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Preface

Kinetics of Enzymatic Synthesis contains five chapters focused on advanced methods used in
the research area of kinetics of enzymatic synthesis. This book was written to explain the fun-
damental as well as advanced application of enzyme kinetics and provides an overview on
some of the recent developments in the kinetics of enzymatic synthesis. Particular emphasis is
given to both theoretical and experimental aspects of the synthesis of enzymes. The five chap-
ters of the book serve as an important reference for scientists and academics working in the
research areas mentioned above, especially in the aspects of kinetics of enzymatic synthesis.

The first section “Enzyme Kinetics” contains two chapters with a wide range of topics. In
recent years, halophilic microorganisms have been explored for their biotechnological po-
tential in different fields. The first chapter focuses on the kinetics of halophilic enzymes,
which have several biotechnological applications. The classical thermodynamic approach to-
wards analyzing the influence of co-solvents on the Michaelis constants of enzyme-cata-
lyzed reactions is demonstrated in the second chapter.

The second section “Enzymatic Synthesis” covers three chapters. Production of isoamyl ace-
tate using the enzymatic synthesis method between acetic anhydride and isoamyl alcohol by
having the enzyme Candida antarctica Lipase B as a catalyst in a solvent-free system is dis-
cussed in the third chapter. In this study the optimization process and mathematical model-
ing of the kinetic reaction and yield of isoamyl acetate are included. The integrated scheme
with the use of the filtrate from the pretreatment of the CS and the growth conditions of
Pleurotuscystidiosus is studied in the fourth chapter. The last chapter of this section provides
the conditions of the key parameters in microfluidic systems (residence times, flow rates,
concentrations) applied for a sequential process from liquid/liquid extraction of LVV-h7.

I'am thankful to Shri J. Ramachandran, Chancellor, and Col. Dr. G. Thiruvasagam, Vice-Chan-
cellor, Academy of Maritime Education and Training, deemed to be a university, for their con-
stant encouragement. Special thanks go to co-editor Dr. Carlos Fernandez, School of Pharmacy
and Life Sciences, Robert Gordon University, Aberdeen (UK), for valuable suggestions.

I would like to thank Author Service Manager Ms. Marijana Francetic for her cooperation
throughout the process of the publication of this book.

Dr. Lakshmanan Rajendran
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Deemed to be University
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Chapter 1

Kinetics of Halophilic Enzymes

Luis Alberto Cira-Chdvez, Joseph Guevara-Luna,
Marisela Yadira Soto-Padilla, Brenda Roman-Ponce,
Maria Soledad Vasquez-Murrieta and

Maria Isabel Estrada-Alvarado

Additional information is available at the end of the chapter
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Abstract

Hypersaline environments are those with salt concentrations 9-10 times higher (30-35%
of NaCl) than sea water (3.5% of NaCl). At high concentrations of soluble salts, cyto-
plasm—mainly of bacteria and archaea—is exposed to high ionic strength and achieves
osmotic equilibrium by maintaining a cytoplasmic salt concentration similar to that of
the surrounding media. Halophilic enzymes are extremozymes produced by halophilic
microorganisms; they have similar characteristics to regular enzymes but different prop-
erties, mainly structural. Among these properties is a high requirement of salt for biologi-
cal functions. Furthermore, the discovery of enzymes capable of degrading biopolymers
offer a new perspective in the treatment of residues from oil deposits, under typically
high conditions of salt and temperature, while giving valuable information on heterotro-
phic processes in saline environments.

