19 nm; and porosity 58%. The lipase-active biocatalysts were prepared by
both “spontaneous” and “forcible” adsorption using rPichia/lip solutions at the
same concentration. Spontaneous adsorption was carried out while contacting sup-
port with lipase solution at a ratio of support weight to solution volume of 1:(3-10)
for 24-48 h. For such a long contact, adsorptive immobilization of lipase occurred
due to electrostatic and acid-base interactions of enzyme molecules with silica
surface. Forcible adsorption of lipase was carried out via moisture capacity impreg-
nation of mesoporous silica by lipase solution, followed by drying granules. When
biocatalyst was dried, enzyme molecules lost their hydrated shells and stuck to the
surface. In both cases, the amounts of adsorbed enzyme were close in magnitude
and equal to 4.2 and 5.4 mg/g for spontaneous and forcible adsorption, respectively.
It was found that under exactly the same reaction conditions of esterification and
synthesis of #-butyl heptanoate, the stationary activity of the spontaneously
adsorbed lipase was two-fold less than the activity of forcibly adsorbed enzyme, for
example, 2.4 vs. 5.0 U/g, respectively (recall that 1 U = 1 pmol/min). The method of
forcible adsorption was characterized not only by comparatively high enzymatic
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activity but also by simplicity of its implementation and economical enzyme con-
sumption. For example, a minimal volume of lipase solution used for spontaneous
adsorption on 1 g of silica was 3.0 mL, whereas for forcible adsorption, it was

0.8 mL equal to total pore volume (Vy) of SiO,. All results described here referred
to the lipase-active heterogeneous biocatalysts (designated as LipoSil) prepared by
forcible adsorption on silica of recombinant lipase, which were used predominantly
in esterification processes [15, 16, 18].

Biocatalytic processes of enzymatic esterification were performed at ambient
conditions (20 £ 2°C, 1 bar) in unconventional anhydrous media of organic solvents
such as hexane and diethyl ether. The saturated fatty acids differing in the number
of carbon atoms (C2-C10, C18), as well as aliphatic alcohols differing in the struc-
ture of the molecules, namely, the number of carbon atoms (C2-12, C16), the
isomerism of the carbon skeleton (%- and iso-) and OH-group position (prim-, sec-,
and tert-) were studied as substrates in esterification by LipoSil. There were some
peculiarities of operation of the preliminary dried lipase-active biocatalysts in
nonaqueous organic solvents. A considerable increase of the activity was observed
during the 1st-3rd reaction cycles. This phenomena, named preconditioning stage,
was due to the ongoing accumulation of formed product—water—in the vicinity of
the adsorbed lipase inside the silica-based biocatalyst, and this stage proceeded
faster and the higher than the activity of the biocatalyst. For example, if the biocat-
alytic activities were about 5 and 500 U/g, then the activation of the biocatalysts
(preconditioning) proceeded within 24 and 0.5 h, respectively. Calculation showed
that under studied conditions upon full conversion of fatty acid, maximal 0.1 mL of
water was formed inside for one reaction cycle. Since the total pore volume of silica
(0.8 mL/g) was multifold greater than the volume of the water formed, this amount
of H,0 was firmly held inside KSK™ silica commonly applied as a dehumidifier for
industrial gases. Therefore, during esterification, the favorable aqua microenviron-
ment was created for adsorbed lipase, and the activities of the dried biocatalysts
increased by 2-4 times. After preconditioning stage, the biocatalytic activity,
named stationary, was measured in batch reactor during several tens of reaction
cycles. Each reaction cycle was completed to the full conversion of acid, close to 85—
90%. Then, the reaction medium was removed by decantation and the biocatalysts
were washed by solvent for 20 h. The next reaction cycle was started by adding
fresh reaction medium containing substrates of lipase—acid S; and double molar
excess of alcohol S,. Stationary activity of the biocatalysts was fluctuated in magni-
tude during the consecutive reaction cycles of the periodic esterification process,
perhaps due to the presence of ester (product) residues inside the operating biocat-
alyst. As it can be seen in Figure 3, the operational stability of the prepared biocat-
alyst was sufficiently high; its stationary activity was retained completely after
38 cycles (~900 h) of esterification of various fatty acid. Also, the biocatalysts
possessed a high long-term stability; the activity was determined to be ~80% of
initial one after storage for 9 months in the solvent (hexane and diethyl ether) at
ambient temperature and in dried state in refrigerator.

Obviously, a very important property of heterogeneous biocatalysts is the high
operational stability, since the productivity calculated by multiplying average
activity by 2-ty, increases significantly. The esterifying activity of the prepared
lipase-active biocatalysts did not practically change during 500-1000 h of opera-
tion. Under studded conditions, the productivity was evaluated as ~2 tons of prod-
uct per 1 kg of LipoSil biocatalyst.

The study of the functional properties of enzymes after their immobilization,
such as activity, stability, and, importantly, specificity, is of great interest. Of
particular scientific and practical interest is the research of the possibility of modu-
lating these properties, by engineering heterogeneous biocatalysts, in particular, by
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Figure 3.

Operational stability of the lipase-active biocatalyst in periodic esterification of various fatty acids such as
butyric (C4:0), enanthic (C7:0), capric (C10:0), and stearic (C18:0) with n-butanol as a function of
engymatic activities depending on a number of veaction cycle. Conditions of esterification: 20 + 2°C, 0.25 M
acid, 0.50 M alcohol, hexane:diethyl ether = 1:1, content of biocatalyst in reaction medium 20.8 wt.%. The
amount of adsorbed lipase is 14.0 mg/g.

Alcohols
Acids c2 Cs [ ca | ¢ Cs | cio | ¢ | ciz | cie
c2 0.00 - — | o003 | ooz - - — | o002
ca 008 | 021 | 021 | 019 | 015 | 019 | 008 | 006 | 004
cs5 009 | 023 | 028 | 015 | 017 | 028 | 010 | 008 | 0.07
3 008 | 026 | 031 | 023 | 019 | 047 | 009 | 007 | 007
c7 054 | 098 | 100 | 088 | 08 | 081 | 072 | 053 | 047
co 027 | 064 | 054 | 052 | 056 | 050 | 028 | 024 | 0.19
cio 030 | 057 | 064 | 063 | 058 | 054 | 032 | 026 | 027
c18 039 | 057 | 078 | 061 | 057 - 039 | 034 | 039
Table 1.

Matrix of relative activities of the immobilized vecombinant T. lanuginosus lipase in veaction of esterification of
various pairs of substrates—satuvated fatty acids and aliphatic primary n-alcohols.

selecting the chemical nature of the supports [20, 21]. In our research, the specific-
ity of heterogeneous enzymatic esterification was determined by comparing the
reaction rates for various pairs of substrates—saturated fatty acids and aliphatic
primary #-alcohols—and the matrix of relative units of activities for the LipoSil
biocatalyst was composed (Table 1) [18].

The following conclusions can be drawn from the data presented in Table 1:
(1) the rate of esterification of acetic (C2) acid is very low; thus, it is practically
impossible to obtain acetate esters; (2) the rate of synthesis of ethyl ester (reaction
with ethanol C2) is 1.3-2 times lower than that in reactions with C3-C16 alcohols;
(3) the esterification of fatty acids with a number of carbon atoms more than six
(C6) occurs 2-5 times faster than that of low molecular weight fatty acids C4-C6;
and (4) the maximal observed rate is determined for esterification of enanthic (C7)
acid with C3-C8 alcohols. Also, one can see that the immobilized on silica recombi-
nant lipase is more sensitive to the molecular structure of saturated fatty acids than
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Figure 4.

Relative activities of the immobilized recombinant T. lanuginosus lipase in reaction of esterification of

(a) different saturated fatty acids with n-butanol, and (b) enanthic acid with diffevent alcohols. Conditions of
esterification: 20 £ 2°C, 0.25 M acid, 0.50 M alcohol, hexane:diethyl ether = 1:1, content of biocatalyst in
reaction medium 20.8 wt.% the amount of adsorbed lipase 14.0 mg/g.

that of aliphatic alcohols because the maximal differences in rates were ~6 times for
various acids (Figure 4a) and only ~2 times for alcohols (Figure 4b).

It was found that immobilized on silica rPichia/lip was not sensitive to isomer-
ism of alcohols’ molecule, and the rates of esterification of fatty acids with primary
n-C4,C5 alcohols were almost 10 4 4% lower than those with is0-C4,C5 alcohols
[18]. The most pronounced specificity was observed toward the position of OH-
group in alcohol molecules. The rates of esterification of fatty acids with secondary
alcohol (sec-propanol and sec-butanol) was two order of magnitude lower than those
with primary alcohols, for example, 0.36 U/g vs. 56.1 U/g for sec- and prim-
propanol, respectively [18]. The esterification of fatty acid with ternary alcohols
(tert-butanol) did not occur, and reaction rate was zero. Also, it was found that the
substrates (both acid and alcohol) with aromatic and cyclic restudies reacted with
very low rates [15, 19].

The kinetic parameters such as Michaelis constant (Ky) for acid and maximal
reaction rate (V,,,x) under studied conditions were determined in esterification of
enanthic (heptanoic, C7:0) acid with a double excess of z-butanol. The kinetic curve
as a function of the initial reaction rate from the initial fatty acid concentration lower
than 1.0 M was satisfactory approximated by the classic hyperbolic Michaelis equa-

tion, V = \Ii“h;ﬁgg, where V and V., are the initial observed and maximum reaction
rates, respectively, pmol/ L-s™%; Cy is the initial substrate concentration, mol/L; and
Ky is the Michaelis constant, mol/L. At a concentration of enanthic acid above 1.0 M,
the reaction rate decreased perhaps due to inactivation of enzyme by high concen-
tration of z#-butanol as described previously for esterification of capric acid with iso-
pentanol [17]. The values of Ky and Vy,, determined using Lineweaver-Burk linear
approximation and the regression of hyperbolic equation by soft Origin’ programs
were 0.22 & 0.05 mol/L and 66.7 & 4.0 pmol/L s ', respectively. A comparison with
data published earlier in [16, 17] showed that the Michaelis constant for enanthic
(C7) acid was ~3 times less than Ky for capric (C10) acid during esterification with
C4,CS aliphatic alcohols. This means, that the affinity of adsorbed recombinant
lipase toward enanthic acid is higher; thus, the maximum rate V,,,, will be achieved
at lower initial fatty acid concentrations, and it is important for practice.

3.2 Conclusion for the part 3.1

The catalytic properties of the lipase-active heterogeneous biocatalysts such as
enzymatic activity, stability, and substrates specificity were investigated in the
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esterification of various saturated fatty acids with aliphatic alcohols. These
biocatalysts were prepared by immobilizing recombinant T. lanuginosus lipase onto
mesoporous silica by impregnation method. Particular attention was paid to the
study of the substrate specificity of immobilized lipase. It was found that forcibly
adsorbed on silica T. lanuginosus lipase demonstrated broad substrate specificity.
Saturated fatty acids with a number of carbon atoms 6 or more (till 18) and alcohols
with a number of carbon atoms 3 or more (till 16) reacted with comparatively high
reaction rates. The reaction rates depended slightly on isomerism (7- and iso-) of
carbon skeleton of C4-C5 alcohols, whereas the rates depended strongly on the
position of OH-group, and secondary and ternary alcohols did not react with fatty
acids. Comparing the rates of esterification of various pairs of substrates using
primary alcohols, a matrix of relative biocatalytic activities was composed.
According to this matrix, the rates of synthesis of C4-C18 esters were sufficiently
high, while the rate of synthesis of acetate ester was very low. Under the same
reaction conditions, the maximal rate was observed in esterification of enanthic
(C7:0) acid with butanol. The classical Michaelis-Menten kinetics was inherent for
biocatalytic esterification of this acid with double molar excess of alcohol, and

the main kinetic parameter, Michaelis constant for acid, was determined to be
0.22.mol/L.

It is well known that, from a practical point of view, the stability of heteroge-
neous biocatalysts is a very important characteristic that determines the biocatalyst
productivity. The prepared lipase-active biocatalysts possessed considerably high
operational stability in a periodic batch process of low-temperature esters’ synthesis
carried out in unconventional anhydrous media of organic solvents (hexane and
diethyl ether). The enzymatic activity of the biocatalysts was completely retained
for several tens of reaction cycles.

It was concluded that due to the remarkable catalytic properties combined with
simplicity of immobilization method, the prepared lipase-active biocatalysts are
promising for practical use in organic synthesis including the production of
valuable esters.

3.3 Biocatalysts prepared by adsorption of lipase on carbon aerogel

Immobilization of recombinant T. lanuginosus lipase (SIGMA Co.) was carried
out by spontaneous adsorption onto macroporous carbon aerogel [19]. It should be
noted that carbon aerogels are a unique class of porous materials with a very low
density (less than 0.1 g/mL) and a porosity of up to 90-99%. These materials are
novel promising adsorbents for enzyme immobilization with great potential for
practical implementation. Macroporous carbon aerogel (MCA) for our research has
been produced by iz situ synthesis of multi-walled carbon nanotubes (CNTs) via
catalytic high-temperature decomposition of ethylene over the supported Fe:Co
catalyst. The carbon aerogel was obtained in the form of ball-shaped granules of
1-10 mm in diameter (Figure 5a).

The three-dimensional framework and rigid macrostructure of MCA were
formed by chaotic interlacing carbon nanotubes (Figure 6a). The number of walls
and the diameter of CNTs determined by high resolution transmission electron
microscopy (HRTEM) were equal to 12-14 and 15-25 nm respectively (Figure 6b).
The density of MCA was 0.06 g/mL. The texture parameters of carbon aerogel were
as follows: the specific surface area (Sggr) was 80-110 mz/g, total pore volume (Vy)
was 10-14 mL/g; macropores of 0.5-1 pm in diameter were predominant in texture;
and the volumes of meso- and micropores did not exceed 2% of V.

When studying adsorption of recombinant lipase on MCA, it was found that
adsorption graph contained two “plateaus” corresponding to adsorption of
~100 mg/g, or ~0.8 mg/m? of carbon aerogel for the 1st plateau, and 200 mg/g for
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Figure 5.
(a) Photo of granules of macroporous carbon aerogel and (b) photo of agglomeration of fine dispersed carbon
nanotubes (CNTs) under the influence of increasing concentration of tributyrin.

Figure 6.
(a) SEM image of the inside of the granules of macroporous carbon aerogel; (b) HRTEM image of carbon
nanotubes forming MCA.
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Figure 7.
Adsorption of recombinant lipase on macroporous cavbon aerogel depending on initial concentration of soluble
lipase. Conditions of adsorption: 20 & 2°C, 0.02 M Na-phosphate buffer pH 7.0, 24 h.

the 2nd plateau (Figure 7). Considering the molecular weight of the lipase,
~30,000 Da, we calculated the surface concentration of the adsorbed lipase,

2 x 10" molecules per 1 m?, and then the area occupied by one molecule of the
adsorbed lipase, ~500 nm?. The diameter of one adsorbed molecule of lipase was
estimated to be ~20 nm as confirmed by HRTEM images [19]. It is known from
literature [22] and PDB-database, that crystallographic size of the lipase molecule is
3.5 x 4.5 x 5.0 nm; in aqueous media, the diameters of hydrated molecules increase
twice. The T. lanuginosus lipase has the ability to be associated into dimers due to
hydrophobic interaction between hydrophobic lids and pockets of active site [23].
So, the first plateau corresponded to the formation of the 1st adsorptive layer that
was dense and uniform in distribution of the adsorbed lipase on the surface of MCA.
The second plateau can be attributed to the 2nd also dense adsorptive layer formed
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probably by further dimerization of lipase molecules. As it turned out, under stud-
ied conditions, the lipase adsorbed molecules formed two dense adsorptive layers;
the amount of lipase in each adsorptive layer was equal to ~100 mg per 1 g of MCA
(Figure 7).

It was found that 85-90% of the amount of adsorbed lipase was very firmly
attached to the surface of carbon aerogel and did not desorb [19]. Desorption was
investigated using various selective reagents in order to clarify mechanism of lipase
binding on carbon surface. For example, the amount of lipase desorbed using 1 M
sodium chloride did not exceed 2%; hence, electrostatic interactions were negligi-
ble. The most effective desorption, 10 + 2%, was observed using distilled water and
C2-C4 alcohols’ solutions; hence, weak Van der Waals interactions were predomi-
nant. The lipase was also efficiently desorbed by emulsifier (gum arabic) perhaps
due to breaking hydrophobic interactions. Thus, study on selective desorption
showed that the strong adsorption of T. lanuginosus lipase on carbon nanotubes
forming aerogel occurred exclusively due to hydrophobic-hydrophobic interactions.

Lipase-active biocatalysts prepared by adsorptive immobilization of recombi-
nant T. lanuginosus lipase on macroporous carbon aerogel were studied in the
periodic processes of bioconversion of triglycerides and fatty acids such as
tributyrin hydrolysis, interesterification of vegetable oil with ethyl acetate, and
esterification of saturated fatty acids (butyric C4:0, capric C10:0, and stearic C18:0)
with iso-pentanol.

The activity of the lipase-active biocatalysts and specific activity of adsorbed on
MCA lipase were measured in hydrolysis of emulsified tributyrin under conditions
when there were no diffusion limitations for mass transfer of the substrate from
reaction media toward the adsorbed lipase [19]. Note that specific activity of
adsorbed enzyme (in U/mg) is calculated by dividing the experimentally observed
activity of the biocatalyst (in U/g) by the amount of adsorbed enzyme (in mg/g).
The specific activities of the lipase adsorbed both on MCA granules and nonporous
fine powders of carbon nanotubes were compared with each other; the values were
found to be 160 and 12 U/mg, respectively. This significant difference was due to
the relative rigidity of ball-shaped aerogel granules that prevented agglomeration of
carbon nanotubes in “oil-in-water” triglyceride emulsion as presented in Figure 5b.
Since water-immiscible hydrophobic triglyceride molecules were adsorbed effi-
ciently on hydrophobic carbon nanotubes, with increasing tributyrin concentration,
agglomerates of round shape containing this substrate were formed from CNTs
(Figure 5b). As a result, the required hydrolysis water is displaced from the vicinity
of adsorbed lipase and its specific activity fell down as mentioned above.

The maximal hydrolytic specific activity of the adsorbed T. lanuginosus lipase
was measured to be 700 U/mg (vs. 14,000 U/mg for soluble lipase), i.e., activity
significantly decreased upon adsorption of lipase on MCA. Another reason
discussed below may be probably incorrect orientation of adsorbed lipase on a
highly hydrophobic carbon surface of CNTs.

The results of study on dependence of the specific activity of adsorbed lipase on
the adsorption value are presented in Figure 8a. Initially, when adsorption of the
lipase was small, the observed activities were extremely low. The specific activity
increased dramatically and reached maximal values, >700 U/mg, in a region close to
the formation of the 1st protein dense layer at adsorption of 100-110 mg/g
(Figure 8a). Then, the specific activity fell down as adsorption increased
(Figure 8a). As a result, maximal hydrolytic activity of the biocatalysts, 75,000 U/
g, was observed at the adsorption corresponding to the formation of the 1st protein
layer. The activity of the biocatalyst with the double adsorptive layer was found to
be 1.6-fold lower, 47,000 U/g. In order to explain maximum on the curve in
Figure 8a, we proposed that the adsorbed lipase can be oriented differently on the
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Figure 8.

Specific hydrolytic activity of lipase adsorbed on carbon aerogel depending on adsorption. Conditions of
hydrolysis: 20 + 2°C, 0.02 M Na-phosphate buffer pH 7.0, 0.02 M tributyrin, 1.0 M glycerol, 0.6% gum
arabic, content of biocatalyst in reaction medium 3.3 wt.%.

surface of carbon nanotubes, namely correctly and incorrectly (Figure 8b). The
incorrect orientation (No. 1 in Figure 8b) with blocking the active site by the
surface was realized more likely in the incompact 1st adsorptive layer; in this case,
the observed lipase activity had a minimum value. The correct orientation (No. 3 in
Figure 8b) may be realized in the dense 1st adsorptive layer, so the formation of
active enzyme-substrate complex occurred; and in this case, the observed lipase
activity had a maximum value. A further decrease in specific activities after the
formation of the 1st adsorptive layer was due to covering the active lipase by the
molecules in subsequent 2nd adsorptive layer (scheme in Figure 7) and possible
partially correct orientation (No. 2 in Figure 8b). The obtained data suggest that the
main reasons for a loss of enzymatic activity upon adsorption of the lipase on
hydrophobic carbon aerogel are as follows: (1) incorrect orientation of enzyme
molecule on the carbon surface and blockage of the active site, as well as possible
deformation of enzyme molecule; and (2) dehydration of the biocatalysts due to
removal of essential water from the vicinity of adsorbed lipase via efficient adsorp-
tion of hydrophobic triglycerides.

It has been found that activity and stability of the prepared lipase-active hetero-
geneous biocatalysts depended strongly on the type of enzymatic reaction
performed either in aqueous reaction media (hydrolysis) or in nonaqueous media
(interesterification and esterification). The stability of the biocatalysts was quite
low when triglycerides participated in reactions as lipase substrates. For example,
the biocatalysts lost ~90% of initial activity during six reaction cycles of tributyrin
hydrolysis [19]. Another example, the stability of adsorbed on MCA rPichia/lip was
determined during interesterification of linseed oil with ethyl acetate in order to
produce the valuable product, vitamin F—ethyl esters of -3 fatty acids. The con-
version of triglycerides was 87 and 66% in the 1st and 3-5th reaction cycles, respec-
tively, and then biocatalysts inactivated due to rapid dehydration.

As mentioned above, esterification of acid with alcohols was accompanied by the
formation of water and the corresponding ester, and, as a result, accumulation of
essential water molecules inside biocatalysts in the vicinity of the adsorbed lipase
occurred. So, the stability of the prepared biocatalysts was much higher in esterifi-
cation than in hydrolysis and interesterification. And the biocatalysts operated
during esterification without a loss of activity for more than several hundred hours
in the nonaqueous media of anhydrous organic solvents. As seen in Figure 9, the
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Figure 9.

Operational stability of the biocatalyst in periodic esterification of various fatty acids such as butyric (C4),
capric (C10), and stearic (C18) with iso-pentanol as a function of the acid conversion depending on a number
of reaction cycle. Conditions of esterification: 40°C, 0.10 M acid, 0.40 M alcohol, hexane:diethyl ether = 1:2,
agitation 70 rpm, content of biocatalyst in veaction medium 3.3 wt.%. The amount of adsorbed lipase is
206.0mgg .

esterification activity of dried biocatalysts sharply increased during the 1st reaction
cycle; a pre-conditioning stage was observed as described above. The esterified
activity depended on the structure of fatty acid, namely of a number of carbon
atoms in molecule. Similar to LipoSil biocatalysts described above, the rate of
esterification of butyric C4 acid was the lowest compared to capric (C10:0) and
stearic (C18:0) acids (Figure 9). In the process of the synthesis of iso-pentyl
caprinate in binary (hexane and diethyl ether) solvent at 40°C, the prepared
biocatalysts demonstrated high operational stability and operated without losing
activity for a few hundred hours [19].

3.4 Conclusion for the part 3.2

Macroporous carbon aerogel (MCA) obtained by in situ catalytic synthesis of the
carbon nanotubes was studied as the efficient promising support for adsorptive
immobilization of enzymes, in particular recombinant T. lanuginosus lipase, due to
the rigid 3D-framework of granules and high adsorption ability of MCA. Heteroge-
neous lipase-active biocatalysts were prepared by adsorption of the enzyme on
carbon nanotube (CNT)-forming aerogel, and the processes of bioconversion of
substrates into valuable products were organized in periodic regimes under mild
ambient conditions.

Recombinant T. lanuginosus lipase was adsorbed on macroporous carbon aerogel
very firmly exclusively due to hydrophobic interactions between enzyme and car-
bon nanotubes. Two dense adsorptive layers were formed by lipase molecules; the
amount of the lipase in each layer was nearly 100 mg/g.

Activity and stability of the prepared biocatalysts strongly depended on the type
of reaction media, namely aqueous or nonaqueous. In the hydrolysis of triglycerides
(aqueous reaction medium), the specific activity of the T. lanuginosus lipase signif-
icantly (in 20 times) decreased upon adsorption on MCA, because orientation of
adsorbed lipase on the carbon surface was probably incorrect. The maximal activity
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of the biocatalyst, 75,000 U g ', was measured at the adsorption corresponding to
the formation of the 1st dense adsorptive layer. The activity and stability of the
prepared biocatalysts decreased during the periodic process of tributyrin hydrolysis
because a displacement of essential water via efficient adsorption of triglyceride on
CNTs occurred, which was followed by progressive dehydration of biocatalysts.

In esterification of fatty acids with alcohol (nonaqueous reaction media),
hydrophobic MCA did not prevent the accumulation of the produced essential
water in the vicinity of adsorbed lipase. The lipase-active biocatalysts possessed
high stability in the synthesis of esters of fatty acids with iso-pentanol and operated
for a few hundred hours under mild condition of the synthesis of iso-pentyl
caprinate in binary (hexane and diethyl ether) solvent at 40°C.

As a general conclusion based on all results of adsorption/desorption and activ-
ity/stability, we can convincingly note that texture and chemical nature of supports
such as mesoporous silica and macroporous carbon aerogel greatly affect the bio-
catalytic properties of the adsorbed recombinant T. lanuginosus lipase. This influ-
ence was due to not only hydrophilic-hydrophobic properties of the adsorbents but
also specific molecular features of lipase and peculiarities of biocatalysis carried out
in aqueous and nonaqueous reaction media. The main reason of inactivation of the
prepared biocatalysts during bioconversion of hydrophobic triglycerides, such as
hydrolysis and interesterification, was their dehydration. The accumulation of
essential water inside the lipase-active biocatalysts during esterification prevented
their inactivation. Analyzing our own and literature data, it was concluded that due
to the prominent catalytic properties, such as enzymatic activity and operational
stability, in combination with simplicity of the immobilization method, the
biocatalysts prepared by adsorption of recombinant lipase onto mesoporous silica
and macroporous carbon aerogel are promising for practical implementation for
reactions of organic synthesis, in particular for production of fatty acids’ esters.
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Chapter2

Potential of Biocatalysis in
Pharmaceuticals

Snehi Soy, Riddhi Prabha and Vinod Kumar Nigam

Abstract

Biocatalysis has been continuously evolving as an essential tool which is playing
a significant role in the industrial synthesis of chemicals, active pharmaceuticals,
pharmaceutical intermediates, etc. where the high-yielding chemo-, regio-, and
enantioselective reactions are needed. Despite its vital importance, industrial
biocatalysis is facing certain limitations such as operational stability, economic
viability, efficient recovery, and reusability. The limitations mentioned can be
overcome by the isolation of specific enzyme producers from extreme environ-
ment by protein engineering, bioinformatics, and recombinant DNA technologies.
Recently, chemoenzymatic pathway and biological cascade reactions have also
been developed and designed to perform the synthesis of pharmaceuticals. In
this chapter, we compile the broad applications of biocatalysts in the synthesis of
pharmaceuticals.

Keywords: biocatalysis, biocatalyst, enantiomers, pharmaceuticals, substrate

specificity, stability

1. Introduction

Biocatalysis is appropriately defined as the enzyme-based applications for the
transformation of molecular substrate into several natural as well as synthetic
chemicals [1, 2]. The enzymes used in the process are in the form of cell lysate,
whole cells, or purified enzyme and are prepared either as recombinant expressed
proteins in different host cells or expressed in their native cells itself [3]. The key
players of biocatalysis are biocatalysts or enzymes that have been divided into six
classes by the IUPAC nomenclature system based on the reactions they catalyze [4],
as shown in Table 1.

Enzymes as biocatalysts are incredibly proficient and are always preferred to
conventional chemical processes. It is due to the fact that enzyme-based biocatalysis
has distinct advantages over chemical reactions such as (1) significant specificity
towards catalyzed reactions and recognized substrates, (2) simplified synthetic
route, (3) high yields with exceptional regio-, chemo-, and stereoselectivities,

(4) minimum energy requirements, and (5) generation of less by-products and
wastes [5-8]. Another preferred advantage includes whole bioprocess and bulk
operations being carried out under mild conditions at elevated rates and with
extreme specificity and with minimum environmental and physiological toxicity,
thus making them an ideal candidate in the development and improvement of
sustainable chemical processes [9-12].
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Enzyme class IUPAC Catalyzed reactions Important subclasses
code
Hydrolases EC3 Hydrolytic reactions and their Esterases, glycosidases, lipases,
reversal proteases, peptidases, amidases
Oxidoreductases EC1 Redox reactions Dehydrogenases, oxidases,
oxygenases, peroxidases,
reductases
Transferases EC2 Functional group C;-transferases,
transformation, addition/ glycosyltransferases,
elimination involving C-C, aminotransferases,
C-N, and C-C bond formation phosphotransferases
or breakage
Lyases EC4 Elimination reactions Aldolases, decarboxylases,
dehydratase, few pectinases
Isomerases EC5 Molecular isomerizations Epimerases, racemases
intramolecular transferases
Ligases/synthetases ECé6 Formation of a covalent bond C-C, C-N, C-O, C-S ligases
joining two molecules together,
coupled to hydrolysis of an ATP
or analog
Table 1.

IUPAC classification of enzymes based on reactions they catalyze.

However, despite holding tremendous potential, biocatalysis has an inevitable
pitfall associated with it when extreme conditions of industrial processes are to be
considered. An efficient biocatalyst needs to be compatible enough with specific
properties such as thermostability, catalytic ability, substrate specificity, and opera-
tional stability in turbulent flow regimes, toxic, hazardous solvents, and substrate
inhibition [13-21].

Thus, there is a need for the identification and production of stable biocatalysts
with broad industrial applicability by exploring and screening novel microbes or
identification of new genes with desired properties through the analysis of genes
responsible for enzyme production and stability. Further enhancement of the enzyme
properties can be done by applying protein engineering tools such as molecular dock-
ing, directed evolution, molecular modeling, and process engineering [22-25].

2. Scenario of biocatalysis in pharmaceuticals industries and its
pertinent applications

In 1992, Roger Sheldon estimated environmental impact factor (E factor) (kg
waste/kg product) for several chemical industries, and an E factor of 25->100 was
noted in the pharmaceutical industries [26]. Thus, to reduce the harmful impact of
pharmaceutical manufacturing processes and making it more sustainable, “green
chemistry” has been increasingly adopted. An efficient biocatalytic process encom-
passes the “12 principles of green chemistry” to an extent which give it an edge over
other technologies [27], as shown in Figure 1.

In Europe, a project CHEM21 was launched by the collaboration of both govern-
ment and industries for the implementation of green technology in the chemical and
pharmaceutical sectors [28-30]. The project was launched because of the replace-
ment of biocatalysis over chemical in the synthesis of pharmaceuticals involving
several redox reactions, chiral amine synthesis, and regio- and stereospecific
hydroxylation of abundant compounds [18, 28, 31]. Since then biocatalysis has been
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Figure 1.
Schematic representation of biocatalysis benefits embracing the principles of green chemistry.

profitably used for the production of pharmaceutically active chemicals and several
blockbuster drugs at the industrial level and some of which are mentioned below:

25

* Sitagliptin—Sitagliptin, an antidiabetic compound, was successfully produced

via biocatalytic approach. It finds application in the treatment of type II diabe-
tes and is sold under the trade name “Januvia” by Merck [32, 33]. This work was
accomplished by engineering R-selective transaminase (R-ATA, ATA-117) from
Arthrobacter species by researchers at Codexis and Merck. The drug produced
was having 99.95% enantiopurity even in the presence of 1 M i-PrNH, with 50%
DMSO and at a temperature >40°C [33]. Conventionally, it was prepared using
rhodium, a heavy metal as a catalyst. However, on comparing both processes,
the biocatalytic method showed a massive reduction in waste as well as the use
of heavy metal. Besides this, the overall yield and productivity were increased
by 10 and 53% [34]. The R- and S-selective ATA was also used in the production
of a variety of drugs such as niraparib and the production of an antagonist of
orexin receptor with the formation of inhibitor of JAK kinase pathway [35-38].

Boceprevir—This is a product of chiral amine synthesis and is marketed by
Merck under trade name Victrelis. It is used for the treatment of chronic
hepatitis C infections. In the production process, monoamine oxidase (MAO)
from fungus Aspergillus niger was used for the asymmetrical amine oxidation
of bicyclic proline intermediate [39]. The biocatalytic process increased yield
by 150%, with an overall reduction in raw materials and side products as waste.
At present, engineered monoamine oxidase (MAO) is also used in the produc-
tion of another hepatitis C drug, telaprevir [34, 40], and various other syn-
thetic drugs such as solifenacin, levocetirizine along with few natural alkaloid
products (confine, harmicine, elegance, and leptaflorine).

Montelukast—Montelukast or Singulair (trade name) is an anti-asthmatic drug
marketed by Merck [41]. The engineered keto-reductase (KRED) was used for
the production of montelukast, which displayed significant enantioselectivity
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(99.9%) and was stable in 70% organic solvent and temperature of 45°C [24].
The biocatalytic method was advantageous in the sense that it omitted the use
of hazardous chemical catalyst chlorodiisopinocampheylborane (DIP-CI),
which was conventionally used. Several other drugs such as atorvastatin,
crizotinib, duloxetine, and phenylephrine were also developed by biocatalytic
process using KRED from bacterium Lactobacillus kefir [29].

* Atorvastatin—It comes from the statin family and is marketed under the trade

name Lipitor by Pfizer. This drug reduces cholesterol levels by inhibiting the
synthesis of cholesterol in the liver [42]. Atorvastatin production is also carried
out by employing KRED for the production of hydroxy nitrile, an important
intermediate. It is a multienzyme process involving glucose dehydrogenase
(GDH), KRED, and halohydrindehalogenase (HHDH). Thus, the process is
environmentally as well as economically feasible.

* Pregabalin—Pregabalin, a lipophilic GABA (y-aminobutyric acid) analog, finds

use in the treatment of various central nervous system ailments including neu-
ropathic pain, fibromyalgia, epilepsy, and anxiety [43, 44]. Its production was
carried out by biocatalytic conversion of rac-2-carboxyethyl-3-cyano-5-meth-
ylhexanoic acid ethyl ester to 2-carboxyethyl-3-cyano-5-methylhexanoic acid
using lipolase. A heat-promoted decarboxylation of 2-carboxyethyl-3-cyano-
5-methylhexanoic acid yielded (S)-3-cyano-5-methylhexanoic acid ethyl

ester, which is a principal known precursor of pregabalin [45]. The mentioned
chemoenzymatic synthesis route not only produced increased yields of prega-
balin (40-45%) but also eliminated wastes and usage of organic solvent.

* 7-ACA (7-aminocephalosporic acid)—Cephalosporin has been extensively

used as semisynthetic antibiotics; it acts on bacterial cell wall (peptidoglycan)
synthesis. 7-Aminocephalosporanic acid (7-ACA), the critical intermediate or
precursor for the production cephalosporins, is biocatalytically produced by

Biocatalysts Microbial sources Pharmaceutical References
compounds
Lipase B Candida antarctica Reboxetine [49]
Carbonyl reductase Yarrowia lipolytica Statins [50]
(YICR2)
Oxidase P, simplicissimum Pinoresinol [51]
Acyltransferase (LovD) Whole-cell Escherichia coli strain Simvastatin [52, 53]
overexpressing LovD
Engineered — Armodafinil [54]
cyclohexanone
monooxygenase
(+)-y-lactamases Bradyrhigobium japonicum Carbovir, abacavir, [5, 55]
USDA 6 melogliptin
Immobilized lipase Thermomyces lanuginosus Rasagiline mesylate [56]
(active ingredient of
AZILECT®)
Expressing tyrosine Erwinia herbicola cells L-DOPA [57]
phenollyase
E. coli cells expressing Caldicellulosiruptor saccharolyticus Lactulose [58]

cellobiose 2-epimerase

Table 2.
List of biocatalysts and their microbial source employed for the synthesis of pharmaceutical drugs.
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enzymatic deacylation of cephalosporin-C (CPC). A two-step enzymatic pro-
cess utilizes D-amino acid oxidase (DAAO) and 7-p-(4-carboxybutanamido)-
cephalosporanic acid acylase (GLA) for two consecutive reactions. Also, a
single-step conversion from CPC to 7-ACA has been reported [46]. It has been
successfully applied for the conversion of CPC to 7-ACA at industrial level
[47]. Similarly, 6-aminopencillanic acid has been reported for the synthesis of
semisynthetic penicillins using penicillin acylase [48].

Some other noteworthy examples and recent progress being made in pharma-
ceutical synthesis using enzymes from various sources are represented in Table 2.

3. Conclusion

Biocatalysis has made a remarkable journey so far and has been successfully
applied for the numerous biotransformation processes in several industries. It
has benefitted nearly all sectors, particularly chemical and pharmaceuticals. The
flourishing development of economically viable and sustainable chemoenzymatic
processes highly depends on the broader availability and applicability of enzymes
with robust performance irrespective of extreme conditions. Recent surveys have
shown that most of the biocatalysts are being used in the synthesis of pharmaceu-
ticals or drugs or intermediates replacing some of the chemical processes, but their
stability, selectivity, and specificity are of prime concern.

4. Future prospects
Based on the literature available on the role of biocatalysts in the drug/phar-

maceutical synthesis, biocatalysts with improved desired characteristics can be
achieved by a multifaceted approach, as shown in Figure 2.

Genome
‘mining

Metagenonics

Protein Engineering & Bioinformatics
Process Engineering *Site directed mutagenesis
*Bioreacior design *Homologymodeling
sProduction process conditions optimization *Molecular docking
*Novel immobilization techniques *Directed evelution

Figure 2.
Schematic vepresentation of improving the operational stability of biocatalyst and enhancing its performance.
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Several tools and techniques represented above will enhance the biocatalytic
stability, activity, enzyme-substrate affinity, and thermostability and will lead to
higher yield. Also, the incorporation of artificial metabolic pathways, cell factory
design, and nanotechnology approaches will further aid towards a suitable biocata-
lytic process. It will also ensure the quality and productivity of the drugs manufac-
tured by optimizing safe process development. Thus, we envision that biocatalysis
will be a more radical approach that is going to feat the arena of pharmaceutical
manufacturing as well as other sectors such as bioenergy and waste treatment that
are far more challenging at present.
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Chapter 3

Hydrolase-Catalyzed Promiscuous
Reactions and Applications in
Organic Synthesis

Yun Wang and Na Wang

Abstract

The potential of biocatalysis becomes increasingly recognized as an efficient and
green tool for modern organic synthesis. Biocatalytic promiscuity, a new frontier
extended the use of enzymes in organic synthesis, has attracted much attention and
expanded rapidly in the past decade. It focuses on the enzyme catalytic activities
with unnatural substrates and alternative chemical transformations. Exploiting
enzyme catalytic unconventional reactions might lead to improvements in existing
catalysts and provide novel synthesis pathways that are currently not available.
Among these enzymes, hydrolase (such as lipase, protease, acylase) undoubtedly
has received special attention since they display remarkable activities for some
unexpected reactions such as aldol reaction and other novel carbon-carbon and
carbon-heteroatom bond-forming reactions. This chapter introduces the recent
progress in hydrolase catalytic unconventional reactions and application in organic
synthesis. Some important examples of hydrolase catalytic unconventional reac-
tions in addition reactions are reviewed, highlighting the catalytic promiscuity of
hydrolases focuses on aldol reaction, Michael addition, and multicomponent
reactions.

Keywords: enzyme, biocatalysis, promiscuity, hydrolases, lipase, aldol reactions,
Michael addition, multicomponent reactions

1. Introduction

Biocatalysis is the application of enzymes for chemical transformations of
organic compounds. Enzymes as biocatalysts have many advantages [1-3]:
(1) enzymes are very efficient catalysts. Typically the rates of enzyme-mediated
processes are accelerated, compared to those of the corresponding nonenzymatic
reaction, by a factor of 10°~10'°. The acceleration may even exceed a value of 10™2,
which is far above the values that chemical catalysts are capable of achieving;
(2) enzymes are environmentally acceptable. Unlike heavy metals, for instance,
biocatalysts are completely degraded in the environment; (3) enzymes act under
mild conditions. Enzymes act in a temperature range of 20-40°C, under neutral
aqueous, and in the absence of substrate functional group protection. This mini-
mizes problems of undesired side reactions such as decomposition, isomerization,
racemization, and rearrangement, which often plague traditional methodology;
(4) enzymes display high chemoselectivity, regioselectivity, and enantioselectivity.
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As a result, reactions that generally tend to be “cleaner” and laborious can largely be
omitted; and (5) enzymes can catalyze a broad spectrum of reactions. There is an
enzyme-catalyzed process equivalent to almost every type of organic reaction, such
as oxidation, hydrolysis, addition, halogenation, alkylation, and isomerization. In
addition, many enzymes accept unnatural substrates, and genetic engineering can
further alter their stability, broaden their substrate specificity, and increase their
specific activity. Thus, the application of enzymes in synthesis thus represents a
remarkable opportunity for the development of industrial chemical and pharma-
ceutical processes [4-7].

Although it is well known that a given enzyme is able to catalyze a specific
reaction efficiently, some unexpected experimental results have indicated that
many enzymes have catalytic promiscuity [8-12]. Enzyme promiscuity is classified
into three categories: (a) condition promiscuity, which is an enzyme’s ability to
work under unexpected condition; (b) substrate promiscuity, which is an enzyme’s
ability to work with unexpected substrates; and (c) catalytic promiscuity, which is
an enzyme’s ability to catalyze unexpected reactions. Among them, catalytic pro-
miscuity has gained much attention as it opens a wide scope for the industrial
application of enzymes.

During the past decade, biocatalytic promiscuity, as a new frontier extending the
use of enzymes in organic synthesis, has received considerable attention and
expanded rapidly. A classic example of promiscuous enzymatic behavior is pyru-
vate decarboxylase, which not only decarboxylates pyruvate but also links acetal-
dehyde and benzaldehyde to form R-phenylacetylcarbinol. The use of pyruvate
decarboxylase to form carbon-carbon bonds, which does not occur in the natural
reaction, was first studied in 1921 and was applied in industry today [13]. As one of
the most rapidly growing areas in enzymology, multifunctional biocatalytic reac-
tions not only highlights the existing catalysts but may provide novel and practical
synthetic pathways which are not currently available. Miao et al. reviewed enzyme
promiscuity for carbon-carbon bond-forming reactions like aldol couplings,
Michael(-type) additions, Mannich reactions, Henry reactions, and Knoevenagel
condensations [14]. Gotor-Fernandez et al. also highlighted the hydrolase-catalyzed
reactions for nonconventional transformations in the same year [15].