Keywords: halotolerants, halophiles, salt-in, synthesis intracellular compounds,
extremonzymes

1. Introduction

Extreme environments involve a wide range of extreme conditions (pH, temperature, pressure,
light intensity, oxygen, nutrient conditions, heavy metals, and salinity). Hypersaline environ-
ments are those with salt concentrations 9-10 times higher (30-35% of NaCl) than sea water
(3.5% of NaCl). These sites are widely distributed around the world and can harbor microorgan-
isms from three different life domains (archaea, bacteria, and eukaryota); together, these micro-
organisms are known as halophiles, which survive or even thrive in saline environments [1].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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2. Classification of halophiles and halophile environments

Nowadays, several classifications of halophiles have been suggested; the classification pro-
posed by Ollivier et al. [2] considers those microorganisms capable of growing in salt con-
centrations >150 g L™ (15% w/v, 2.5 M) as halophiles. Another classification considers the
optimum growth salinity as follows: mild halophiles (1-6%, w/v NaCl), moderate halophiles
(7-15%) and extreme halophiles (15-30%) [3]. On the other hand, Ventosa and Arahal [4]
defines halophiles as organisms that have an optimal growth above 3% salt concentration; if
the optimal growth occurs between 3 and 15% salt, they are regarded as moderate halophiles;
and when it occurs above 15% and up to halite saturation (34%), they are regarded as extreme
halophiles. In addition, DasSarma and DasSarma [5] described halophiles as those organ-
isms that thrive from sea salinity (~0.6 M) up to saturation salinity (>5 M NaCl). However,
the most complete and widely used classification scheme was proposed by Kushner and
Kamekura [6], in which halophilic microorganisms are separated into six groups based on
their salt requirement and tolerance (Table 1): non-halophiles are those that have optimal
growth in culture media containing less than 0.2 M NaCl; slight halophiles (marine bacteria)
grow best in media with 0.2-0.5 M NaCl; moderate halophiles grow best with 0.5-2.5 M
NaCl; borderline extreme halophile that growth best at 2.5-4.0 M; extreme halophiles show
optimal growth in culture media containing NaCl concentration between 4 and 5.9 M; and
finally halo-tolerant microorganisms, which are non-halophiles that can tolerate high salt
concentrations but do not require salt to survive; any microorganism viable at 2.5 M of NaCl
is considered extremely halotolerant. Archaea and bacteria are the most widely distributed
organisms in hypersaline environments [7], especially in those in which salinities exceed
1.5 M (about 10%). In recent years, halophilic organisms are mainly isolated from saline
environments, such as salt lakes, marine solar salterns, saline soils, and marine sediments
(see Table 1). However, halophile bacteria have also been isolated from some non-common
places, for example, textile effluents, halophytes, mine tailings as well as processed foods
(Table 1).

2.1. Hypersaline environments

Hypersaline environments are extreme habitats with limited microbial diversity as result
of high salt concentrations and other environmental factors. Nowadays, most environmen-
tal studies have been carried out on aquatic habitats, such as saline lakes and solar salterns
used for the production of salt for commercial purposes [8]. Nevertheless, halophilic bac-
teria can be found in other habitats including saline soils, salted foods and other products,
hides, and deep-sea brine pools [7, 9-11]. Depending on whether they originated or not
from seawater, hypersaline environments are classified as thalassohaline and athalassoha-
line, respectively.