Hydrolases (such as lipase, protease, acylase) have received extensive attention
as biocatalysts for a long time due to their many attractive properties like stability in

Figure 1.

Hydrolase-catalyzed promiscuous reactions.
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organic solvents, not requiring cofactors, broad substrate tolerance, commercial
availability, and high chemo-, regio-, and stereoselectivity. Hydrolases have dem-
onstrated a great versatility in hydrolysis, transesterification, aminolysis reactions,
etc. Some hydrolase-catalyzed promiscuous reactions have been done in the last
decades (Figure 1). These research and other relevant reports encouraged us to
believe that the catalytic activities for unconventional reactions rather than the
well-known hydrolytic function may also have a natural role in hydrolase evolution.

The aim of the present chapter is to give a brief overview of the hydrolase-
catalyzed C=C and C=N reactions and present some of the most recent applica-
tions in different fields for recent decade. The main work in our group will be
disclosed, highlighting the catalytic properties of hydrolases to catalyze not only
single processes but also multicomponent and tandem reactions. Consequently, the
promiscuous hydrolase-catalyzed reactions are outlined with focus on Michael
addition, aldol reaction, Mannich reaction, Biginelli reaction, etc.

2. Michael addition

Michael addition is a 1,4-addition of a nucleophile to «,f-unsaturated com-
pounds, and it is one of the most fundamental and important reactions for the
formation of carbon-carbon bonds and carbon-heteroatom bonds in organic syn-
thesis. Michael addition reactions are traditionally catalyzed under strong basic or
acidic conditions, which can cause unwanted side reactions such as further conden-
sation or polymerization of a,B-unsaturated compounds. Thus, biocatalysis can
afford a green and facile method for organic synthesis. Among different
biocatalysts, hydrolases such as protease and lipase have been widely used as a
green and efficient catalyst for Michael addition.

2.1 Carbon-heteroatom bond formation Michael addition

Michael addition is the early promiscuous reaction catalyzed by hydrolase. In
1986, Kitazume et al. reported the hydrolytic enzyme-catalyzed stereospecific
Michael addition reactions in buffer solution (pH = 8.0) at 40-41°C (Figure 2) [16].
This discovery overthrows the long erroneous concept of enzymology that “bioca-
talysis must be carried out in aqueous solution,” making many organic reactions
that cannot be carried out in water be completed in organic solvents and greatly
expanding the application scope of enzymes as catalysts. Moreover, enzymes are
frequently more stable in organic solvents than in water. Thus, some research
groups began to focus on enzyme-catalyzed Michael addition reactions in organic
solvents.

Lin and Gotor et al. firstly reported the hydrolase-catalyzed Michael addition of
imidazole with acrylates catalyzed by alkaline protease from Bacillus subtilis in
organic solvent in 2004 [17, 18]. Subsequently, other hydrolase-catalyzed Michael
addition reactions were reported. In 2010, Bhanage et al. developed an efficient
protocol for the regioselective aza-Michael addition of amines with acrylates using

CF, CF3;

Hydrolase
H —— """ N
/I\COOH + NuH u\/£=\COOH

Nu-H = HOH, PhNH,, EtOH, Et,NH, PhSH, PhOH

Figure 2.
The first hydrolase-catalyzed Michael addition in buffer.

35



Molecular Biotechnology

Candida antarctica lipase B (CALB) as a biocatalyst at 60°C (Figure 3) [19]. The
universality of the reaction, including the reactions of various primary and second-
ary amines with different acrylates, was also studied. Higher yields were obtained.

Gotor et al. have explored new synthetic possibilities of commercially available
protease from Bacillus licheniformis immobilized as cross-linked enzyme aggregates
(Alcalase-CLEA) in 2011, since the CLEA immobilization improves the stability of
the protein toward denaturalization by heating, organic solvents, and
autoproteolysis [20]. Alcalase-CLEA has achieved the best results in the aza-
Michael addition of secondary amines to acrylonitrile (Figure 4). In all cases the
formations of the corresponding Michael adduct were faster than in the absence of
biocatalyst, but also in comparison with the inhibited enzyme, the reaction rates
being highly dependent of the amine structure.

In 2012, Baldessari et al. firstly reported the synthesis of N-substituted p-amino
esters by application of Rhizomucor miehei lipase in aza-Michael addition of mono-
and bifunctional amines to a,p-unsaturated esters [21]. The authors selected ethyl
acrylate and propyl acrylate as the Michael acceptors and different alkylamines,
alkanolamines, and diamines as the Michael donors (Figure 5). The reactions were
carried out in low-polarity solvents (hexane, toluene, and diisopropyl ether (DIPE))
at 30°C for 16 h with yields from 12 to 100%. Subsequently, the authors investigated
the effect of the reaction conditions on the Michael addition systematically, such as
commercially available enzyme sources, organic solvents, and the structure of the
Michael acceptor and donor. The results showed that the alkanolamines in n-hexane
were not selective and double Michael adducts could be obtained. Substrate con-
centration also plays an important role in enhancing the catalytic effect of enzymes
on spontaneous reactions. High substrate concentration limits the efficiency of
biocatalysts.

In 2013, Demeunynck et al. have optimized the lipase-biocatalyzed addition of
benzylamine to ethyl propiolate. Immobilized Candida antarctica lipase B was

0] (0]
Ri. CAL-B
VRN G Sy NP G
R Toulene, 40 °C, é
3.5h

R,R=H,alkyl
R,=methly,ethyl,butyl

Figure 3.
CALB-catalyzed aza-Michael addition of amine to acrylate.

O Catalyst
+ /\CN
: : \/\CN

ﬁ 30 °C 250rpm
O Catalyst
TSN N
N 30 °C, 250rpm ~"cN
Catalyst
/\N/\ + /\CN | Eas \N
H 30°C, 250rpm > ~""CN

Figure 4.
Hydrolase-catalyzed Michael-type additions between secondary amines and acrylonitrile.
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organic solvent H !

R1=CH20H3, (CH2)3CH3
R=CH3(CH2),- , (CH3)>,CH- ,Ph{CH5),- ,HO{CH),-, HO(CH5)3-, HO(CH5)4-,
H2N(CHy)s  HoN(CH3)g HoN(CHZ)g HoN(CH) 42

Figure 5.

Lipase-catalyzed aza-Michael addition of amines to a,-unsaturated esters.

beneficial to the chemoselective 1,2-addition, using TBME, dioxane, or toluene
under overnight (15 h) gentle magnetic stirring at 50°C (Figure 6) [22]. Under
these conditions, the yield of acrylamide was good at the Gram scale. S-trans-z and
e-diphenylamine were formed as by-products. The reactions worked well with
other primary amines but not with secondary amines that only gave the
corresponding aminoacrylates. The chemoselectivity of CALB with N- and S-
nucleophiles was also checked. The transesterification also worked in good yields in
TBME, toluene, or dioxane. The best yields (near quantitative) were observed when
the reactions were carried out in open vessels under gentle magnetic stirring at 50°C
for 6 h.

In the same year, Franssen and co-workers demonstrated lipases from Pseudo-
monas stutzeri (PSL) and Chromobacterium viscosum (CVL) are excellent catalysts
for the aza-Michael addition of amines to substituted or unsubstituted acrylates
with high product selectivity and good yields (Figure 7) [23]. Comparative studies
of other lipases, including Novoxin 435, have proven ineffective. The selective
Michael addition of diamines to these substituted acrylates was also realized. In this
paper, the catalytic effects of various lipases on aza-Michael addition reaction,
especially on the lipase catalysis of Pseudomonas aeruginosa OM2 and PSL, are
introduced. The 1,4-adducts of acrylate and benzylamine have high yield and
selectivity.

Chemoselective synthesis of N-protected f-amino esters involving lipase-
catalyzed aza-Michael additions is mainly hampered by the two electrophilic sites
present on these compounds. In order to control the chemoselectivity, a solvent
engineering strategy based on the thermodynamic behavior of products in media of
different polarity was designed by Castillo et al. (Figure 8) [24]. This strategy can

——CO,Et (0]
O —— O
NS

lipase
lipase | =—CO0,Et 1,2-addition
i_NH:/COQEt :‘.—NH:\ i>x_|\|H_ CO,Et
Z E CO,Et —
s-trans-Z.E

1,4-addition COLEt

Figure 6.
Reactivity of benzylamine with ethyl propiolate.
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< P NH, Ph-._-NH o
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R{J\HLO R Ho———NH o
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NN HgN'(’".*ﬁ/NHJ\HLO 1
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Figure 7.
Lipase-catalyzed aza-Michael addition of amines with different substituted acrylates.

g Ph—NH " oa T «;I\ Ph
> M 27 .
RZMO’Me Ph/\HA\/U\O'Me + Ph/\H()\H‘I\O’ e)2 + R i H
R1

R’ R’

1.R'=H, R?=H; 2.R'=H, R?=Me; 3.R'=Me, R?=H; 4. R'=Ph, R?>=H; 5.R'=H, R?=Ph;

Figure 8.
Chemoselectivity of the addition of benzylamine to a,p-unsaturated esters.

obtain highly selective aza-Michael adducts from benzylamine and different acry-
lates. Ammonia hydrolysis is avoided in almost all reactions with n-hexane (a
nonpolar solvent) as solvent, while the corresponding Michael adduct is synthesized
in 53-78% yield. On the contrary, if the reaction is carried out in polar solvents (e.g.,
2-methyl-2-butanol (2M2B)), the product of ammonia hydrolysis will be advanta-
geous. Thermodynamic analysis of these processes using the actual solvation
conductor-like screening model (COSMO-RS) helps to understand some key factors
affecting chemical selectivity and confirms that reliable estimates of the thermody-
namic interactions between solutes and solvents allow adequate selection of reac-
tion media that may lead to chemical selectivity.

Reaction media has an important effect on the yield and chemo- and enantios-
electivity of biocatalytic reaction. Solvent engineering is an effective tool to direct
chemo- and enantioselectivity of the aza-Michael addition and the subsequent
kinetic resolution of the Michael adduct [25]. In the reaction of benzylamine and
methyl crotonate catalyzed by CALB, three possible adducts can be isolated:
aminolysis product, aza-Michael addition product, and double addition product
(Figure 9). The authors selected n-hexane and 2-methyl-2-butanol (two solvents of
opposite polarity) as solvents in the experiments. The Michael adduct is favored in
more hydrophobic media, while the amide product in more polar solvents, and the
best values of ee for aza-Michael adduct were obtained in almost 100% 2M2B. The
experiment results clarify the origin of the enantiomeric excess of the aza-Michael

N
o] Ph NH,
Ao ome /\)L ,)\)LOME . M ~p
CAL-B
72 h,85°C
Solvent
Figure 9.

Lipase-catalyzed addition and aminolysis veaction of benzylamine to methyl crotonate.
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addition product, obtained in 2M2B, by a resolution process with CALB on the
enantiomers of aza-Michael addition product.

Our group demonstrated that 3-substituted 2H-chromene derivatives were syn-
thesized via biocatalytic domino oxa-Michael/aldol condensations (Figure 10) [26].
a-Amylase from Bacillus subtilis shows excellent catalytic activity and exerts good
adaptability to different substrates in the reaction. The reaction conditions includ-
ing organic solvents, water content, temperature, molar ratio of substrates, and
enzyme loading were optimized.

It is generally believed that the hydrolysis site of hydrolase is also the active site
of its miscible catalysis. On this basis, the possible mechanism of domino reaction
catalyzed by hydrolase was proposed. First, salicylaldehyde was activated by amino
residues and oxygen anions of amylase. Then methyl vinyl ketone is attacked by
activated salicylaldehyde, and a new C=0 bond is formed by oxa-Michael addition
reaction. Next, an intramolecular aldol reaction begins to form carbon-carbon
bonds. Finally, the adduct was dehydrated, and the required product was released
(Figure 11).

Very recently, our group conducted an aza-Michael addition of aniline com-
pounds and acrylate derivatives catalyzed by CALB and several mutants in order to
investigate reaction mechanistic (Figure 12) [27]. The influence factors of the
reaction were discussed systematically, including solvent, enzyme loading, temper-
ature, and time of reaction. On this basis, dozens of substrates with different
structures were conducted to occur aza-Michael addition on the optimized condi-
tions. The results demonstrated that the structures of substrates had a great influ-
ence on the activity.

Four different reaction intermediates (Intermediate 1, 2, 3, and 4) were matched
with the catalytic activity site of CALB to perform molecular docking simulation
(Figure 13A). We can see that the binding mode of all the four intermediates with
the active site is basically the same. The binding modes of four intermediates with
CALB catalytic active sites were analyzed, in order to further study the blinding
modes of aza-Michael addition intermediates and CALB and the driving forces of
their mutual recognition. As shown in Figure 13b, it can be seen from the figure

R‘l
One-pot
R; CHO . - %
1
A,l/
(0]
H,O
2 2
Oxa-Micheal
R1 R1 0]
O\/\ﬂ/ Aldol
O
Ry CHO R, OH O

R1=C|‘H; R2=H,C|,Br,OCH3,N02

Figure 10.
a-Amylase-catalyzed synthesis of 3-substituted 2 H-chromene derivatives.
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Figure 11.
The proposed mechanism for the a-amylase-catalyzed synthesis of 3-substituted 2H-chromene derivative.
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Figure 12.

CALB and mutants catalyzed aza-Michael addition.

'F Intermediate 1: =H
ah o Intermediate 2: =CH,
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H Intermediate 4: =0H
(A)
Figure 13.

Molecular docking simulation of CALB with four different veaction intermediates. (A)Hydrophobic matching
of the four reaction intermediates with CAL B. The cavity represents the CAL B catalytic pocket which is able
to bind and ovient the substrates. The blue surface represents hydrophilic while the orange surface represents
hydrophobic. The substrates are shown in the pocket in ball-and-stick representation with the atom of
substrate coloured according to their atom types (carbon, grey; nitrogen, blue; oxygen, red; chlorine, green,).
(B) Three-dimensional model of the binding between four aza-Michael addition intermediates (1, 2, 3 and 4)
and the CAL B active site. The protein is shown in grey with interacting vesidues shown as a sky blue stick model.
The intermediate is shown as a yellow stick model, and the blue dotted lines indicate the hydrogen bonds
between the intermediate and the active site of CAL B.
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that the binding modes of the four intermediates with the CALB catalytic chamber
are basically the same.

In order to determine the catalytic activity of CALB, three mutants and wild-
type CALB were expressed in E. coli and were purified to catalyze the aza-Michael
addition reaction. The results showed that aza-Michael activity could be dramati-
cally decreased by the mutation of active sites: neither mutant S105 A nor mutant
H224 could catalyze the reaction.

However, the mutant 1189 A still had a weak catalytic effect on this reaction.
Based on these experimental results, the molecular docking was carried out, and the
mechanism of aza-Michael addition catalyzed by CALB was studied, and a reason-
able reaction mechanism was proposed (Figure 14). This helped to explain the
effect of substrate structure on the reaction. The substituents of substrates affect
the interaction with CALB active sites. Some substituents enhance the binding of
substrates and facilitate the reaction. In the whole process, the Ser105 and His224
residues played an important role in proton transfer. Without these two residues,
the proton transfer would be blocked, and the aza-Michael addition could not be
possible. Besides, the Ile189 residue forms hydrophobic interaction with the benzene
ring of the substrate, which makes the substrate more stable in the active cavity.

The biocatalytic thia-Michael reaction is an attractive strategy to develop C=S
bond-forming reactions. In 2012, Kietbasinski and co-workers have reported the
use of a number of lipases including PPL, MJL, CALB, and PSL in the addition
of benzenethiol to racemic phenyl vinyl sulfoxide or 2-phosphono-2,3-
didehydrothiolane S-oxide in organic solvents at room temperature (Figure 15)
[28]. The addition of piperidine to phenyl vinyl sulfoxide in chloroform is carried
out in both enzymatic and non-catalytic processes, while in the former, the reaction
rate is 2.5 times faster. Conversely, the conjugate addition of phenylmercaptan with
phenyl vinyl sulfoxide is only carried out in the presence of enzymes and ethanol as
solvent. In any case, the product is not enantiomerically enriched. However, in the
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Figure 14.
Proposed reaction mechanism of aza-Michael addition catalyzed by CALB.
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Figure 15.
The Michael addition of benzenethiol to racemic phenyl vinyl sulfoxide or 2-phosphono-2,3-didehydrothiolane
S-oxide.

presence of various lipases, the addition of phenylmercaptan to a better Michael
receptor, cyclic sulfonyl alkylphosphonate, in some cases resulted in up to 25%
optical purity of the product and the recovered substrate.

Then, some mechanistic considerations are presented in the studies. The authors
proposed sulfoxide oxygen atoms are bound to the “oxygen anion pore” of the
enzyme activity site by hydrogen bond. Conversely, histidine catalyzed by binary
enhances the nucleophilicity of sulfur centers in phenylmercaptan molecules.
Although the interaction of the latter is the same as Michael’s addition of mercaptan
to enols, the H-binding of sulfoxide oxygen atom must be different from that of
carbonyl oxygen atom, which results in the lower catalytic efficiency of the enzyme
for the reaction. It is well known that oxygen anion holes bind to the transition state
better than the ground state. When lipase catalyzes ester hydrolysis, the intermedi-
ate oxygen anion is tetrahedral. Although the sulfoxide group is tetrahedral, which
indicates that the bonding of sulfoxide group should be uniform, compared with the
oxygen anion, the sulfoxide group has no negative charge on the intermediate
oxygen atom, which significantly reduces the strength of hydrogen bond. In addi-
tion, for the Michael addition of nucleophilic reagents, the intermediate oxygen
anion is planar, which reduces the space requirement and makes it more suitable for
the oxygen anion pore than the tetrahedral sulfoxide intermediate (Figure 16).

In 2014, Domingues and co-workers firstly reported the reaction between
cinnamaldehyde and thiophenol. Several hydrolases such as PPL, lipozyme,
chymosin, and papain have demonstrated different levels of activities, and PPL has
found application on the multigram scale (Figure 17) [29]. These reactions were
carried out at room temperature, and good or excellent sulfur Michael adducts were
obtained. The scheme describes the use of EtOH as a solvent and fewer enzymes.
The chymosin and papain were used as biocatalysts for organic reactions for the
first time.

2.2 Carbon-carbon bond formation Michael addition

C=—C bond-forming reactions are one of the mainstays of organic chemistry. In
this field the hydrolase-catalyzed Michael reaction also has numerous applications
in synthetic chemistry.

In 2011, the asymmetric C=C Michael addition catalyzed by lipozyme TLIM
(immobilized lipase from Thermomyces lanuginosus) in organic medium in the pres-
ence of water was reported for the first time by Guan et al. The biocatalytic reaction

42



Hydprolase-Catalyzed Promiscuous Reactions and Applications in Organic Synthesis
DOI: http://dx.doi.org/10.5772 /intechopen.89918

o (GIn106)
EJJ\ = &);" (Thr40)
. fo"
‘/‘s“‘
Ph W
o) |\
=4 'S—Ph

(Asp187)  N\==
(His224)

Figure 16.
Assumed mechanism of the conjugate addition of benzenethiol to racemic phenyl vinyl sulfoxide.

PPL NaBH,

H L phsH H " H
Ph EtOH  Ph”” “SPh 1h Ph”” SPh
.2 h (98% vield)

Figure 17.

PPL-catalyzed C==S bond-forming reaction between cinnamaldehyde and thiophenol.

is suitable for adding large amounts of 1,3-dicarbonyl compounds and cyclohexa-
none to aromatic and heteroaromatic nitroolefins and cyclohexenone in DMSO in
the presence of water under mild reaction conditions (Figure 18) [30]. The
enantioselectivities up to 83% ee and yields up to 90% were achieved.

Then, the same research group explored porcine pancreatic lipase (PPL) which
was used as a biocatalyst to catalyze the Michael addition of 4-hydroxycoumarin to
a,B-unsaturated enones in organic medium in the presence of water to synthesize
warfarin and derivatives in 2012 (Figure 19) [31]. The products were obtained in
moderate to high yields (up to 95%) with none or low enantioselectivities (up to
28% ee). The influence of reaction conditions including solvents, temperature, and
molar ratio of substrates was systematically investigated. It was the first time
warfarin and derivatives were prepared using a biocatalyst.

Sometimes Michael adducts are not the final targeted compounds. We studied
lipase-catalyzed Michael addition between nitrostyrene and acetylacetone in DMSO
in the presence of water under mild reaction conditions in 2011 [32]. Two possible
adducts can be isolated: the routine Michael addition product and cyclic product

@ 0
O O
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+ M >

solvent/H,0, 60 °C O

O

Figure 18.
Michael reaction of cyclohexenone and acetylacetone catalyzed by lipogyme TLIM in different solvents.
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Figure 19.
The Michael addition of 4-hydroxycoumarin 1 to a,p-unsaturated enones for the formation of warfarin and
derivatives.
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Figure 20.
Lipase-catalyzed veaction of nitrostyrene and acetylacetone.

(Figure 20). With the aim to get cyclic product in more efficient manner, the
catalytic activities of several lipases were firstly tested in mixed ethanol/water
solvents. Among the tested lipases, PPL showed the best activity. And according to
the single-crystal X-ray diffraction analysis of cyclic products, the reaction was
confirmed to give the product oximes with Z-stereoselectivity.

Then, our group reported for the first time lipase-catalyzed direct vinylogous
Michael addition reactions of vinyl malononitriles to nitroalkenes (Figure 21) [33].
A series of nitroalkenes reacted with vinyl malononitriles to produce the
corresponding products with moderate to high yields in the presence of Lipozyme®
(immobilized lipase from Mucor miehei). The excellent diastereoselective products
were produced in all reactions in acetonitrile at 30°C for 48 h. The enzyme has only
a very slight loss of catalyst efficiency after being reused for seven consecutive
cycles of the reaction in the previously determined optimized conditions.

The reaction mechanism was studied by computational simulation approach
using dock. Based on the proposed catalytic mechanism of Michael reaction, two
docking process of the substrates with the amino acids of the active site were
performed. The calculation results explained the experimental results that the lipase
possessed specific substrate selectivity. To further elucidate the different catalytic
effects of RML, CALB, and CRL, structural characteristics of their active site were
analyzed, respectively (Figure 22). The docking results showed that once vinyl
malononitrile was occupied by nitrostyrene, it could not be docked with the active
site of CRL. It indicates that the active site is too narrow to bind both two substrates
at the same time, so it could not catalyze the direct Michael addition reaction.

As for CALB, the active site seems big enough for both nitrostyrene and vinyl
malononitrile, but the docking results showed that nitrostyrene blocked proton
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Figure 21.
Lipase-catalyzed divect vinylogous Michael addition veaction.
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Figure 22.
The comparison of RML, CRL, and CALB: (A) the docking result of RML and substrates, (B) the docking
result of CRL and substvates and (C) the docking result of CALB and substrates.

transferring from vinyl malononitrile to histidine, which may make it unable to
catalyze the direct vinylogous Michael addition.

Reaction mechanism of the lipase-catalyzed direct vinylogous Michael addition
reaction has been proposed (Figure 23). First, nitroalkenes bind to oxygen anion
pores and were stabilized by three hydrogen bonds with Leu145 and Ser82.
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The proposed mechanism of lipase-catalyzed vinylogous Michael addition.
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Figure 24.
BioH esterase-catalyzed Michael addition-cyclization cascade reaction.

The protons were then transferred from vinyl malononitrile to His 257 to form a
transition state. Subsequently, the protons were transferred from the imidazole
group of His 257 to nitroolefins, and the carbon of nitroolefins were attacked by
nucleophilic carbon molecules to form products.

In 2014, Ye et al. reported the preparation of 2-hydroxy-2-methyl-4-(4-
nitrophenyl)-3,4,7,8-tetrahydro-2H-chromen-5(6H)-one by Michael addition-
cyclization cascade reaction of p-nitrobenzalacetone with 1,3-cyclohexanedione in
anhydrous media, and control experiments were conducted (Figure 24) [34]. The
high yield was observed with Escherichia coli BioH esterase in DMF at 37°C. In order
to preliminarily explore the mechanism of the reaction, site-directed mutagenesis
was performed on the hydrolysis catalytic triad of BioH, and the results indicated
“alternate-site enzyme promiscuity.” Using a series of substituted phenylacetone
and 1,3-cyclodiketone as reactants, the yield could reach 76.3%.

3. Aldol reaction

The aldol reaction has long been recognized as one of the most useful tools for
organic chemists. The ability to form carbon-carbon bonds can generate a broad range
of both natural and novel poly-hydroxylated compounds. Thus, it is the most impor-
tant and valuable reaction for the preparation of pharmaceuticals, fine chemicals, and
natural products. Aldolases have evolved to catalyze the metabolism and catabolism
of highly oxygenated metabolites and are found in many biosynthetic pathways of
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carbohydrates, keto acids, and some amino acids [35]. Aldolases bind their respective
donor substrates with high specificity and generally will not accept any other donors,
even if their structures are similar to the natural donor. The advantages of using
aldolases are very high stereospecificity and environmentally benign reaction condi-
tions [36]. However, the limited number of substrates as well as the high cost of these
biocatalysts has led researchers to consider other more stable enzymes [37].

In 2003, Berglund and co-workers firstly reported the serine hydrolase Candida
antarctica lipase B to have catalytic activity for aldol reactions [38]. Our group
reported the first lipase-catalyzed asymmetric aldol reaction in 2008 [39]. However,
these aldol reactions in earlier studies involving hydrolases just showed moderate
activities and selectivities; some more efficient promiscuous aldol reaction have
been researched and presented in the last decade.

3.1 Aldol reaction

In 2012, Guan et al. firstly demonstrated that lipase from porcine pancreas, type
II (PPL II), has been observed to catalyze the direct asymmetric aldol reaction of
heterocyclic ketones with aromatic aldehydes at 30°C in CH;CN/H,O (Figure 25)
[40]. PPL II has good catalytic activity and good adaptability to different substrates.
Its enantioselectivity can reach 87% ee and enantioselectivity 83:17 (anti/syn). Then
PPL II has aldolase function in organic solvents.

In the same year, the same group also reported the similar asymmetric aldol
reaction of aromatic and heteroaromatic aldehydes with cyclic and acyclic ketones
in acetonitrile in the presence of a phosphate buffer by chymopapain, which is a
cysteine proteinase isolated from the latex of the unripe fruits of Carica papaya
[41]. Chymopapain exhibited the best catalytic activity and moderate stereose-
lectivity in DMSO, and the enzyme showed the best enantioselectivity of 79% ee in
CH,Cl, with low diastereoselectivity (Figure 26). In consideration of both
diastereo- and enantioselectivities, the group chose MeCN as a suitable solvent for
the asymmetric direct aldol reaction, which gave the best dr of 77:23 and a moderate
ee of 76% among the tested solvents. Then, in order to further optimize the direct
asymmetric aldol reaction catalyzed by papain, the effects of water content,
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Figure 25.
Lipase-catalyzed direct asymmetric aldol reaction of heterocyclic ketones with aromatic aldehydes.
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Figure 26.

The asymmetric aldol reaction of 4-cyanobenzaldehyde and cyclohexanone.

CN

79% ee in CH,Cl,
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reaction temperature, and the amount of buffer on the enzymatic reaction were
investigated. The reaction of 4-cyanobenzaldehyde with cyclohexanone was used as
a model reaction.

The authors proposed a mechanism for the chymopapain-catalyzed aldol reac-
tion (Figure 27). The catalytic triad of Cys, His, and Asn formed the active site of
chymopapain. Firstly, the carbonyl of the substrate ketone is coordinated in the
oxygen anion pore of Asn-His binary and active center. Secondly, a proton is
transferred from the ketone to the His residue to form enolate ion. Thirdly, another
substrate aldehyde accepts the proton from imidazolium cation and forms a new
carbon-carbon bond with ketones. Finally, the product is released from the
oxyanion hole and separates from the active site.

In 2013, our group firstly reported the asymmetric aldol reaction between aro-
matic aldehydes and cyclic ketones by PPL (Figure 28) [42]. The results showed
that a small amount of water could promote the catalytic activity of PPL at 37°C
A wide range of aromatic aldehydes reacted with cyclic ketones to provide the
corresponding aldol products with high yields (up to 99%) and moderate to good
stereoselectivity (up to 90% ee and 99:1 dr).

In the same year, a simple and convenient synthesis route of series «,f-unsatu-
rated aldehydes was formed by combining the two catalytic activities of the same
enzyme with the one-pot method of aldehyde-alcohol reaction and in situ acetalde-
hyde formation (Figure 29) [43]. Lipase from Mucor miehei has conventional and
promiscuous catalytic activities for the hydrolysis of vinyl acetate and aldol con-
densation with in situ-formed acetaldehyde.
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Figure 27.
Proposed mechanism for the chymopapain-catalyzed aldol reaction.

L
solvent 37°C

Figure 28.
The asymmetric aldol reaction between aromatic aldehydes and cyclic ketones by PPL.
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Figure 29.
MML-catalyzed aldol condensation using an in situ-generated acetaldehyde.

In 2014, Majumder and Gupta found that the properties of lipase-catalyzed
reaction products of acetylacetone with 4-nitrobenzaldehyde depend on the source
of lipase and reaction medium (Figure 30) [44]. Mucor javanicus lipase was found
to give 70% aldol and 80% enantiomeric excess in anhydrous t-amyl alcohol.

Gao and Guo et al. demonstrated the catalytic promiscuity of an acyl-peptide
releasing enzyme from Sulfolobus tokodaii (ST0779) for aldol addition reaction for
the first time, and accelerated activity was observed at elevated temperature
(Figure 31) [45]. The turnover number kcat (s™1) of this thermostable enzyme at
55°C is 7.78-fold higher than that of PPL at its optimum temperature of 37°C, and
the molecular catalytic efficiency kcat/Km (M~*s™1) adds up to 140 times higher
than PPL.

The authors proposed a mechanism for the ST0779-catalyzed aldol reaction
between acetone and 4-nitrobenzaldehyde (Figure 32). Based on the structure
simulation of ST0779, the aldol reaction catalyzed by ST0779 with acetone and p-
nitrobenzaldehyde as model reaction was proposed. Because of its thermodynamic
superiority and high affinity, acetone first enters the active site and then is accom-
modated by the active site residues Ser439 and His 555. Proton transfer forms a
transition state of enol salts, which is stable by Ser439. Asp523 is involved in
stabilizing the positive charge of His 555-protonated imidazole ring. In the next
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Figure 30.
The lipase-catalyzed promiscuous reaction: formation of acyclic and cyclic 2:2 adducts.
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Figure 31.
Aldol reactions catalyzed by STo779 or PPL.
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Figure 32.
Proposed mechanism for STo779-catalyzed aldol reaction between acetone and 4-nitrobenzaldehyde.

step, the oxygen of carbonyl group in 4-nitrobenzaldehyde is protonated by protons
from His 555 imidazole ring, and the carbon atoms in the same carbonyl group are
neutrally attacked by oleic acid carbon to form a new C=C bond. Finally the aldol
product is released from the enzyme, and the enzyme is freed for a new reaction.

In 2016, Wu et al. demonstrated a one-pot bienzymatic cascade in organic media
to synthesize chiral f-hydroxy ketones for the first time (Figure 33) [46]. The
decarboxylative aldol reaction catalyzed by an immobilized lipase from Mucor
miehei (MML) and the synthesis of B-hydroxy ketone catalyzed by a lipase A or B
from Candida antarctica (CALA or CALB) were combined in this one-pot protocol,
reducing the purification step between the two reactions. (S)-p-hydroxy ketones
and acylated (R)-p-hydroxy ketones could be obtained under mild reaction condi-
tion. The ee values of most chiral compounds were in a range of 94-99%, while the
total yields of both chiral products were all above 85%. This enzymatic one-pot
chain method is still very effective, not only can it be amplified to the level of grams
but also the catalyst was recovered three times.

In 2019, Gao et al. demonstrated the construction of an unencapsulated remote-
controlled nanobiocatalytic system. The system used three enzyme-conjugated gold
nanorod composites (EGCs) to control reaction rates in real time by self-assembling
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Figure 33.
One-pot cascade for synthesis of chiral p-hydroxy ketone derivatives.

enzymes formed by the combination of enzymes at different optimal temperatures
and gold nanorods (GNRs) [47]. By using the photothermal effect of GRS to trans-
fer energy quickly, coupled with the real-time and long-range regulation of enzyme
activity, improving the thermal stability of the enzyme and effective catalysis of the
aldol reaction can be achieved. The increase in energy inside GRS, stimulated by
distant near-infrared (NIR) stimuli, leads to increased enzyme activity. The results
show that the method of internal heating that transfers energy more directly to the
enzyme-catalyzed site is a faster and more effective energy transfer method. The
results also show that the catalytic effect of the remote-controlled nanocatalytic
system at lower temperature is the same as that of the free enzyme at higher
temperature, but it has the advantages of improving the stability of the enzyme and
extending its service life. Specifically, PPL EGCs at room temperature exhibit the
same catalytic effect as achieved by free PPL at 40°C, while ST0779EGCs and
APE1547 EGCs at 33°C exhibit a higher catalytic effect than their corresponding
free enzymes at 63°C. In addition, EGCs have superior catalytic efficiency and
product yield compared with aldol addition in free enzyme systems.

3.2 Henry (nitroaldol) reaction

The nitroaldol or Henry reaction is one of the most useful carbon-carbon bond-
forming reactions and has wide synthetic applications in organic chemistry. This
reaction provides access to valuable racemic and optically active p-nitro alcohols,
which are very useful in organic synthesis as precursors for pharmaceutical and
biological purposes. In recent years, efficient nonconventional biocatalytic
approaches have been reported [48].

Guan et al. firstly reported transglutaminase was used to catalyze Henry
reactions of aliphatic, aromatic, and heteroaromatic aldehydes with nitroalkanes
(Figure 34) [49]. The reactions were carried out at room temperature,
and the corresponding nitroalcohols were obtained in yields up to 96%.

Q OH

NO
H enzyme 2

+ CH3N02 -
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Figure 34.
Enzyme-catalyzed Henry reaction of 4-nitrobenzaldehyde and nitromethane.
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Then, the same group reported glucoamylase from Aspergillus niger (AnGA)
catalyze Henry reactions of aromatic aldehydes and nitroalkanes in 2013 [50]. The
reactions were carried out at 30°C in the mixed solvents of ethanol and water, and
the corresponding f-nitro alcohols were obtained in yields of up to 99%. Experi-
ments demonstrated that AnGA could be inhibited by the product of the Henry
reaction at 80°C. This enzymatic Henry reaction has a broad substrate scope and
could be facilely enlarged to gram scale. Based on the experiments with denatured
and inhibited AnGA, and the comparison of natural activity and promiscuous
activity, the possible mechanism was also discussed (Figure 35). Glu400, as a base,
deprotonates the a-carbon of the nitroalkane providing intermediate I. At the same
time, Glu179, as an acid, donates a proton to the carbonyl oxygen of the aldehyde
generating intermediate II. Then, the a-carbon of I, as a nucleophile, attacks the
carbonyl of II forming a new carbon-carbon bond. Finally, the product (f-nitro
alcohol) is released from the active site.

On the other hand, Lin and co-workers demonstrated the Henry reaction can
also be catalyzed in a neat organic solvent. When using the D-aminoacylase from
Escherichia coli as the promiscuous biocatalyst, DMSO was found to be the best
solvent at 50°C [51]. Interestingly, the synthesis of optically active p-nitro alcohols
was achieved by a two-step strategy combining the D-aminoacylase-catalyzed
nitroaldol reaction with the PSL-catalyzed resolution of the so obtained racemic f-
nitro alcohols (Figure 36) [52]. Both alcohols and acetates were isolated in good
yields and high enantiomeric excess (>84% ees; >96% eep; E > 150).

In 2013, lipase A from Aspergillus niger was used in the Henry reaction between
aromatic aldehydes and a large excess of nitroalkanes in an organic/water medium
(Figure 37) [53]. The yield of corresponding B-nitro alcohols at 30°C reached 94%.

Gotor and co-workers reported the inexpensive carrier protein bovine serum
albumin (BSA) as catalyst was firstly used in the condensation of an appropriate
aldehyde with 1-nitroalkanes in aqueous media (Figure 38) [54]. By optimizing the
reaction conditions, the yield of corresponding nitroalcohols at 30°C reached 91%.

Similarly, two other well-known lipases, Pseudomonas cepacia lipase and CALB,
were found to catalyze the Henry reaction [55]. Nevertheless, spectroscopic exper-
iments showed that the immobilization protocols contribute to the change in the
secondary structure of the enzyme, which leads to improved conversion rates.
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Possible mechanism of the AnGA-catalyzed Henry reaction.

52



Hydprolase-Catalyzed Promiscuous Reactions and Applications in Organic Synthesis
DOI: http://dx.doi.org/10.5772 /intechopen.89918

0 OH
NO,
R A =2
R—: + CHyNO, D-Aminoacylase R+
g L
DMSO
50°C, 0.5-3h
R=H, 4-NQ;, 3-NO;, 2-NO,, 4-Cl, 3-Cl, 2-Cl, 4-Me, 4-OMe
QH o OAc OH
- NO.
: n NO4 . )J\O/”\\\ PSL | N NO, - @/—\, 5
R Toluene, 30°C.12h Ry T
R=H, 4-NQ;, 3-NQ,, 4-Cl, 3-Cl, 4-Me, 4-OMe
Figure 36.

Two-step method to obtain f-nitro alcohols and the corresponding acetates of both configurations based on a D-
aminoacylase-catalyzed reaction and PSL-mediated kinetic resolution using vinyl acetate as acyl donor.
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Nitroaldol reaction between aromatic aldehydes and nitroalkanes catalyzed by lipase A from Aspergillus
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(d) 2-Pyridyl; (e) 3-Pyridyl; (f) 4-Pyridyl (g) 4-Br-CgH,
(h) 4-CGH5-C6H4; (I) 2-Nf, (J) 1-Nf
Figure 38.

Catalytic nitroaldol addition between different aromatic aldehydes and nitromethane.

3.3 Aldol (nitroaldol) reaction in untraditional solvent

Solvents for a biocatalysis reaction have experienced several generations of

development. Traditional organic solvents (water miscible or water immiscible), in
the form of cosolvents or second phase, can provide solutions for the above-

described challenges. However, organic solvents inevitably face their own
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disadvantages, such as high volatility, difficulty in preparation, and inhibition of the
activity of biocatalysts. So the untraditional solvents such as buffer solvent, ionic
liquids (ILs), and deep eutectic solvents (DESs) have attracted the interest of many
groups.

In 2013, our group demonstrated bovine pancreatic lipase (BPL) was first used
to catalyze the aldol reaction and acidic buffer was first used for promiscuous
enzymatic aldol reaction (Figure 39) [56]. The highest yield (99.0%), the best dr of
96:4, and a moderate ee of 66% were observed with aromatic aldehyde and ketone
by BPL in phosphate-citrate buffer (pH 5.6, 5.0 mL) at 30°C.

Porto et al. demonstrated the lipase from Rhizopus niveus (RNL) catalyzed by
unspecific protein catalysis the aldol reactions between cyclohexanone and aromatic
aldehydes in organic solvents with water or aqueous buffer solution (Figure 40)
[57]. The reactional conditions strongly influenced the yield (0-99%) and enantios-
electivities in the anti-products (6-55% ee). The aldol products with enantioselec-
tivities in the anti-product were observed for inactive enzyme and in denaturing
conditions. Therefore, the reactions in the evaluated conditions were proceeded by
unspecific protein catalysis with moderate enantioselectivities and not by promis-
cuous activity.

Ionic liquids are the first enzyme-compatible untraditional media developed by
the green and sustainable concept (given their low vapor pressure). Numerous
reactions, e.g., hydrolytic and redox reactions as well as formation of C=C bond,
have been successfully performed in such ILs-containing media. We demonstrated
PPL was used to catalyze asymmetric cross aldol reactions of aromatic and
heteroaromatic aldehydes with various ketones in ionic liquid ([BMIM][PF¢]) for
the first time in 2014 (Figure 41) [58]. PPL exhibited high catalytic activity and

0 o) O OH

BPL,30°C
R—]JJ\H + (U\RS : RSMR']

R2 buffer solution R2

Figure 39.
The BPL-catalyzed asymmetric aldol reaction in buffer solution.

0]
@] Lipase from

v A )k Rhizopus niveus
QOrganic Solvent

Aqueous buffer
media 30°C-50°C anti-isomer

Ar=0-NO,-Ph,m-NO,-Ph,p-NO,-Ph,
p-CN-Ph,p-Cl-Ph,o0,p-ClI-Ph,ph,p-OCH,-Ph

+ syn-isomer

Figure 40.
Aldol reactions by lipase from Rhizopus niveus.

0 O OH
PPL

[BMIM][PF]/H,0, 50°C

OsN NO;

Figure 41.
The PPL-catalyzed asymmetric cross aldol reaction in ionic liquid.
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excellent stereoselectivity in this efficient and recyclable room-temperature ionic
liquid in the presence of moderate water. High yields of up to 99%, excellent
enantioselectivities of up to 90% ee, and good diastereoselectivities of up to >99:1
dr were achieved.

Despite the excellent performance of ILs in biocatalysis, more doubts about their
ungreenness and environmental influence have been gradually presented. Deep
eutectic solvents, the recognized alternative of ILs, first came to the public vision in
2001. Since then, research on DESs faced a prosperous increase in many fields, such
as extraction, materials synthesis and biotransformation, and biocatalysis.

Gotor-Ferndndez and co-workers reported a promiscuous lipase-catalyzed aldol
reaction has been performed for the first time in DESs in 2016. The aldol reaction
between 4-nitrobenzaldehyde and acetone was examined in-depth, with excellent
compatibility being found between PPL and DESs (choline chloride/glycerol mix-
tures) for the formation of the aldol product in high yields (Figure 42) [59]. The
system was compatible with a series of aromatic aldehydes and ketones including
acetone, cyclopentanone, and cyclohexanone.

At the same year, Tian et al. explored the Henry reaction catalyzed by lipase AS
using deep eutectic solvents as a reaction medium (Figure 43) [60]. The studies had
shown that adding 30 vol% water to DES could increase the catalytic activity of
enzymes. The final yield of the lipase AS-catalyzed Henry reaction was 92.2% in a
DES-water mixture within only 4 h. In addition, the lipase AS activity was
improved by approximately threefold in a DES-water mixture compared with that
in pure water. The methodology was also extended to the aza-Henry reaction. The
enantioselectivity of both Henry and aza-Henry reactions was not found.

o OH O o
9y 0 PPL N
A ChCIGly -
O.N 80°C,24h  O;N O.N

250rpm

Figure 42.
The PPL-catalyzed asymmetric cross aldol veaction in DESs.