2.1.1. Thalassohaline environments

The thalassohaline environments are saline environments of marine origin, which contain the
following ions: Cl-!, Na', Mg*, SO,>-, K*, Ca*, Br, HCO,~, and F- [4]. Some examples of thalas-
sohaline as explained as follows.
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Category Salt tolerance (M)  Example Isolation site References
Non-halophile <0.2 Vibrio palustris EAdo9" and Vibrio  Salt-marsh plants [106]
spartinae SMJ221"
Slight halophile 0.2-0.5 Paracoccus sp. GSM2 Textile mill effluent [107]
Bacillus sp. NY6 Saline wastewater [108]
Zunongwangia endophytica CPA58"  Tissues of the halophyte [109]
Halimione portulacoides
Moderate 0.5-2.5 Salinispora arenicolt CNH-643" and ~ Marine sediments [110]
halophile Salinispora tropica CNB-440"
Salinispora pacifica CNR-114" Marine sediments [111]
Martelella endophytica YC6887" Root of Rosa rugosa [112]
Streptomyces halophyticola KLBMP  Stems of Tamarix chinensis ~ [113]
12847
Labrenzia suaedae YC6927" Root of Sauceda maritime [114]
Kocuria arsenatis CM1E1" Prosopis laevigata [115]
Proteus sp. NA6 Textile effluent drain [116]
Candidatus Desulfonatronobulbus Hypersaline soda lakes [117]
propionicus
Novosphingobium pokkalii L3E4" Rhizosphere of saline- [118]
tolerant pokkali rice
Marinobacter aquaticus M6-53" Marine saltern located in [119]
Huelva, Spain
Agrobacterium salinitolerans YIC Root nodules of Sesbania [120]
5082" cannabina grown in a
high-salt and alkaline
environment
Salinicola tamaricis FO17 Leaves of Tamarix chinensis  [121]
Salinirubellus salinus ZS-35-S27 Marine solar saltern [122]
Borderline 2.5-4.0 Aliifodinibius halophilus 2W32" Marine solar saltern [123]
;);’if)e?jle Desulfosalsimonas propionicica Hypersaline sediment of [124]
P PropA’" the Great Salt Lake
Salinibacter iranicus CB7" and Aran-Bidgol salt lake, Iran ~ [125]
Salinibacter luteus DGO"
Halanaerobium sehlinense 1Sehel” Sediments of the [126]
hypersaline lake Sehline
Sebkha
Sporohalobacter salinus CEJFT1B" Under the salt crust of [127]
El-Jerid hypersaline lake in
southern Tunisia
Lentibacillus kimchii K9" Korean fermented food [128]
(kimchi)
Marinobacter salexigens HJR7" Marine sediment [129]
Gracilimonas halophila WDS2C40" Marine solar saltern [130]
Salinifilum proteinilyticum Miq-12" ~ Wetland in Iran [131]
Natronospira proteinivora Bsker1” Marine solar saltern [132]

5
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Category Salt tolerance (M)  Example Isolation site References
Extreme 4-59 Salinibacter ruber M317 Saltern crystallizer ponds ~ [12]
halophile in Alicante and Mallorca,
Spain
Limimonas halophila IA16" Mud of the hypersaline [133]
Lake Aran-Bidgol, Iran
Desulfonatronobacter acetoxydans Hypersaline soda lake [47]
APT3

Halo-tolerant A non-halophile Brevibacterium salitolerans TRM 415" Sediment from a salt lake ~ [134]
that tolerant salt;

if it is viable 2.5 M,  Kineococcus endophytica KLMMP Halophytic plant [135]

in is considered 12747 (Limonium sinense)

extremely

halotolerant Anditalea andensis ANESC-S” Alkali-saline soil [136]
Brevibacterium jeotgali SJ5-8" Traditional Korean [137]

fermented seafood

Salimicrobium sp. LY19 Saline soil [138]
Brevibacterium metallicus NM3E2"  Edge of mine tailings [139]
Bacillus subtilis BLK-1.5 Salt mines [76]

Halomonas nigrificans MB G8645" Acid curd cheese called [140]
Quargel

Table 1. Classification of bacteria based on their salinity tolerance according with criteria proposed by Kushner and
Kamekura [6].

2.1.1.1. Solar salterns

These sites have a similar composition to seawater and they are used for salt production by
evaporation. They generally consist of several ponds interconnected to form the so-called
multipond system. Seawater is pumped or allowed to flow into the first ponds, and as a con-
sequence of solar evaporation, the concentration of salts increases slightly and the water is
moved to the next ponds, where it will concentrate further. Finally, in the last pond (called
crystallizer), common salt is precipitated [4]. Many studies have focused on the isolation
of bacteria harbored in hypersaline environments, identifying the following major groups:
Bacteroidetes [12], Firmicutes [13-15], Y-Proteobacteria [13, 16-17], and Y-Proteobacteria
being the most abundant.