Q OH
H lipase NO,
+ CHaNOz
OsN DES

Y

OoN
Lipase= lipase from Aspergillus niger

DES=ChCI/Gly,ChCI/EG,ChCl/U with different molar ratio

Figure 43.
Lipase AS-catalyzed Henry reaction in DES.

4. Multicomponent reactions (MCRs)
Multicomponent reactions have attracted sustained attention because they rep-
resent a powerful tool for the construction of complex molecular structures with

evident advantages, such as simplified workup procedures, high overall yields, and
versatile product libraries. Recently, hydrolases have allowed the development of
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multiple transformations and mainly served for the synthesis of heterocyclic com-
pounds with high complexity in high yields. In this section, we will focus on the
hydrolase-catalyzed multicomponent reaction in a one-pot transformation.

4.1 Mannich reaction

The Mannich reaction is a typical and the first example for the hydrolase-
catalyzed multicomponent reaction, which is atom-economic and a powerful syn-
thetic method for generating carbon-carbon bonds and nitrogenous compounds. An
unprecedented “one-pot,” direct Mannich reaction of ketone, aldehyde, and amine
catalyzed by lipase was described first in 2009 [61]. Lipase from Mucor miehei
(MML) efficiently catalyzed the Mannich reaction (Figure 44).

To assess the generality of the lipase-catalyzed Mannich reaction, we extended
other substrates such as cyclohexanone, butanone, and 1-hydroxy-2-propanone in
more benign reaction system (ethanol/water) catalyzed by the lipase from Candida
rugosa (CRL) [62]. It was found that a wide range of aromatic aldehydes could
effectively participate in the CRL-catalyzed Mannich reaction to give the
corresponding p-amino carbonyl compounds (Figure 45). The reaction was favored
by the electron-withdrawing substituents of the aldehydes.

In 2012, Guan et al. reported the enzyme-catalyzed, direct, three-component
asymmetric Mannich reaction using protease type XIV from Streptomyces griseus
(SGP) in acetonitrile (Figure 46) [63]. This characteristic makes it important to
develop an enzyme-catalyzed asymmetric Mannich reaction as a more sustainable

- &
A~ CHO 0 MML O HN
v Ry * )K 30°C. H.O =
= 30°C, H,0 g
=

Figure 44.
The first lipase-catalyzed direct Mannich reaction.

NH, CHO ) o
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CRES O R o J
1 P Rz R3 30 C, HQO / \
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Figure 45.
Lipase-catalyzed direct Mannich veaction of various aryl aldehydes and ketones with aniline.

CHO
0 NH;
SGP O HN
+ + - B
MeCN/H,0,30°C :
NO, -

Figure 46.
SPG-catalyzed divect Mannich reaction.

NO,
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complement to chemical catalysis. The control experiments with the denatured
enzyme and non-enzyme proteins indicated that the specific natural fold of SGP
was responsible for its stereoselectivity in the Mannich reaction. A wide range of
substrates were accepted by the enzyme, and yields of up to 92%, enantioselec-
tivities of up to 88% ee, and diastereoselectivities of up to 92:8 dr were achieved. As
an example of enzyme catalytic promiscuity, this work broadens the scope of SGP-
catalyzed transformations.

In the same year, Lin et al. inspired by chemical cofactors or mediators expect
some small molecules to similarly improve the enzymatic Michael addition of
unactivated carbon nucleophiles [64]. They found that the CALB/acetamide co-
catalyst system can effectively catalyze the Michael addition between less-activated
ketones and aromatic nitroolefins. This is of particular interest because neither
CALB nor acetamide can independently catalyze the reaction to any significant
extent. The CALB/acetamide catalyst system is also effective for other C=C bond-
forming reactions with varying degrees of success, for example, CALB-catalyzed
Mannich reaction (Figure 47). After adding acetamide as a co-catalyst, the yield
increased by 50% (from 25 to 38%). The synergistic catalytic system of the lipase
and the small molecule organic catalyst will greatly expand the application prospect
of the enzyme in organic synthesis.

After 2 years, Guan et al. reported the use of acylase I from Aspergillus melleus in
the asymmetric Mannich reaction (Figure 48) [65]. Compared to the current
chemical technologies, this enzymatic reaction is more environmentally friendly
and sustainable by using biocatalysts from inexpensive renewable resources. The
activity and stereoselectivity of AMA can be improved by adjusting the solvent, pH,
water content, temperature, substrate molar ratio, and enzyme loading. A wide
range of substrates can be accepted by AMA, achieving enantioselectivities up to
89% ee, diastereoselectivities up to 90:10 dr, and yields up to 82% in the mixture of
MeCN and phosphate buffer pH 8.1 (85:15 v/v 1 mL) at 30°C. This work not only
provides new examples of enzyme-catalyzed reliability and potential synthetic
methods of organic chemistry but may also help to better understand the metabolic
pathways of nitrogen-containing compound biosynthesis.

O O
\N’Ph catalyst Ph
+ e N~
O,N 50°C H
2 O,N
6a 2a 8a
Figure 47.
Mannich reaction of (E)-N-(4-nitro-benzylidene)aniline with cyclohexanone.
=
i D L AMA 0 HNT e
N S -
X AR | B MeCN / buffer, 30°C TR
R N
Figure 48.

The AMA-catalyzed Mannich reactions.
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4.2 Biginelli reactions

In 2013, Sinha et al. reported bovine serum albumin promoted simple and
efficient one-pot procedure for synthesis of 3,4-dihydropyrimidin-2(1H)-ones
including potent mitotic kinesin Eg5 inhibitor monastrol under mild reaction con-
ditions (Figure 49) [66]. After the reaction conditions are optimized, the yields
reached up to 82% in EtOH at 60°C. The catalyst recyclability and gram-scale
synthesis have also been demonstrated to enhance the practical utility of process.

Followed by our group, we reported trypsin as a multifunctional catalyst for
synthesis of 3,4-dihydropyrimidin-2(1H)-ones by the Biginelli reaction of urea, p-
dicarbonyl compounds, and in situ-formed acetaldehyde (Figure 50) [67]. This
one-pot multistep reaction consists of two relatively independent reactions, both of
which are catalyzed by trypsin. First is the transesterification of ethyl acetate and
isobutanol at 60°C to produce in situ acetaldehyde, followed by in situ-generated
acetaldehyde, urea, and p-dicarbonyl compounds for Biginelli reaction. The first
reaction continuously provides a substance for the second reaction, effectively
reducing the volatilization loss, oxidation, and polymerization of acetaldehyde and
avoiding the negative influence of excess acetaldehyde on the enzyme. Under
optimal conditions, a wide range of substrates participate in the reaction and pro-
vide the target product in high yield.

In 2017, CALB-catalyzed for synthesis of 3,4-dihydropyrimidin-2(1H)-ones by a
tandem multicomponent reaction in one pot (Figure 51) has been reported [68].
Several control experiments were performed using acetaldehydes directly to
explore the possible mechanism of this procedure. Moreover, owing to the distinct
modularity and highly efficient features of the MCR, it assembles libraries of struc-
turally diverse products and provides an exceptional synthesis tool for the discovery
of the minimal deep-blue luminogen in the solid state, namely, a single ring. A few
of the compounds show deep-blue emissions which only contain a single ring. This
is an important application of green biocatalytic promiscuity for constructing a
wide variety of new materials.

4.3 Hantzsch reaction

Lin et al. reported a three-component (aldehyde, 1,3-dicarbonyl compound, and
acetamide) Hantzsch-type reaction in anhydrous solvent, which gave 1,4-
dihydropyridines in moderate to good yields (Figure 52) [69]. The group used
acetamide as a new source of ammonia. Initially the yield of the reaction with CALB

0O O O -

 OHO M . )l BSA(25-100mg) £ ‘ NH

675 EtO CHa HoN™ “NH, Solvent 40-80°C N/KO
H

Figure 49.

BSA-catalyzed Biginelli reaction.

oo

:)J\ : o]

o 3 o o " — Ry

Cor Twesn o (AL R MmO

E/J\/OH )LH NN i-BuOH, 60°C Ry z X

t ! 3

Figure 50.

Trypsin-catalyzed Biginelli reaction using an in situ-generated acetaldehyde.
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Figure 51.
CALB-initiated tandem Biginelli veaction.
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Figure 52.
Lipase-catalyzed Hantzch-type reaction.

was very low (only 25%). The yield of the product was slightly improved using a
mixed solvent (the ratio of MTBE to acetylacetone was 6:4), and the molar ratio of
4-nitrobenzaldehyde acetamide was 1:4 at 50 mg/ml lipase. When the lipase con-
centration (100 mg/mL) was increased, the yield increased sharply.

They proposed a reasonable mechanism of the reaction, wherein Asp-His dyad
and oxyanion hole in the active site stabilized acetamide (Figure 53). This activated
acetamide reacted with 1,3-dicarbonyl compounds to form an intermediate, which
upon subsequent hydrolysis by CALB formed an enamine intermediate. During this
period, a CALB-catalyzed Knoevenagel condensation reaction of the 1,3-dicarbonyl
compound with aldehyde formed a separate intermediate (a,f-unsaturated car-
bonyl compound). Subsequently, the intermediate that is stabilized by the catalytic
center of the lipase forms the final product (1,4-dihydropyridine) by Michael addi-
tion and intramolecular condensation.

In 2017, our group reported a series of 1,4-dihydropyridines was produced via
facile enzymatic Hantzsch reactions in one pot, using acetaldehydes/aromatic alde-
hydes prepared in situ (Figure 54) [70]. After screening several parameters on a
model reaction, the tandem process afforded 1a in 80% yield. This approach pro-
vided an opportunity to discover novel libraries of AIEEgens that contain the
minimum requirement necessary for AIEE behavior, namely, a single ring.

Meanwhile, we found that certain 1,4-DHPs could stain the mitochondria in live
cells with high selectivity but without obvious guiding units (such as cationic
groups). Taking one of the 1,4-DHPs as an example, we found that it exhibited
excellent photostability and storage stability and that it could be utilized in applica-
tions such as real-time imaging, long-term tracking of mitochondrial morphological
changes, and viscosity mapping (Figure 55). We believe that the use of biocatalysis
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Figure 53.
Proposed mechanism of lipase-catalyzed Hantzsch-type reaction of an aldehyde with acetamide and 1,3-
dicarbonyl compounds.

could be simplified with workup procedures and could provide avenues for discov-
ering a wide variety of new materials.

In recently, Ye et al. reported solvent-free quick synthesis of 1,4-DHP calcium
antagonists felodipine, nitrendipine, nifedipine, and nemadipine B and their deriv-
atives by Lipozyme® RM IM-catalyzed multicomponent reactions of aromatic alde-
hyde, alkyl acetoacetate, and alkyl 3-aminocrotonate under ball milling conditions
(Figure 56) [71]. The product was obtained in moderate yield (up to 86.8%), and
the effects of the reaction conditions were investigated, including catalyst loading,
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Figure 54.
Synthesis of 1 and 2 through one-pot multicomponent reactions.
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Figure 55.

Cogr-z;l‘oml fluorescence images of HeLa cells stained with 2 h and MitoTracker® Deep Red FM (MTDR). (A)
Fluorescent image of 2h (10.0 uM) in HeLa cells, collected at 410-460 nm and Aex = 405 nm. (B) Fluorescent
image of MTDR (1.0 uM), collected at 660-740 nm and lex = 633 nm. (C) Merged image of A and B. (D)
Overlay of fluorescence and bright-field image. (E) Intensity profiles of linear regions of interest (ROI) across
the HeLa cells. Scale bar: 7.5 pum.
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Figure 56.

Lipozyme® RM IM-catalyzed rapid synthesis of 1,4-DHP calcium antagonists and derivatives under ball
milling conditions.
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grinding aid, and milling frequency. The reaction features environmentally
friendly, simple, and efficient operation. A major feature distinguishing this
enzyme promiscuity from previously reported work is the use of mechanochemical
ball milling techniques that overcome disadvantages such as long reaction times and
the use of hazardous organic solvents. This work demonstrates the potential appli-
cation of mixed enzyme-catalyzed reactions for drug synthesis under ball milling
conditions.

4.4 Ugi reaction

In 2013, Berlozecki et al. reported for the first time an enzyme-catalyzed Ugi
reaction that has many advantages over previous reactions, such as good reaction at
room temperature and extensive solvent selection (Figure 57) [72]. In this three-
component reaction, the aldehyde, amine, and isocyanide are condensed to form a
dipeptide. Of all the selected lipases, Novozym 435 had the highest yield of 75%.

Recently, Thomas et al. reported the concatenation of the Ugi four-component
synthesis, and the CALB-catalyzed aminolysis of the intermediary formed Ugi
methyl ester products furnishes a novel consecutive five-component reaction for
the formation of triamides (Figure 58) [73]. This one-pot method is compatible
with metal catalysis methods such as copper-catalyzed alkyl azide ring addition and
Suzuki cross-coupling or both in a one-pot process.

The mild reaction conditions make this sequence superior to the stepwise pro-
cess with isolation of the Ugi product and even more favorable than other base-
catalyzed or microwave-assisted aminolyses. This efficient scaffold forming
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Figure 57.
CALB-catalyzed Ugi reaction.
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Figure 58.
Consecutive six-component U-4CR-CALB-catalyzed aminolysis-Suzuki cross-coupling sequence of biaryls.
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processes are particularly favorable for creating compound libraries for medicinal
chemistry lead finding and for functional chromophores in materials sciences.

5. Summary

This chapter has reviewed some examples of various types of hydrolase catalytic
promiscuous reactions and their applications in the past decade. Several different
types of hydrolases catalyzed carbon-carbon or carbon-heteroatom formation reac-
tions have been discussed: aldol reactions, Michael reactions, and multicomponent
reactions.

From these examples, it is clear that enzymes that display catalytic promiscuity
can provide new opportunities for organic synthesis. Exploiting enzyme catalytic
promiscuous reactions might lead to new, efficient, and stable catalysts with alter-
native activity and could provide more promising and green synthetic methods for
organic chemistry. The development of protein engineering and enzyme engineer-
ing can extend the application of metagenome libraries and find enzymes with
specific promiscuous behavior. We believe the progress in the area of biocatalytic
promiscuity will greatly extend the useful applications of enzymes.
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Chapter 4

Effect of LPMO on the Hydrolysis
of Crystalline Chitin by Chitinase
A and B-N-Acetylglucosaminidase
from Paenibacillus sp.

Mitsuhiro Ueda, Kei Nakadoi, Kana Tsukamoto
and Shunsuke Sakurai

Abstract

We performed cloning and expression of chitinase A (Pb-ChiA), p-GlcNAcase
(Pb-GlcNAcase), and lytic polysaccharide monooxygenase (Pb-LPMO) genes
from Paenibacillus sp. The analysis of the hydrolysis products indicated Pb-ChiA
to be an exo-type chitinase with 10-fold activity toward B-chitin as compared with
a-chitin. The sequence of Pb-GlcNAcase was found to be similar to that of -N-
acetylhexosaminidase from P. barengoltzii (99%, WP_016313754.1). Pb-LPMO was
expressed in the Brevibacillus expression system. Pb-ChiA was found to have affin-
ity toward crystalline chitin higher than that of Pb-LPMO. Pb-LPMO boosted the
activity of Pb-ChiA toward crystalline a-chitin but not toward crystalline f-chitin.
When Pb-LPMO (3 pM) was added to the reaction mixture during the hydrolysis of
crystalline a-chitin by Pb-ChiA, hydrolysis products at two-fold concentration were
obtained. However, the hydrolysis products decreased upon addition of more than
3 uM Pb-LPMO to the reaction mixture.

Keywords: chitin, chitinase, lytic polysaccharide monooxygenase,
B-D-N-acetylhexosaminidase, Paenibacillus sp.

1. Introduction

Chitin, which can be easily isolated from crab and shrimp shell waste, is the
second most abundant biopolymer on earth. At least 10 gigatons (1 x 10" kg)
of chitin are synthesized and degraded each year in the biosphere. N-Acetyl-
chitooligosaccharides (GlcNAc) and chitooligosaccharides (GlcN), which are
hydrolyzed products of chitin and chitosan, have various biological roles and many
possible future applications [1-3]. GIcNAc and glucosamine are ordinarily utilized
for symptom relief in osteoarthritis patients [4]. Hyaluronic acid as heterogeneous
polysaccharides contained GIcNAc, and addition of GIcNAc to cultured keratino-
cytes facilitates the production of hyaluronic acid in a dose-dependent manner [5].

Biotechnological tools for generating enzymes are required for environmentally
sustainable production of chitin oligosaccharide, GIcNAc, or both. Multiple chitin-
ases have been characterized and are categorized into four enzyme families, namely,
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families 18, 19, 23, and 48 [6, 7]. The glycoside hydrolase (GH) families 18 and 19
chitinases have almost no amino acid sequence similarities and have entirely differ-
ent three-dimensional structures. Ra-ChiC from Ralstonia sp. A-471 was the first
chitinase of the GH family 23 [7] and has been categorized to goose-type lysozyme.
However, although Ra-ChiC shows chitinase activity, no activity toward peptido-
glycan has been described [7]. p-GlcNAcase (exo-type enzyme) belongs to GH fam-
ily 20. Chitin oligosaccharides such as N-acetylchitobiose and N-acetylchitotriose
are good substrates for f-GlcNAcase [8]. Lytic polysaccharide monooxygenases
(LPMOs, auxiliary activity [AA] family 10) are copper-dependent and cleave
polysaccharide chains embedded in the crystalline regions of the substrate that

are generally inaccessible to glycoside hydrolases [9]. Hemsworth et al. reported
that fungi in particular makes considerable use of LPMOs in biomass degradation,
producing more LPMO enzymes than cellulases [10]. Enzyme cocktails contained
cellulases and LPMO enzymes can be utilized in the bio-refinery for lignocellulose
deconstruction [10].

To understand the synergic activity of LPMO during the hydrolysis of crystalline
chitin by chitinase A (GH family 18) and p-GlcNAcase from Paenibacillus sp., clon-
ing and expression of chitinase A (Pb-ChiA), B-GlcNAcase (Pb-GlcNAcase), and
LPMO (Pb-LPMO) genes from Paenibacillus sp. were carried out in this study.

2. Materials and methods
2.1 Enzyme and protein measurements

The chitinase activity was assayed by determining the reducing sugars released
from soluble chitin. The activity was assayed according to a previously paper [11].

The p-GlcNAcase activity was measured by determining the release of
p-nitrophenol from pNP-GlcNAc. The enzyme activity required to form 1 pmol
p-nitrophenol was regarded as one unit. The enzyme activity was measured
according to a standard assay method. The reaction mixtures comprised 40 pL of
1 mM pNP-GIcNAc solution in 0.1 M acetate buffer (pH 6.0) and 20 pL of enzyme
solution. After the reaction mixtures were incubated for 15 min at 37°C, the enzyme
reaction was stopped by adding 200 pL of 0.5 M Na,CO; solution.

The LPMO activity was measured by detecting the oxidized products released
from chitin. Solutions of « or p-chitin (5 mg/mL), Pb-LPMO (1.0 mM), ascorbic
acid (1.0 mM), and 20 mM acetate buffer (pH 5.0) were mixed to 1.0 mL volume.
The reaction mixture was incubated at 37°C for 24 h. The oxidized products were
then applied onto a TSK-gel Amide-80 column (4.6 x 250 mm, Tosoh Co., Tokyo,
Japan) and eluted with 70% acetonitrile at a flow rate of 0.7 mL/min; the products
were monitored by absorbance measurement at 210 nm.

Protein contents were assayed using Micro BCA protein assay kits
(ThermoFisher Scientific) with bovine serum albumin as the standard. Protein
concentrations of Pb-LPMO, Pb-ChiA, and Pb-GlcNAcase were calculated from
absorbance measurement at 280 nm and the protein extinction coefficient accord-
ing to the method of Gill and von Hippel [12].

2.2 Cloning and expression of chitinase A (Pb-ChiA) gene from Paenibacillus sp.
Paenibacillus sp. A-471 was used as a DNA donor. Paenibacillus sp. A-471 is
closely related to Paenibacillus barengoltzii G22 strain. The genome sequence of

P, barengoltzii G22 strain has been identified [13]. To clone the chitinase, p-N-
acetylglucosaminidase, and LPMO genes from Paenibacillus sp. A-471, we used
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the nucleotide sequences of those genes from P, barengoltzii G22 (EOS56884.1) as
templates. (The sequence of chitinase gene from P, barengoltzii G22 was similar to
that of chitinase A from Bacillus civculanse WL-12 [AAA81528.1]).