2.1.1.2. Soils

Saline soils are those with an electrical conductivity (EC) higher than 4 dS mL~, approxi-
mately 40 mM NaCl [18]. Nowadays, salinized areas are increasing at rate of 10% annually for
various reasons, including low precipitation, high surface evaporation, weathering of native
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rocks, irrigation with saline water, and poor cultural species practices [19]. Several studies on
hypersaline soils mainly isolated moderate halophiles and non-halophilic bacteria affiliated
with different genera of the following taxonomic groups: Firmicutes [20-22], actinobacteria
[23, 24], and proteobacteria [25, 26].

2.1.1.3. Great Salt Lake

In 1957, a rock-filled railroad causeway was completed across the lake, dividing it into a
northern and a southern basin. The northern arm presented high salinity (33%), while the
southern arm separated by a semipermeable rock causeway contains a moderate concentra-
tion of salt (12%) [27]. A number of studies on the isolation of bacteria from the sediment from
Great Salt Lake have been carried out [28, 29].

2.1.2. Athalassohaline environments

These are environments that do not have a marine origin and their ionic proportions are quite
different from that of the dissolved salts in seawater [30]. They reflect the composition of the
surrounding geology, topography, and climate conditions, often particularly influenced by
the dissolution of mineral deposits [31].

2.1.2.1. Dead Sea

The Dead Sea, which is actually an inland lake, is famous for being so saline that people
can float with ease on its surface. The site is composed mainly of divalent ions like Mg**
[32]. The Dead Sea is a hypersaline lake with 34% salinity, and its name is due to the lack
of any living macroscopic creatures. The lake consists of a deeper northern basin and
a shallow southern basin, which has been recently dried up and used for commercial
mineral production [33]. The water level is dependent on the balance between amount
of freshwater inflow and evaporation [32]. The Jordan River is the main source of fresh-
water inflow, in addition to several water springs and the complex system of underwater
springs, which has been recently discovered [34]. Metagenomic studies demonstrated the
presence of Halobacterium-like sequences and Mg?* transport-related proteins, suggest-
ing a potential adaptation to the high magnesium concentration by Dead Sea halophiles
[35]. In addition, metagenomic sequence analysis and amino acid profiling also demon-
strated the presence of halophiles never previously isolated or sequenced in the Dead
Sea [35, 36]. It was recently discovered that the Dead Sea harbors some bacteria with
biotechnological properties, such as Bacillus persicus 24-DSM, which showed antimicro-
bial activity [33].

2.1.2.2. Soda lakes

Athalassohaline alkaline salt lakes (or soda lakes), rich in NaCl, NaHCO,, and Na,CO,, are
usually formed by dissolution of rocks that are low in magnesium and calcium, which would
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otherwise cause carbonate to precipitate [37, 38]. The most studied lakes are those in the East
African Rift Valley, continental Russia, and the USA. In addition to being able to tolerate
high pH values and elevated salinities, microbes inhabiting soda lakes have to cope with low
availability of NH,', caused by weak dissociation of ammonia at high pH. An accumulation
of stressful but volatile NH, may occur in enclosed alkaline-saline systems such as sea ice or
locally in soda lakes [32]. Several studies about bacteria isolation from soda lakes from differ-
ent continents are available [39-47].

Halophilic microorganisms have several biotechnological applications, such as f-carotene
production of fermented foods. In recent years, uses of halophilic microorganisms have sig-
nificantly increased. Many enzymes, stabilizers, and valuable compounds from halophiles
may present advantages for the development of biotechnological production processes.

2.2. Biology and adaptation of halophilic bacteria

The first chemical stress encountered during the evolution of life on earth may have been
salt stress. Thus, from the beginning, organisms must have evolved strategies and effective
mechanisms for the stabilization of protoplasmic structures and ion regulation [48]. At high
concentrations of soluble salts, cytoplasm —mainly of bacteria and archaea—is exposed to
high ionic strength and achieves osmotic equilibrium by maintaining a cytoplasmic salt con-
centration similar to that of the surrounding media. This can affect microbes via two primary
mechanisms: osmotic effect and specific ion effects. Soluble salts increase the osmotic poten-
tial (more negative) of the soil water, drawing water out of cells which may kill microbes and
roots through plasmolysis [49, 50].