First, forward (5'-ATGCATTCGAAGAGAACCCATAGCTTCAC-3') and reverse
(5'-TTATAGCGCCTGAAATAATGCGGGCAC-3') primers for PCR were synthesized
on the regions corresponding to amino acid residues 1-10 and 689-696 of Pb-ChiA,
respectively. Second, to insert the nucleotide sequence corresponding to the mature
Pb-ChiA in the pColdI expression vector (Takara Bio, Kyoto, Japan), forward
(5'-TATACATATGCAACCGAAAGCCGCTGAGGC; the Ndel site is underlined) and
reverse (5'-TATATCTAGATTATAGCGCCTGAAATAATGCGGG-3'; the Xbal site is
underlined) primers for PCR were synthesized on regions corresponding to amino
acid residues 33-39 and 690-696 of Pb-ChiA, respectively. PCR was carried out in
areaction mixture (20 uL) containing the Paenibacillus sp. A-471 genome DNA,

0.5 uM of each primer, and 10 pL of Takara PrimeSTAR Max premix (Takara Bio),
according to the protocol of Takara Bio. A DNA fragment of 2.0 kb got by PCR was
cloned into the Ndel and Xbal sites of the pCold I expression vector. The nucleotides
of the amplified fragment were made more firm by sequencing after ligation. This
expression plasmid coded mature Pb-ChiA was named pCold-Pb-ChiA.
pCold-Pb-ChiA was transformed into Escherichia coli DH5a, and the transfor-
mant was cultured in an LB medium (500 mL) containing ampicillin at 37°C to
an ODgg value of 0.4 and established by induction with IPTG (0.1 mM) at 15°C
overnight. The cultured E. coli cells were collected by centrifugation (9000 x g,
20 min, 4°C) and were resuspended in 20 mM Tris—HCl buffer (pH 7.5), sonicated,
and centrifuged (9000 x g, 20 min, 4°C) again. The supernatant was put onto a
HisTrap FF column (GE Healthcare UK Ltd., Little Chalfont, Buckinghamshire,
England) equilibrated with 20 mM Tris-HCl buffer (pH 7.5) containing 20 mM
imidazol and 300 mM NaCl. The enzyme was eluted with a gradient of 20-300 mM
imidazol in the buffer. Active fractions were collected and utilized as the purified
enzyme solution.

The enzyme activity was determined using soluble chitin (40% deacetylated
chitin) as a substrate under various conditions of pH and temperature. The buffer
systems were as follows: pH 2.0-4.0 0.2 M glycine-HCI, pH 4.0-6.0 0.2 M acetate
buffer, pH 6.0-8.0 0.2 M KH,PO,-K,HPO,, pH 8.0-9.0 0.2 M Tris-HCI, and
pH 9.0-11.0 0.2 M glycine-NaOH. The effect of temperature on the enzyme activity
was examined at 10-80°C.

To recognize splitting patterns from hydrolysis products of the purified
recombinant enzyme, 5.0 mM N-acetylglucosamine oligosaccharide substrates
(GIcNAc), ¢ were dissolved in 50 mM sodium acetate buffer (pH 6.0), and aliquots
of the enzyme solution were added to 400 pL of each substrate solution. Enzyme
reactions were carried out at 37°C for several times, and parts of the reaction mix-
ture were then picked up and mixed with the same volume of chilled acetonitrile
(—20°C) to stop the reaction.

Analysis of hydrolysis product using HPLC carried out according to a previously
paper [13].

2.3 Cloning and expression of 3-GlcNAcase (Pb-$-GlcNAcase) gene from
Paenibacillus sp.

First, forward (5'-GAGGAGGAGGTTCACGGGAGGAGGAGGTTCACGG-3') and
reverse (5'-GCGAGCTGTTGGAGAAGTACTCGTA-3') primers for PCR were respec-
tively synthesized on the 5'-upstream and 3'-downstream regions of Pb-p-GlcNAcase.
Second, to insert the nucleotide sequence of Pb-LPMO in the pCold I expression vector
(Takara Bio), forward (5-GAGCTCGGTACCCTCATGAAGCTTTTTTTT; the Ndel
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site is underlined) and reverse (5'-GATTACCTATCTAGATTACATCGACAGCGA-3';
the Xbal site is underlined) primers for PCR were synthesized on the region cor-
responding to amino acid residues 1-5 and 638-641 of Pb-p-GlcNAcase, respectively.
PCR was carried out in a reaction mixture (20 pL) containing the Paenibacillus genome
DNA with first amplified PCR fragment, 0.5 pM of each primer, and 10 pL of Takara
PrimeSTAR Max premix (Takara Bio), using the same thermocycling conditions

as the Section 2.2. A DNA fragment of approximately 2.0 kb obtained by PCR was
cloned into the XhoI and Xbal sites of the pCold I expression vector according to the
protocol of InFusion cloning (Takara Bio). The nucleotides of the amplified fragment
were confirmed by sequencing after InFusion cloning. This expression-plasmid-coded
Pb-B-GlcNAcase was named pCold-Pb-p-GlcNAcase. Transformation and purification
of Pb-p-GlcNAcase used the same method as those of Pb-Chi. Active fractions were
dialyzed with 20 mM phosphate buffer (pH 7.0) and used as the purified enzyme
solution.

The enzyme activity was determined using pNP-GIcNAc as a substrate under
various conditions of pH and temperature. The buffer systems comprised x mL of
0.2 M boric acid and 0.05 mM citrate acid, and (200-x) mL of 0.1 M Na3PO,¢12H,0
(pH 2.0-12.0). The effect of temperature on enzyme activity was examined at
10-80°C.

The activity of the purified recombinant protein was tested using soluble chitin,
pNP-GlcNAc, pNP-GalNAC, and (GIcNAc), ¢. In the case of pNP substrates, the
released p-nitrophenol was detected by absorbance measurement at 405 nm.

The hydrolysis products of (GIcNAC), ¢ were assayed by HPLC and measured as
described above.

HPLC analysis of the hydrolysis products of chitin oligosaccharides (GIcNAc),_¢
was performed by the same method as described in Section 2.2. To investigate the
cleavage patterns from the hydrolysis products of the purified enzyme (130 units/
mL substrate: pNP-GIcNAc), 5.0 mM (GlcNAc), ¢ was dissolved in 50 mM sodium
acetate buffer (pH 6.0), and aliquots of the enzyme solution were added to 400 pL
of each substrate solution.

2.4 Cloning and expression of lytic polysaccharide monooxygenase (Pb-LPMO)
gene from Paenibacillus sp.

pBIC3 forward (5'-AGTTCCGCATTCGCTCACGGCTGGGTGGACGG-3') and
pBIC reverse (5'-CATCCTGTTAAGCTTTTATTTCAGCAGCCACAA-3') primers
for PCR were synthesized on the regions corresponding to amino acid residues
38-43 and 445-449 of Pb-LPMO, respectively. PCR was carried out in a reaction
mixture (20 pL) containing the Paenibacillus genome DNA, 0.5 pM of each primer,
and 10 pL of Takara PrimeSTAR Max premix (Takara Bio), using the same ther-
mocycling conditions as the Section 2.2. A DNA fragment of approximately 1.4 kb
obtained by PCR was cloned into the pBIC3 expression vector. The nucleotides of
the amplified fragment were confirmed by sequencing after ligation. This expres-
sion-plasmid-coded Pb-LPMO was named pBIC-Pb-LPMO.

pBIC-Pb-LPMO was transformed to Brevibacillus choshinensis according to
the protocol of the Brevibacillus expression system (Takara Bio). The transfor-
mant was cultured using TMNm medium (10 g/L glucose, 10 g/L Bacto Soytone,
5 g/L tuna extract, 2.0 g/L Bacto Yeast Extract, 10 mg/L FeSO4+7H,0, 10 mg/L
MnSO,+4H,0, and 1.0 mg/L ZeSO4+7H,0) with neomycin (final concentration of
50 pg/mL) at 30°C for 2 days. After cultivation, the culture medium was centri-
fuged at 20,000 x g for 15 min at 4°C. The supernatant was added to 80% saturated
(NH,),SO,. A pellet was recovered by centrifugation at 20,000 x g for 15 min at 4°C.
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The pellet was then redissolved in 20 mM Tris-HCI buffer (pH 7.5) and dialyzed
against 20 mM Tris-HCI buffer (pH 7.5) for 1 day. The supernatant was applied to
a chitin resin column (1 x 4 cm, Biorad Laboratory, America) equilibrated with

20 mM Tris-HClI buffer (pH 7.5). The enzyme was eluted with 20 mM acetic acid.
Active fractions were dialyzed with 20 mM acetate buffer (pH 5.0) and used as the
purified enzyme solution.

2.5 Optimum ratio of Pb-LPMO and Pb-ChiA during the hydrolysis of
crystalline chitin

Pb-LPMO (0.01, 0.1, 0.5, 1.0, 3.0, 5.0, 10, and 30 pM), 1 pM Pb-ChiA, and
1.0 mM ascorbic acid in 20 mM acetate buffer (pH 5.0) were incubated with
a-chitin at 37°C for 24 h. After the reaction, the reaction mixture was boiled for
10 min to terminate the enzyme reaction. The samples were mixed with the same
volume of acetonitrile. The resultant solution was applied onto a column of TSK-
GEL Amide 80 (4.6 x 250 mm, Tosoh Co., Tokyo, Japan) and eluted with 70%
acetonitrile at a flow rate of 0.7 mL/min, and the products were monitored by
absorbance measurement at 210 nm. In this experiment, we estimated the concen-
tration of GlcNAc, (GlcNAc),, and total sugars (GlcNAc). The concentration of
(GIcNACc); in total sugars was calculated as twice the concentration of GlcNAc.

2.6 Optimum ratio of Pb-LPMO, Pb-ChiA, and Pb-GlcNAcase during the
hydrolysis of crystalline chitin

We incubated 3.0 pM Pb-LPMO, 1 uM Pb-ChiA, Pb-GlcNAcase (0, 0.1, 1.0, 3.0,
5.0, and 10 pM), and 1.0 mM ascorbic acid in 20 mM acetate buffer (pH 5.0) with
a-chitin at 37°C for 24 h. The reaction mixture was then boiled for 10 min to termi-
nate the enzyme reaction. The samples were mixed with the same volume of ace-
tonitrile. The resultant solution was applied onto the same column and conditions
as mentioned in Section 2.4. In this experiment, we estimated the concentration of
GlcNAc, (GlcNAc),, and total sugars (GIcNAc). The concentration of (GlcNAc), in
total sugars was calculated as the concentration of two GlcNAc.

2.7 Additional effect of Pb-LPMO during the hydrolysis of crystalline chitin by
Pb-ChiA

We incubated 1 pM Pb-ChiA and 1.0 mM ascorbic acid with or without 3 pM
Pb-LPMO in 20 mM acetate buffer (pH 5.0) with a-chitin at 37°C for 24 h. The
reaction mixture was then boiled for 10 min to terminate the enzyme reaction. The
samples were mixed with the same volume of acetonitrile. The resultant solution
was applied onto the same column and conditions mentioned in Section 2.4. In this
experiment, we investigated the total concentration of GlcNAc, (GlcNAc),, and
total sugars (GlcNAc). The concentration of (GIcNAc); in total sugars was calcu-
lated as twice the concentration of GlcNAc.

3. Results and discussion
3.1 Cloning and sequencing of Pb-ChiA

The length of the Pb-Chi gene was determined to be 2091 bp. It encodes a
protein of 697 amino acids. The mRNA sequence was deposited in the GenBank
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database (LC573547). The amino acid sequence of Pb-Chi was similar to that of
the chitinases from P. barengoltzii (99%, AIT70967), Paenibacillus sp. FPU-7 (93%,
BAMG67142.1), and Brevibacillus sp. AG162 (71%, WP_142063498.1). These chitin-
ases belong to the GH family 18, and Pb-Chi may belong to this enzyme family.

In addition, all catalytically important residues of chitinases from the GH family
18 [13] were conserved in Pb-Chi (Asp199, Asp201, and Glu203), as shown in P
barengoltzii, Paenibacillus sp. FPU-7, and Brevibacillus sp. AG162. Moreover, Pb-Chi
contains a signal peptide, a catalytic domain, fibronectin type III domains, and a
chitin-binding domain, as reported for chitinase A from Bacillus circulans WL-12
and the chitinase from Paenibacillus sp. FPU-7 [14, 15].

The amino acid sequence of the chitin-binding domain from Pb-Chi was similar
to that of the carbohydrate-binding module (CBM) family 12. Chitinase II from
Aeromonas sp. no. 10S-24, GH family 23 chitinase from Ralstonia sp. A-471, and chi-
tinase A from Bacillus civculans WL-12 also belong to CBM 12 [16-18]. The aromatic
amino acids (tryptophan, phenylalanine, and tyrosine) are present in the binding
site of a number of sugar-binding proteins. The interaction of the saccharide with
the aromatic residue is determined by their relative position and orientation, which
have been found to vary in different sugar-binding proteins [19]. It is reported that
CBM family 12 containing GH family 23 chitinase from Ralstonia sp. A-471 interacts
with the insoluble chitin, but not with soluble chitin [17]. This binding domain can
improve the hydrolysis ability against insoluble chitin. Watanabe et al. reported
that W687 and Q679 are important amino acid residues during the interaction of
saccharides with CBD from B. circulans WL-12 [20].

3.2 Expression of Pb-ChiA gene and characterization of recombinant protein

The molecular mass of the protein rPb-ChiA was 70 kDa, as determined by SDS-
PAGE (data not shown), in good agreement with that predicted from the amino
acid sequence. The activity of rPb-ChiA at various temperatures and pH values
were determined in enzyme assays using soluble chitin as the substrate. The opti-
mum pH and temperature of rPb-Chi were 6.0 (Figure 1A) and 50°C (Figure 1B),
respectively.

To recognized the action modes of purified rPb-Chi, enzyme assays were car-
ried with chitin oligosaccharides of several lengths, such as N-acetylchitobiose
(GlcNAc),, N-acetylchitotriose (GlcNAc);, N-acetylchitotetraose (GlcNAc) .,
N-acetylchitopentaose (GlcNAc)s, and N-acetylchitohexaose (GlcNAc)e; buffer
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Figure 1.

Functional properties of purified Pb-ChiA. All reactions were conducted with purified enzyme and soluble
chitin as the substrate. (A) Effect of pH on engyme activity at 37°C in 0.2 M of the following buffers: Glycine-
HCI (pH 2.0—4.0), sodium acetate (pH 4.0-6.0), KH,PO ,-K,HPO, (pH 6.0-8.0), Tris-HCl (pH 8.0-9.0), and
glycine-HCI (pH 9.0-11.0). (B) Effect of temperature on enzyme activity measured at 20~-80°C. The average
values of triplicate measurements were used as each activity values.
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aliquots were picked up over time and analyzed by HPLC (Figure 2). The main
hydrolysis products from (GlcNAc)s were (GlcNAc), (Figure 2A), and those from
(GlcNAc)s were (GlcNAc); and (GlcNAc), (Figure 2B). It was suggested that
(GlcNAc); is further degraded to (GlcNAc); and GlcNAc. The major hydrolysis
products from (GlcNAc), was (GlcNAc), (Figure 2C) and those from (GlcNAc);
were (GlcNAc); and GlcNAc (Figure 2D). In these experiments, GIcNAc, was not
degraded, and the major hydrolysis product of colloidal chitin was GlcNAc, (data not
shown). Mainly, rPb-Chi hydrolyzed the second glycosidic bond from the nonreduc-
ing end and/or reducing end, and hydrolysis patterns and products made by rPB-Chi
were resemble to those described for chitinase A from Ralstonias sp. A-471, chitinase
A from Serratia marcescens, and chitinase Al from B. circulans WL-12 [14, 21].
The present data suggest that this enzyme is a processive exo-type chitinase.

3.3 Cloning and sequencing of Pb-GlcNAcase

The length of the Pb-GlcNAcase gene was determined to be 1926 bp. It encodes
a protein of 642 amino acids. The mRNA sequence was deposited in the GenBank
database (LC573548). The amino acid sequence of Pb-GlcNAcase was similar to
that of the f-N-acetylhexosaminidase from P, barengoltzii (99%, WP_016313754.1),
B-N-GlcNAcase from Fontibacillus panacisegetis (63%, WP_091231148.1), and p-N-
acetylhexosaminidase from Gorillbacterium massiliense (49%, WP_040950886.1).
These p-N-GlcNAcase and p-N-acetylhexosaminidases belong to the GH family 20,
and so Pb-GlcNAcase may belong to this enzyme family. In addition, all catalyti-
cally important residues of GIcNAcase from the GH family 20 [22] were conserved
in Pb-GlcNAcase (Asp228 and Glu229).
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Figure 2.

HI§LC analysis of products of hydrolysis of chitin oligosaccharides (GlcNAc); to (GlcNAc) s by recombinant
Pb-ChiA. The hydrolysis products of (A) (GIcNAc)g, (B) (GlcNAc)s, (C) (GIcNAc) ,, and (D) (GlcNAc),
by the engyme were detected by HPLC, as described in the materials and methods. Lines: GlcNAc (dark-blue
line), (GlcNAc), (ved line), (GIcNAC); (yellowish olive-green line), (GlcNAc), (purple line), (GlcNAc)
(light blue line), and (GIcNAc) s (mustard-yellow line).
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3.4 Expression of Pb-GlcNAcase gene and characterization of recombinant
protein

The molecular mass of the recombinant protein rPb-GlcNAcase was 70 kDa, as
determined by SDS-PAGE (data not shown), in good agreement with that predicted
from the amino acid sequence. The activity of rPb-GlcNAcase at various tempera-
tures and pH values were determined in enzyme assays using pNP-GIcNAc as the
substrate. The optimum pH of rPb-GlcNAcase was 6.0 (Figure 3A), while the
optimal temperature for rPb-Chi activity was 50°C (Figure 3B); these values were
similar to those of rPb-ChiA.

To recognized the action modes of purified rPb-GlcNAcase, enzyme assays were
carried with chitin oligosaccharides of several lengths, such as (GlcNAc),, (GlcNAc)s,
(GlcNAc),, (GIcNAc)s, and (GlcNAc)g; buffer aliquots were picked up over time
and analyzed by HPLC (Figure 4). The main hydrolysis products of (GIcNAc), were
GlcNAc and (GIcNAc)s (Figure 4A), those of (GlcNAc)s were GlcNAc and (GIcNAc),
(Figure 4B), and those of (GlcNAc), and (GlcNAc); were GlcNAc (Figure 4C, D). In
these experiments, (GIcNAc), was degraded to GlcNAc (Figure 4E). In addition, the
specific activities of (GlcNAc), and (GlcNAc); were higher than those of (GlcNAc)4 ¢
(Table1). The present data indicate that this enzyme is an exo-type carbohydrate
hydrolase.

3.5 Cloning and sequencing of Pb-LPMO

The length of the Pb-LPMO gene was determined to be 1350 bp. It encodes a
protein of 449 amino acids. The amino acid sequence of Pb-LPMO was the same
or very similar to that of the LPMO from Paenibacillus sp. (100%, WP_028538775)
and P, barengoltzii (99%, WP_016312786) and the chitin-binding domain from
Paenibacillus sp. oral taxon 786 (96%, WP_009222736). As these LPMOs belong to
the AA family 10, Pb-LPMO may also belong to this enzyme family. In addition,
catalytically important residues of LPMO from the AA family 10 [9] were conserved
in Pb-LPMO (His38, His123) as well as the residues of LPMO from P, barengoltzii
(WP_016312786), Paenibacillus sp. (WP_028538775), and S. marcescens BJL200
(AAU882020.1). Moreover, Pb-LPMO contains a signal peptide, an LPMO domain,
two fibronectin type III domains, and a chitin-binding domain, as reported for the
LPMOs of P. barengoltzii (WP_016312786) and Paenibacillus sp. (WP_028538775).
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Figure 3.

Fugnctional properties of purified Pb-GlcNAc. All reactions were conducted with purified enzyme and pNp-
GIcNAc as the substrate. (A) Effect of pH on engyme activity at 37°C in various buffers. The buffer systems
comprised x mL of 0.2 M boric acid and 0.05 mM citrate acid, and (200-x) mL of 0.1 M Na;PO,+12H,0
(pH 3.0-9.0). (B) Effect of temperature on enzyme activity measured at 20—70°C. The average values of
triplicate measurements were used as activity values.
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Figure 4.

H1§LC analysis of products of hydrolysis of chitin oligosaccharides (GlcNAc); to (GIcNAc)g) by recombinant
Pb-GlcNAcase. The degradation products of (A) (GIcNAc)e (B) (GlcNAc)s, (C) (GleNAc) ,, (D) (GleNAc);,
and (E) (GIcNAc), by the enzyme were detected by HPLC, as described in the matevials and methods. Lines:
GlcNAc (dark-blue line), (GIcNAc), (ved line), (GIcNAC); (yellowish olive-green line), (GlcNAc) , (purple
line), (GlcNAc); (light-blue line), (GlcNAc) s (mustard-yellow line).

Substrate Activity (units/ mg protein)
Soluble chitin ND
pNP-GIcNAc 111x10°?
pNP-GalNAc 737 %107
(GlcNAc), 10.2

(GlcNAc), 12.7

(GlcNAc) 4 5.8

(GlcNAc)s 3.8

(GleNAc)¢ 3.7

The average values of triplicate measurements were used as each activity value.

Table 1.
Substrate specificity of Pb-GlcNAcase.
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3.6 Expression of Pb-LPMO gene and characterization of recombinant protein

The molecular mass of the recombinant protein rPb-LPMO was 45 kDa, as
determined by SDS-PAGE (data not shown), in good agreement with that predicted
from the amino acid sequence. The activity of rPb-LPMO was determined in
enzyme assays using a-chitin or p-chitin as the substrate. After incubation, oxidized
products were detected by HPLC (data not shown).

3.7 Optimum ratio of Pb-LPMO and Pb-ChiA during the hydrolysis of
crystalline chitin

To understand the effect of Pb-LPMO on the hydrolysis of crystalline chitin, we
added 0.01-30 pM Pb-LPMO to the reaction solution containing 1 pM Pb-ChiA.
(Figure 5). With increasing concentration of Pb-LPMO, the concentration of
the hydrolysis products (GlcNAc and (GlcNAc),) increased. When 1-10 pM of
Pb-LPMO was added to the reaction mixture, products at higher concentration were
obtained as compared with other concentrations. However, the addition of more
than 10 pM Pb-LPMO decreased the concentration of the hydrolysis products in
the reaction mixture. For efficient hydrolysis of crystalline chitin, addition of 3 pM
Pb-LPMO to the reaction mixture containing 1 uM Pb-ChiA is optimal. The released
products were approximately two-fold higher upon the addition of Pb-LPMO.
Vaaje-Kolstad et al. reported that CBP21 (LPMO) strongly promotes hydrolysis
of crystalline B-chitin by chitinase A and C from S. marcescens [23]. In this study,
Pb-LPMO was found to efficiently promote hydrolysis of crystalline chitin.

3.8 Optimum ratio of Pb-LPMO, Pb-ChiA, and Pb-GlcNAcase during the
hydrolysis of crystalline chitin

To understand the effect of Pb-GlcNAcase on the hydrolysis of crystalline
chitin, we added 0.1-10 mM Pb-LPMO to the reaction solution containing
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Figures.

Optimum ratio of Pb-LPMO and Pb-ChiA during the hydrolysis of crystalline chitin. Blue bar: GlcNAc
content; reddish brown bar: (GIcNAc), content; gray bar: Total GleNAc content. Total GleNAc content:
(GIlcNAc), (veddish brown bar) content was converted to twice the GlcNAc content. Total GlcNAc
content = GlcNAc (blue bar) content + converted GlcNAc content.
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Opgtimum ratio of Pb-LPMO, Pb-ChiA, and Pb-GlcNAcase during the hydrolysis of crystalline chitin. Blue
bar: GIcNAc content; reddish brown bar: (GlcNAc), content; gray bar: Total GIcNAc content. Total GIcNAc
content: (GlcNAc), (reddish brown bar) content was converted to twice the GlcNAc content. Total GlcNAc
content = GlcNAc (blue bar) content + converted GlcNAc content.

1 mM Pb-ChiA and 3 mM Pb-LPMO (Figure 6). With increasing concentra-
tion of Pb-GlcNAcase, the concentration of released GlcNAc increased, but the
concentration of released (GlcNAc), decreased. It is possible that (GlcNAc), was
hydrolyzed by Pb-GlcNAcase. The concentration (approximately 0.8 mM) of
released products (Figure 6, gray bar) when Pb-GlcNAcase was added was almost
the same as that obtained from the reaction of only Pb-ChiA and Pb-LPMO
(Figure 5). Therefore, Pb-GlcNAcase has no effect on the hydrolysis of crystal
chitin but only contributes to the degradation of chitin oligosaccharides. Wang
et al. reported that only p-N-GlcNAcase plays a role in the hydrolysis of chitin-
oligosaccharides and transglycosylation [24]. Hemsworth et al. reported that

it will become increasingly important to understand how cellulase and LPMO
enzymes synergize with one another in biomass breakdown [10]. It found that
synergization of chitinase and LPMO enzyme is also very important in the
crystalline chitin hydrolysis.

4, Conclusion

Pb-ChiA had a higher affinity toward crystalline chitin than Pb-LPMO.
Pb-LPMO boosts the activity of Pb-ChiA toward crystalline a-chitin but not
toward crystalline p-chitin. For the efficient hydrolysis of crystalline chitin,
addition of 3 uM Pb-LPMO to the reaction mixture containing 1 pM Pb-ChiA
was optimal. When Pb-LPMO (3 pM) was added to the reaction mixture during
the hydrolysis of crystalline a-chitin by Pb-ChiA, two-fold higher concentra-
tion hydrolysis products were obtained. It was found that Pb-GlcNAcase is
involved only in the degradation of chitin oligosaccharides. Synergization of
Pb-ChiA and Pb-LPMO was shown during crystalline chitin decomposition.
LPMO contributes to the efficiency of chitinase used in the conversion of chitin
biomass.
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Chapter 5

Current and Prospective of Breast
Cancer Biomarkers

Stephen Rathinaraj Benjamin and Fabio de Lima

Abstract

Biomarkers have shown great promise over the past decade the process of drug
development more effective and have become an integral part of diagnosis of
diseases. Biosensors were integrated with biomarker detection and point-of-care
detection for signal amplification, high specificity and sensitivity, rapid response
time, low cost, simplicity and multi-analytical testing. In order to detect more
sensitively, these particular biomarkers have been explored with the possibility of
real-time measurements in order to develop simple and compact systems which
can analyze complex specimens. Various biosensors including electrochemical
biosensors have recently been developed based on disease-specific biomarkers in
the diagnosis of cancer disease. The main objective of the book chapter is to review
research with new materials/methods in electrochemical biosensing techniques to
detection of breast cancer biomarkers and evaluating latest techniques for detection
of important analytes in real samples. In this book chapter, the recent develop-
ment of electrochemical biosensors of breast cancer biomarkers will be reviewed.
Furthermore, recent and future trend application of breast cancer biomarkers will
be discussed.

Keywords: biomarkers, breast cancer, electrochemical immunosensors

1. Introduction

Cancer is considered a complex disease because several factors are involved the
disease outbreak [1]. Breast cancer (BCa) is among the most common cancers in
women, accounting for about 14% of deaths from cancer in women around the
world. In both the developed and less developed world, breast cancer is the most
common cancer in women. About 508,000 women worldwide are estimated to have
died from breast cancer in 2011 [2].

One of the most important methods is the detection and analysis of cancer
biomarkers. The development of cancer has the maximum potential for therapeutic
intervention. Recent developments in molecular biology have made it clear that
biomarkers of cancer play a major role in the treatment, prognosis and insight into
cancer etiology. The National Cancer Institute describes a biomarker as a “biological
molecule contained in blood, other body fluids or tissues that is a sign of a normal
or abnormal process or disease or disorder.”

Cancer markers are one of the most valuable tools for early detection, diagnosis,
treatment, progression tracking and evaluation of chemotherapy resistance. There
are over 200 different cancer-related diseases impacting various parts of the human
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body. Tumor markers are usually found at low levels in the absence of a tumor. After
tumor formation, level changes and therefore cancer marker clinical tests must be
fast, selective and sensitive sufficiently distinguish slight changes in marker levels
in complex biological fluids.

Eventually, the extensive use of tumor markers in healthcare would rely on the
identification of many highly selective and sensitive tumor markers. However, tra-
ditional immunoassays such as enzyme-linked immunosorbent assay (ELISA) have
some drawbacks including time-consuming, extensive incubation procedures are
performed for the antibody-antigen interaction to reach equilibrium and performed
by highly skilled personnel using costly and sophisticated instruments.

1.1 Electrochemical immunosensors: definitions and methods

Over the past decade, a growing number of researchers have focused on devel-
oping fast and simple-to-use biosensor technology-based techniques to detect
specific biomarkers. Under the proposed International Union of Pure and Applied
Chemistry (IUPAC) concept, a biosensor combines two important components of
the bioreceptor and the transducer component for target detection. The chemical
biosensors have enticing instruments that can be measured to convert biological
interactions into electric signals. Nevertheless, the conversion of biological signal to
a measurable signal is difficult due to the limitations of the biological environment
and the extremely low tumor marker rates in biological samples.

The development of effective biosensors with sensitivity and selectivity has thus
gained significant emphasis not only in clinical medicine, as well as in basic medi-
cine and biomedical engineering. It is not surprising that due to their high potential
in the bioassay region, the emphasis has been shifted to electrochemical biosensors
as shown in Figure 1.

In addition to, they promote the reuse of molecules in biorecognition and
prevent a time lapse among sample preparation and analysis. Moreover, biosensors
have high potential to detect multiple biomarkers simultaneously. The use of elec-
trochemical biosensors is particularly noteworthy due to their low cost, usability,
sensitivity, specificity and suitability to detect low levels of molecular biomarkers
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Figure 1.
The construction of breast cancer biomarkers-based biosensors.
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using a range of available techniques like cyclic voltammetry (CV); differential
pulse voltammetry (DPV); square-wave voltammetry (SWV) and electrochemical
impedance spectroscopy (EIS). On the other hand, the electrochemical biosensors
play a major role in moving towards simpler point-of-care (POC) research.

In this chapter, we addressed the molecular changes throughout cancer that have
been developed and related biomarkers. Currently designed biosensor platforms
and manufacturing methods to identify these biomarkers of cancer are discussed.
Compared to the previous studies, this analysis highlights these biosensors analyti-
cal performance in terms of sensitivity, linear detection range and detection limit
obtained with various manufacturing techniques.

2. Immunoassays with biomarkers for breast cancer

Cancer biomarkers are molecules in the presence of cancer in the body that are
overexpressed. It can apply to a secreted enzyme triggered by a tumor or a specific
body response to cancer. It is important to use a wide range of genomic, epigenetic,
glycomic, proteomic and imaging biomarkers to recognize the point, prognosis,
and epidemiology of cancer. Despite the fact that there are still multiple obstacles
in turning the analysis of biomarkers into a therapeutic platform; several biomark-
ers dependent on genes and proteins have now been used. These biomarkers are
reviewed in the following sections.

2.1 Carcinoembryonic antigen (CEA)

One of the first tumor antigens to be reported was carcinoembryonic antigen
(CEA), defined in 1965. CEA is a glycoprotein of the immunoglobulin family found
by radioimmunoassay or enzyme-linked immunosorbent assay in the serum of
patients with cancer. A strong false positive rate in common communities and a
poor test sensitivity and accuracy reduce the therapeutic benefit of CEA identifica-
tion. The elevated CEA level is not unique to breast cancer because CEA can be
present in many various neoplasia forms. CEA is more prevalent in ductal than
in lobular carcinomas in breast tumors. During the testing process, the FDA also
identified CEA as an acceptable serum biomarker for colon cancer [3]. For detection
of CEA, numerous electrochemical immunosensors have been developed [4-7].

Rizwan et al. [4] fabricated the nanocomposite of gold nanoparticles (AuNPs),
carbon nano-onions (CNOs), single-walled carbon nanotubes (SWCNTs) and
chitosan (CS) (AuNPs/CNOs/SWCNTs/CS) for the modification of GCE (glass
carbon electrode) and development of highly sensitive label-free electrochemical
immunosensor for the detection of carcinoembryonic antigen (CEA), clinical tumor
marker using [Fe(CN)4]**~ as mediator solution. By using layer by layer fabrication
of the immunosensors were observed using CV and SWV methods. When CEA
antibody combines with CEA antigen, the formed immunocomplexes formed. The
decrease in the electrical signals of the immunosensor has a linear relationship for
the quantitative detection of CEA ranging from 100 fg mL™" to 400 ng mL ™" witha
low detection limit of 100 fg mL™". Interestingly, a novel label-free electrochemical
immunosensors [5] for detecting CEA based on gold nanoparticles (AuNPs) and Nile
blue A (NB) hybridized electrochemically reduced graphene oxide (NB-ERGO) as
shown in Figure 2. The NB-graphene oxide (NB-GO) composite was developed by
the n-x interaction. The linear range of the proposed immunosensor was estimated at
0.001-40 ng mL™" under optimal conditions using DPV technique and the detection
limit was estimated at 0.00045 ng mL™" for CEA. In addition, a silver nanoparticle
(AgNPs) decorated with thionine/infinite coordination polymers as sensing platforms
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Figure 2.
Schematic of the fabrication of a sandwich-type immunosensor with a Au-VBG/BDD sensing electrode.
Reprinted with permission from Ref. [5].

for detection of CEA. However, this type of glycoprotein associated with the develop-
ment of breast, ovary, pancreas, lung and colon cancer. The sensor showed a detection
limit of 0.5 fg mL™" and a wide linear range of 50 fg mL™'-100 ng mL™" [6].

Additionally, simultaneous detection of carcinoembryonic antigen (CEA) and
the carcinoma antigen 125 (CA125) constructed with the immunosensor contain-
ing vertical boron-doped graphene (VBG) and Boron-doped diamond (BDD)
composite film by chemical vapor deposition method. These process characteristics
add a wide unique surface area and strong electrocatalytic activity to the vertical BG
(VBG)/BDD film resulting increase electroactive surface area. Hence, the Au-VBG/
BDD signal amplification device immunosensor demonstrated strong selectivity,
specificity and excellent stability for the simultaneous identification of the CEA and
CA125 at 0.5-100 pg mL™" and 0.5-100 mU mL™" concentrations, respectively, with
detection limits of 0.15 pg mL™" and 0.09 mU mL ™" respectively [7].

2.2 Cancer antigen 15-3 (CA15-3)

CA15.3 is among the most widely accepted common biomarkers linked with
breast cancer and part of the mucins family with a glycoprotein [8]. The normal
level of CA15-3 is under 30 U mL™" in human serum [9]. The concentration of
CA15-3 is also linked to the postoperative condition, recurrence rate and monitor-
ing of metastases of the patients. However, the serum level of this tumor marker is
an important indicator for the early detection of breast cancer and the determina-
tion of disease severity. Several electrochemical biosensors focused on nanopar-
ticles have been designed for the identification of CA15-3. According to recent
studies, we can explain that the design of biosensors includes a number of distinct
nanostructures among the most commonly utilized signal enhancers.

Using sandwich based electrochemical was fabricated for detection of CA15-

3. According to this works, Qin and coworkers [10] used the sensitive sandwich
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electrochemiluminescence (ECL) immunosensors which were modified by graphene
oxide-PEI carbon quantum dots (CQDs)-Au nanohybrid to detect CA15-3. Firstly,
nanocomposite has been synthesized through dopamine and Ag* redox reaction
formed in Ag nanoparticles and polydopamine (AgNPs-PDA). The high-surface
nanocomposite can provide an efficient substrate for initial antibody (Abl) immo-
bilization. Carbon quantum dots (CQDs) are attached by amide bonds on polyethyl-
eneimine functionalized graphene oxide (PEI-GO). Gold nanoparticles are modified
on CQDs-decorated PEI-GO substrates. Then, the secondary antibody (Ab2) was
immobilized by AuNPs/CQDs-PEI-GO composite. According to this report, this
ECL sensor showed good linear concentration range of CA15.3 from 0.005 to 500 U
mL™}, witha relatively low detection limit of 0.0017 U mL~L. Further, an ultrasensi-
tive label-free electrochemical immunosensor configured with highly conductive
dendritic Au@Pt core-shell nanocrystals (Au@Pt NCs) uniformly dispersed with
ferrocene-grafted-chitosan (Fcg-CS) was prepared by Wang et al. [11]. Au@Pt NCs
were developed using hexadecyl dimethyl benzyl ammonium chloride (HDBAC) asa
growth-directing agent through a simple wet-chemical one-pot technique. According
to this report, the proposed immunosensor had a low detection limit of 0.17 U mL™
and worked well over a linear range of 0.5-200 U mL™". The technique designed for
the immunosensor presents a feasible approach for clinical diagnostic applications.
In another study, Cobalt sulfides/graphene nanocomposite and AuNPs (CoS,-
GR-AuNPs) was used to detect CA15-3. In this composite, AuNPs act as the immo-
bilization site for binding of antibodies. CoS,-GR nanocomposite exhibits excellent
electrocatalytic activity against catechol oxidation and also yields large surface area
that enhances the amount of CA15-3 antibody immobilized as shown in Figure 3.
The developed immunosensor showed a wide linear range of 0.1-150 U mL ™"
and a low detection limit of 0.03 U mL™". The immunosensor demonstrated good
precision, reliability, specificity and was successfully applied in serum samples for
CA15-3 detection [12].
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Figure 3.
Formation strategies of Fc-CS and Au@Pt NCs, along with constructing a label-free electrochemical
immunosensor. Reprinted with permission from Ref. [11].
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2.3 Human epidermal growth factor receptor 2 (HER2)

Anti HER2 is a monoclonal antibody (mAb) with molecular weight 185-kDa,
that can bind HER?2 protein and has been recognized as one of the biomarkers of
breast cancer. HER2 is a receptor tyrosine kinase, a part of the cellular signaling
pathways associated with the epidermal growth factor receptor (EGFR) family,
which can complexes occurred in HER2 and alike proteins (such as erbB1, erbB3,
and erbB4). Trastuzumab (Herceptin®), an antibody designed to treat breast
cancer patients with a HER2 receptor, was the first genetically-guided medication
authorized by the FDA [13], and included evaluations for its applicability before
it could be used for both the diagnosis of HER?2 positive gastric cancer and breast
cancer [14]. HER?2 overexpression in some breast cancer patients is often used as a
main prognostic predictor and important treatment goals for the detection of breast
cancer in adult females. The normal range in the blood of healthy women is between
2 and 15 mg L™". Since HER? is linked with breast cancer, the development of highly
sensitive biosensors to identify low levels of HER2 biomarkers is great importance.

For the detection of HER?2, a disposable screen printed carbon electrode was
modified with gold nanoparticles [15]. The gold nanoparticles allow rapid move-
ment of electrons and provide a biocompatible surface to immobilize small frag-
ments of antibodies in a directed manner, resulting in enhanced binding antigen
performance. The proposed immunosensor showed a wide dynamic range of
0.01-100 ng mL " with detection limit of 0.01 ng mL™". The fabricated immu-
nosensor with HER2-avian single chain variable fragment (ScFv) has outstand-
ing durability with a retention rate of more than 95.6% up to 22 days. Recently,
Shamsipur et al. [16] designed the label free immunosensor, functionalization of
3-aminopropyltrimethoxysilane coated magnetite nanoparticles with antibody
(antiHER2/APTMS-Fe;0,), as a platform bioconjugate (PB), and deposited on
a bare GCE. However, the PB was covered with magnetic gold nanoparticles
self-assembled by thiolated antibodies (antiHER2/Hyd @AuNPs-APTMS-Fe;0,)
containing chemically reduced silver ions, as a bioconjugate (LB) label. Under
optimized conditions, using DPV, the level of HER2 was determined obtained in the
range of 5.0 x 107*-50.0 ng mL ™" with a LOD of 2.0 x 10> ng mL™".

Furthermore, an electrochemical sandwich-based immunosensor for HER2 was
designed using a lead sulfide quantum dots anti-HER2 antibody as a label (Ab2-PbS
QDs) [17]. The presence of amine and hydroxyl groups from secondary anti-HER2
and coated PbS QDs are covalently linked together by carbonyldiimidazole (CDI)
in the bioconjugation of PbS QDs. Using SWYV signal, the proposed immunosen-
sor, the level of HER2 was determined the linear range from 1 to 100 ng mL™"
with a limit of detection of 0.28 ng mL™". Recently, Freitas et al. [18] developed a
quantum dots (QDs) as electrochemical label for electrochemical immunosensing
strategy established on in situ detection of HER2-ECD in human serum samples. By
using the screen-printed electrode, core/shell CdSe@ZnS to provide immobiliza-
tion of bioreceptor functional groups as shown in Figure 4. The analytical per-
formance was tested in spiked human serum samples, demonstrating an excellent
performance in a wide linear range (10-150 ng mL™") with a limit of detection of
2.1ngmL™.

2.4 MIRNAs

MIRNAs are a class of small non-coding RNA components that control the post-
transcription expression of target genes by either translational repression or mRNA
degradation. Mature miRNAs are made up of 22 nucleotides and are generated

through 70-100 nucleotide hairpin substrate molecules. The human genome has
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Figure 4.
Representation of the immunosensor construction and detection strategy of biomarker HER2. Reprinted with
permission from Ref. [19].

been reported to be capable of encoding over 1000 miRNAs, which can control up
to 60% of mammalian genes. MIRNA detection has produced a number of electro-
chemical sensors, which have been reviewed elsewhere.

In recent study, highly sensitive ultrasensitive electrochemical biosensor detec-
tion is of microRNA-222. In this works, the biosensor was fabricated as follows.

The gold nanoparticles-modified graphene oxide (rGO/Au NPs) with capture

probe (cDNA) through a thiolated group was immobilized. The modified electrode
(cDNA/rGO/Au NPs/GCE) was linearly hybridized with microRNA-222 and signal
probe, resulting in a sandwich structure of the modified electrode cDNA-microRNA
signal probe on the surface. Under optimized conditions, using DPV technique,

the biosensor of microRNA showed wide linear response range (0.5 fM to 70 nM)
and a low limit of detection of 0.03 fM [19]. Further, a novel label free and simple
electrochemical biosensors strategy was developed for detection of mRNA-21. From
this research works, firstly confirmed with excellent ability of AuNPs superlattices
for electron transport and tunable structures, a remarkable improvement was made
in the immobilizing quantity of probe molecules on the electrode surface and a
major improvement in the substratum’s electrical signal. Moreover, toluidine blue
(TB) and micro-RNA interaction established with negatively charged backbone
phosphate groups increasing electrostatic interaction. By using this technique,
microRNA with a relatively low detection limit of 78 aM can be identified in a linear
range from 100 aM to 1 nM. The proposed electrochemical nano biosensor could be
clinically valuable in early breast cancer diagnosis through direct identification of
serum microRNA-21 in real clinical samples without sample testing [20].

In addition, Azimzadeh et al. [21] developed a novel electrochemical nano
biosensor for the detection of miRNA-155. From this works, this methodology
based on thiolated probe-functional gold nanorods (GNRs) on a graphene oxide
(GO) layer on a glass carbon electrode surface as shown in Figure 5. Nevertheless,
the authors used Oracet Blue (OB) for the first time in the proposed electrochemical
nano biosensor as an electroactive miRNA label. A novel intercalating label Oracet
Blue, the reduction signals were measured using the method of differential pulse
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(A) Molecular structure of the Oracet Blue molecule, (B) schematic illustration of the assembling and working
procedure of the proposed electrochemical nanobiosensor for miR-155 detection. Reprinted with permission from

Ref. [22].

voltammetry technique. This electrochemical nano biosensor method provided a
linear range between 2.0 and 8.0 M and a limit of detection of 0.6 M. In addition,
the versatility of the proposed nano biosensor has been demonstrated by direct
detection of the miR-155 in plasma without the need for sample extraction and/or
amplification, which can be applied in clinical applications such as early detection
and/or as a predictor of drug response and prognostic trends in patients with breast
cancer. Lastly, the proposed electrochemical nano biosensing method could also be
used to detect any sequence of miRNAs, simply by changing the capture probe.

2.5 Cancer antigen 125 (CA125)

The cancer antigen 125 also known as mucin 16 (MUC 16) is a therapeutic
tumor marker present in many ovarian cancer cells on the surface. However, some
malignant diseases such as breast cancer, mesothelioma, non-Hodgkin’s lymphoma
can lead to increased CA125 levels. Usually, the normal blood CA125 concentration
is less than 35 U mL™" (units per milliliter) [22, 23]. A number of electrochemical
immunosensors for detection of CA125 have been developed so far.

Recent study, Fan et al. [24] developed paper-based electrochemical immu-
nosensor to detect cancer antigen 125 (CA125) by screen-printing method. The
reduced nanocomposites of graphene oxide/thionine/gold (rGO/Thi/AuNPs) were
compounded and coated for CA125 antibody (anti-CA125) immobilization and
identification signal amplification on the paper electrode of the immunosensor. The
principle of detection was based on the premise that the immunocomplex produced
by the binding of CA125 antibody and antigen could reduce the current thionine
reaction, which was corresponding to the corresponding CA125 antigen concentra-
tion. The results of the immunoassay demonstrate that the linear range of CA125
was between 0.1 U mL ™" and 200 U mL™" with a detection limit of 0.01 U mL™".
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In addition, Ravalli and coworkers [25] developed the analytical performances
of alabel-free impedimetric immunosensor for the detection of tumor marker
CA125 using modified screen-printed graphite electrode in gold nanoparticles. In
this works the immunoassay is focused on a self-assembled monolayer (SAM) of
electrodeposited gold nanostructures with corresponding monoclonal antibody
immobilization on screen-printed graphite electrodes as shown in Figure 6. The
development of immunosensor each steps are characterized using cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS) techniques. The
response of the immunosensor ranged linearly (r* = 0.996) with antigen concentra-
tion varying from 0 to 100 U mL™". The approximate detection limit was found to
be 6.7 U mL™". Also, the immunoassay was tested on serum samples, resulting in
promising results for use with real samples.

Recently, Baradoke et al. [26] constructed Screen-printed carbon electrodes were
electroplated with gold or platinum nanostructures and used as an antibody immo-
bilization platform for CA125. In this works, nanostructured surfaces have been used
as a tool for the design of immunosensors and analyses in electrochemical kinetics
such as antibody immobilization, electrode surface blocking and antigen binding. In
addition, the detection of CA125 was demonstrated on the coated Au and Pt nano-
structured interfaces with a LOD of 419 + 31 ng mL ™" and 386 + 27 ng mL™".

2.6 Breast cancer type 1and 2 susceptibility proteins (BRCA1 and BRCA2)

In regards to breast cancer, some hereditary gene mutations were linked with
the development of cancer, mainly identified with BRCA1 and BRCA?2 tumor
suppressor genes [27]. In specific, the BRCA1 gene encodes a protein of 1863

: 3333 5333
2 8888 88 8 §
333N §?§§?§§?53?5
I ) I - . )
HAuCI, MUDA MCH
A) B) C)

I
|

MRZS fgG ICAE 2;
D) E) F)

Figure 6.

cheme of CA125 immunosensor developed: (A) electrodepositing of AuNPs on SPGE, (B) functionalization
of gold nanoparticles with MUDA, (C) mixed SAM formation with MCH, (D) activation of COOH groups
with EDAC/NHS and Ab-CA125 immobilization, (E) blocking step with vIgG, (F) Ab-Ag affinity reaction.
Reprinted with permission from Ref. [26].
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amino acid implicated in genomic stability. Mutations in this gene are character-
ized as closely associated with and early onset of family breast cancer syndrome.
These are also responsible for controlling and managing the checkpoints and cell
division of the cell cycle. Mutations in the BRCA1 and BRCA?2 genes are linked to
increase of breast cancer and are essential for about 21-40% of hereditary cases of
breast cancer [28]. BRCA1 protein expression was reported to be decreased in 30%
of sporadic cases of breast cancer [29]. The extent of the BRCA1 protein reduc-
tion depends on the extent of the breast cancer and is inversely to the expression
of BRCA?2 protein used as a tool for the treatment of sporadic breast cancer [30].
Furthermore, BRCA2 can be used for breast cancer as both a prognostic and a
screening biomarker.

Currently, Shahrokhian and Salimian [31] developed an ultrasensitive label-
free electrochemical DNA (E-DNA) sensor based on conducting polymer/reduced
graphene-oxide platform has been developed for the detection of BRCA1 gene. An
electrochemical technique was used as a simple and easy to control method for the
electrochemical reduction of graphene oxide and also for the electropolimerization
of the monomer of pyrrole 3 carboxylic acid. The signal produced from the E-DNA
sensor uses CV, DPV and EIS methods to detect the redox probe’s electrochemical
behavior. This sensor allows BRCAL1 to be quantitatively determined in the linear
range of 10 fM to 0.1 pM with a low detection limit as 3 fM. In addition, the modi-
fied electrode was effectively used in blood plasma samples to accurately determine
the trace amounts of the DNA target.

Furthermore, recently developed novel immunoassay based on multiple poly-
mer signal amplification technique for BRCA1 protein recognition. The developed
immunoassay processed by poly (dopamine-beta cyclodextrine-cetyl trimethylam-
monium bromide) doped by silver nanoparticles (P[DA-B-CD/CTAB])-AgNPs and
functionalized mesoporous silica matrix (MCM-41-SO;H) produced on the glassy
carbon electrode with a large surface area that has been designed to provide a new
device for the immobilization of primary antibodies and outstanding conductivity.
MCM-41-SO;H provides the appropriate volume of pores and functional groups to
detect further horseradish peroxidase-labeled antibodies and improve conductiv-
ity to further amplify the electrochemical signal. The experimental immunoassay
indicates adequate analytical efficiency for BRCA1 screening with a linear range of
0.01565-10 pg mL™" (DPV) and 0.625-20 pg mL™' (SWV) and a low quantification
value of 0.003 pg mL ™" [32].

In another study, label free DNA biosensor on a modified magnetic bar carbon
paste electrode for BRCA1 mutation detection. In this research works, firstly, Fe;04-
RGO nanoparticles were synthesized, accompanied by physical adsorption of the
synthesized nanoparticles composite to the built magnetic bar carbon paste electrode
(MBCPE) as shown in Figure 7. Using PANHS leads to decreasing electrode prepara-
tion, possessing an excellent selectivity for determination of BRCA1. However, the
composite of the nanoparticles are linked with using 1-pyrene butyric acid-N-hydroxy
succinimide ester (PANHS) as a detection of DNA sequence also (BRCA1 5382 insC
mutation detection) strands were immobilized on the surface of the electrode for
exact incubation time. By using EIS technique the linear range (1.0 x 10™"* mol L™
-1.0 x 10~ mol L™) and the low detection value of 2.8 x 10~ mol L™* [33].

2.7 Interleukin-6 and -8 (IL-6 and IL-8)
Interleukin-6 (IL-6) is a leukocyte-secreted 21 kDa glycoprotein, related
to as both a pro- and an anti-inflammatory cytokine because it has roles in both

directions. Interleukin (IL)-8 is an inflammatory chemokine contained in the
subfamily C-X-clinically relevant rates of IL-6 in physiologically normal situations
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Schematic vepresentation of the modified electrochemical biosensor based on MBCPE/Fe,0,-RGO/PANHS
platform. Reprinted with permission from Ref. [34].

have recently been recorded as 5-25 pg mL " and up to 1000 pg mL ™" in sepsis
patients [34]. IL-8 is expressed by certain cell types, including activated monocytes
and macrophages, a wide range of epithelial cells and fibroblasts [35].

For the detection of interleukin 1p in human serum and saliva, new impedi-
metric immunosensor was prepared using semi-conductive poly (2-thiophen-3-yl-
malonic acid) (P3-TMA) as matrix material for immobilization and anti-IL-1p
antibody as a component for biorecognition. P3-TMA added a lot of antibody
binding in the presence of carboxyl groups. EIS and CV techniques were used d
to monitor the detection of IL-1p antigen concentration in the range of 0.01-3 pg
mL ™ with the detection value of 3 fg mL™ [36].

Using a similar principle, an impedimetric immunosensor for highly sensitive
detection of IL-8 is in human serum and saliva samples. 6-phosphonohexanoic
acid (PHA) was used to label the anti-IL-8 antibody. In addition, anti-IL8 antibody
interaction to IL8 antigen was observed using SFI (single frequency impedance)
technique as shown in Figure 8. EIS technique was applied for the interrogation of
IL-6 level in the linear range of 0.02-3 pg mL ™" with a detection value of 6 pg mL™"
and good stability (7 weeks) [37].

2.8 Vascular endothelial growth factor (VEGF)

Specific tyrosine kinase receptors divided into subtypes of VEGFR-1, VEGFR-
2, and VEGFR-3 are vascular endothelial growth factor receptors (VEGFRs).
VEGFR-2 activates most angiogenic processes among the three forms. VEGFR-2 is
an important biomarker for breast cancer with a blood level of >15 ng L™ indicating
the presence of tumors of the breast cancer [38].

For detection of VEGFR-2, a sandwich immunoassay was designed to detect
VEGFR-2, by immobilizing anti-VEGFR-2 Ablusing chitosan/rGO/thionin-modi-
fied GCE as shown in Figure 9. An HRP-labeled Ab2 was used to identify antibody,
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Figure 8.
Schematic representation of the impedimetric immunosensor IL-8 detection. Reprinted with permission from

Ref. [38].
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Figure 9.
Schematic representation of the electrochemical biosensing for VEGFR2 detection. Reprinted with permission

from Ref. [40].

catalyzing thionine oxidation by H,0,. VEGFR-2 was quantified by DPV with a
detection limit of 0.28 pM in the linear concentration range of 0.4-86.0 pM [39].
For its detection, VEGFR, sensitive label-free impedimetric sensor fabricated

on molecular impressed polymer (MIP) as a biomimetic receptor coupled with
screen-printed electrodes. Next, o-phenylenediamine (oPD) electropolymeriza-
tion was conducted on graphite-screen-printed electrodes in the presence of VEGF
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molecules through cyclic voltammetry. The single-use MIP-based sensor demon-
strated good analytical efficiency for VEGF detection from 20 to 200 pg mL™" with
a detection limit of 0.08 pg mL™" using with EIS technique [40].

2.9 Cluster differentiation 146 Ag (CD-146)

Cluster differentiation 146 Ag (CD-146) is a molecule of cell adhesion that belongs
to the superfamily of immunoglobulins. It is identified as a progression marker for
melanoma (melanoma adhesion molecule antigen) and breast cancer. The normal
level of CD-146 in blood serum of healthy individuals is generally 309 pg L™" [41].

For the identification of CD-146, a sandwich-based amperometric immunosensor
was manufactured in which rGO-tetra ethylene pentaamine (TEPA) enhanced GCE
antibody (Abl) was immobilized as shown Figure 10. This improvement offered the
electrode a large number of amino groups to improve the loading potential of anti-
bodies. The secondary Ab was controlled with colloidal sphere TiO, and nanopar-
ticles Au/Pd and assay was conducted by calculating the amperometric reaction to
electrocatalytic reduction of H,0,. However, the immunosensor displayed a wide
linear range in 0.0050-20 ng mL ™", a low limit detection value of 1.6 pg mL™" [42].

Furthermore, biomimetic mussel-inspired polydopamine coating photoelectro-
chemical biosensing chip was constructed to detect CD146. The CdS/TiO,-ITO chip
was designed using the electrodeposition process to deposit CdS on the TiO,-ITO
chip. In addition, the PDA (polydopamine), developed by DA (dopamine) self-
polymerization, was anchored on the CdS/TiO,-ITO (cadmium sulphide/titanium
dioxide-indium tinoxide) chip surface through its strong adhesivity and specific
interactions such as electrostatic attractions or covalent bindings. Also, without
using external crosslinkers, PDA/CdS/TiO,-ITO chips could be used for direct
immobilization of antibodies. By measuring the photocurrent responses to different
concentrations of CD146, quantitative determination of CD146 was achieved based
on this principle. The photocurrent decreased linearly from 1 pg mL ™" to 20 ng mL™
with an increase in CD146 concentration and a detection value of 0.3 pg mL™" [43].

o_. —

;  Au@TiO, Au/Pd@TiO, Au/Pd@TiO,-Ab,

Y » Y &

rGO-TEPA  Glutaraldehyde Ab, BSA Ab, CD146

Figure 10.
Schematic representation of the preparation of Au/PA@TiO,-Ab2 (A) and immunosensor (B). Reprinted with
permission from Ref. [43].
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2.10 Other important biomarkers

Biomarkers such as tenascin-C (TN-C); p53 tumor suppressor protein (p53);
DNA methyltransferase (DNA-MTase); estrogen receptor (ER); matrix metal-
lopeptidase 9 (MMP-9); apurinic/apyrimidinic endonuclease 1 (APE1); mucin-like
carcinoma-associated antigen (MCA); murine double minute 2 (MDM2); nuclear
factor kappa B (NF-kB) are other important biomolecules that are known as tumor
markers for breast cancer [44].

Tenascin-C is a large extracellular matrix protein newly expressed during tissue
remodeling processes including angiogenesis, inflammation, and tumor growth.
Tenascin-C is especially overexpressed in tumor tissues [45]. For the detection of TN-C
a chemiluminescence (CL) based voltammetric immunosensor was prepared using car-
boxylated carbon nanoparticles (cCCNPs) and conjugated with magnetic beads (MBs). In
addition, an aptamer labeled with the CL reagent N-(4-aminobutyl)-N-ethylisoluminol
was adsorbed to form labeled aptamer modified cCNPs-MBs on the surface of carboxy-
modified magnetic carbon nanoparticles. When the tenascin-C sample is applied, it will
associate with the labeled aptamer to build a complex with the labeled aptamer. This
complex is measured by CL whose amplitude is linearly linked to the tenascin C concen-
tration by 1 pM to 1 nM and the detection value as 0.4 pM respectively [46].

Tumor suppressor protein (p53) is an important transcription factor in regulat-
ing cellular responses to stress factors. Loss of p53 activity induces tumor activation
and gene mutation, resulting in a conformational alteration in the p53 protein
structure [47]. The level of p53 protein in serum samples from cancer patients varies
from 0.52 + 0.23 ng mL™" t0 1.03 + 0.59 ng mL™" [48]. Another, nanocomposite
based ultrasensitive electrochemical immunosensor for p53 was designed using
polycysteine/graphene quantum dots/gold nanoparticle. In this study, p53-antibody
was immobilized on a green and biocompatible nanocomposite comprising L-cyste-
ine (P-Cys) as a conductive matrix and gold nanoparticles (GNPs) as a dual amplifi-
cation component of graphene quantum dots (GQDs). This approach facilitated the
linear analysis of p53 in the range from 0.0244 to 0.369 pM (SWV technique) and
0.195-50 pM (DPV technique) with a lower limit of 12.1 fM [49].

DNA methyltransferase (DNAMTase) is a widespread epigenetic alteration
in both prokaryotes and eukaryotes and plays a crucial role in controlling gene
expression, genomic stability and cell growth. Most tumors such as thyroid, liver,
heart, prostate and breast cancer have over-expression of DNAMTase [50]. Further,
DNAMTase was detected by label-free electrochemical biosensor for identification
and inhibitor screening of methyltransferase activity based on graphene quantity
and enzyme-catalyzed reaction. However, in this work, the modified HRP catalyzed
the 3, 3, 5, 5'-tetramethylbenzidine hydrogen peroxide-mediated oxidation result-
ing in an electrochemical signal production. The proposed biosensor achieved
sensitivity detection of MTase activity within the range of 1-40 U mL ™" with a
detection limit of 0.3 U mL™ [51].

The biomarker of the estrogen receptor alpha (ERa) is a receptor and transcrip-
tion factor with nuclear hormones. It controls gene expression and inhibits the pro-
liferation and differentiation of cells in the target tissue. The occurrence of elevated
ERa rates in the breast epithelium that implies an increased risk of breast cancer,
indicating both the function of ERa in initiation and cancer progression [52]. For
ERa detection, a electrochemical magneto immunosensing platform was developed
taking an anti-human ERa antibodies modified SPCE. The antibody acquisition was
immobilized on modified magnetic beads in carboxylic acid compounds, while the
biotinylated antibody was labeled with a streptavidin-HRP conjugate. In addition,
determining the target ERaprotein with a detection limit of 19 pg mL™" evaluated
the applicability of the integrated disposable magneto immunosensor [53].
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Matrix metalloproteinase 9 (MMP-9) is an extracellular 92 kDa protease belong-
ing to a family of endopeptidases dependent on zinc and calcium. There was an
improvement in expression of MMP-9 in a number of different tumors relative to
healthy subjects, with an overall positive association between tumor aggressive-
ness and activity levels of MMP-9 [54]. For detection of MMP-9, SERS (surface-
enhanced Raman scattering) nano-tags integrated magnetic-separation biosensor
was designed with whole blood. The silica coated Ag SERS nano-tags built as labels
were used to identify MMP-9 in unprocessed blood samples in a quick and accurate
MSB immune sensor. The results showed the sensitive and reproducible response
constructed in whole blood to the concentration of MMP-9 in the range up to
100 ng mL " with a detection limit of 1 pg mL™" [55].

Human apurinic/apyrimidinic endonuclease 1 (APE1) is an intracellular multi-
functional enzyme, also known as the redox impact factor 1. For detection of APE1,
a novel electrochemical biosystem was designed by immobilizing antibody-APE1
modified on gold electrode. The technique skillfully incorporates immunoassay
through an intricate template of enzyme activity study. The APE1 biosensor detec-
tion limit is as low as 0.00518 U mL™". The technique will monitor enzyme activity
controlled by an APE1 inhibitor and its isozyme discrimination [56].

Mucin 1 (MUC1) protein is a membrane-associated glycoprotein containing 31
amino acids in the hydrophobic domain, 69 amino acids in the cytoplasmic domain
and 20 identical amino acids per repeat in the extracellular domain. MUC1 is also a
well-known tumor marker present in a range of malignant tumors [57]. For detec-
tion of MUCI, carboxylic group of disposable electrochemical immunosensors rich
in graphene oxide for the identification of biomarkers with methylene blue using
with human serum samples. The authors investigated highly conductive surfaces of
carboxylic group rich graphene oxide on screen-printed carbon electrodes in this
process. The established immunosensor demonstrated good detection range (0.1-2
U mL™), for MUC1 with outstanding linearity with a detection limit of 0.04
U mL™" by using the differential pulse voltammetry (DPV) technique [58].

3. Future prospects and challenges

In recent years, the development of biosensors for biomarkers for breast cancer
has received a lot of attention. However, the developments of biomarkers and the
innovation of diagnostic tools for early detection of breast cancer are still in their
early stages. While electrochemical immunoassays were very successful bio trans-
ducers, biomarkers established for breast cancer are needed to test their specificity,
responsiveness and efficiency against the diagnostic standards created. The produc-
tion and progression of these advanced cancer screening systems will aid in the
early stages of accelerated clinical cancer diagnoses. Nonetheless, proposed detec-
tion approaches for biomarker detection of cancer necessarily require standardiza-
tion of pre- and post-analytical protocols such as sample preparation, storage and
optimization of experimental conditions for true validity of assays and more genu-
ine output of the biosensor produced. Although very low LODs have been obtained
by electrochemical biosensors, they typically convey multi-step mark strategies that
complicate the experimental activity. For future works, the development another
problem is that owing to its low accuracy and reliability, few portable electrochemi-
cal instruments are in clinical usage. Therefore, robust biosensor-based POC
devices are required of ultrasensitive electrochemical label-free methods will be a
great potential. Researchers must train the electrochemical biosensor to solve their
reliability problems with a significant number of clinical samples. The development
of wireless micro/nano electrochemical biosensors is an ideal option for in vivo
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detection, as they can work in an invasively style. The approachable properties

of electrochemical instruments improve the performance of cancer diagnostics

and therapy monitoring. With further advancement and funding, these handheld
instruments are anticipated to improve cancer diagnosis, rendering diagnostic find-
ings accessible in a matter of minutes at the patient bedside or practitioner’s office.

4, Conclusion

Novel electrochemical techniques for the detection of biomarkers of breast cancer
have been established using the remarkable progress in nanotechnology and biosensor
techniques. Effective electrochemical detection systems are combined with immunol-
ogy guidelines to host different antibody-complex reactions on the transducer surface
and quantitatively identify the biomarkers. Current electrochemical biosensors, such
as DNA or immunosensors, have extraordinary sensitivity that is important for early
detection of cancer. The integration of electrochemical instruments with nano-scale
materials provides a unique multiplexing mechanism for various cancer marker
simultaneous measurements. However, before marketing the developed biosensors
for actual clinical practices for the detection of biomarkers for breast cancer, impor-
tant gaps and approaches need to be addressed and implemented.
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