To thrive in the hypersaline environment, halophiles have two main adaptation mechanisms
to prevent NaCl from diffusing into the cells. The first mechanism is accumulation of inorganic
ions (mainly KCl) for balancing osmotic pressure. This mechanism is mainly utilized by aerobic
and extremely halophilic archaea and some anaerobic halophilic bacteria [32, 49, 51]. In con-
trast, most halophilic bacteria accumulate water soluble organic compounds of low molecular
weight, which are referred to as compatible solutes or osmolytes, to maintain low intracellular
salt concentration [52-54].

2.2.1. Salt-in mechanisms

As mentioned above, microorganisms that grow optimally in the presence of extremely high
salinities (up to 5 M NaCl), accumulate intracellular potassium and chloride ions in concen-
trations higher than the external NaCl concentration to maintain a turgor pressure. This so-
called “salt-in” strategy is observed in Halobacteriales (archaea) and Halanaerobiales (anaerobic
halophilic bacteria) [55, 56]. The mechanism (“salt-in” to balance “salt-out”) requires far-
reaching adaptations of the entire intracellular machinery, as all enzymes and functions in the
cytoplasm have to be functional in the presence of molar concentrations of KCI [57]. A char-
acteristic feature of halophilic proteins from microorganisms that accumulate KCl for osmotic
balance is their highly acidic nature, with a great excess of acidic amino acids (glutamate and
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aspartate) over basic amino acids (lysine and arginine). Such proteins are highly negatively
charged compared to their non-halophilic equivalents. In addition, halophilic proteins gener-
ally have a low content of hydrophobic amino acids [58, 59].

2.2.2. Synthesis of intracellular compounds

As explained above, microorganisms have the ability to adapt to or tolerate stress caused
by salinity by accumulating osmolytes, also known as compatible solutes. The compatible
solute strategy is broadly known in domain archaea, bacteria, as well as eukarya. Organisms
accumulate organic solutes by uptake from the environment or de novo synthesis of organic
compounds, such as sugars and polyols, amino acids and their derivatives, and other compat-
ible solutes for protection against salinity stress [60-62].

Organic solutes act as stabilizers for biological structures and allow the cells to adapt not only
to salts but also to heat, desiccation, cold, or even freezing conditions [63]. Many halophilic
bacteria accumulate ectoine or hydroxyectoine as the predominant compatible solutes. Other
intracellular compatible solutes include amino acids, glycine betaine and other compounds
accumulated in small amounts [54].

Mei et al. [64] describe the physiology of a Natrinema sp. strain J7-2, an extremely halophilic
archaea isolated from a salt mine in China, under salt stress conditions (15, 25, and 30% NaCl).
This strain showed the highest growth rate at 25-30% of NaCl, while at 15% cells were more
fragile. Furthermore, the glycerolipid and amino acidic metabolism showed a significant
difference in cellular transcripts levels, perhaps playing a role in membrane production/
alteration or in accumulation of specific amino acids (glutamate family —Glu, Arg and Pro;
aspartate family — Asp; and aromatic amino acids—Phe and Trp), especially Glu and Asp as
carbon substrates and energy resources or compatible solutes.

The most common inorganic solutes used as osmolytes by salinity tolerant microbes are potas-
sium cations, while proline and glycine betaine are the main organic osmolytes [65]. However,
the synthesis of these compounds requires high amounts of energy [50, 66]. Given these high
energetic requirements, there are few reports of halophilic microorganisms that can produce
compatible solutes to mitigate the stress by variable concentrations of salts. The capacity of
two halophilic strains is noteworthy: Planococcus sp. VITP21 and Bacillus sp. VITP4, which
are capable of de novo synthesis of two rarely occurring diamino acids, Ne-acetyl a-lysine and
N&-acetyl ornithine, respectively; besides the well-known ectoine and proline [67] as simple
diamino acidic molecules to tolerate salt stress.

2.3. Production of extremozymes

Halophilic enzymes are extremozymes produced by halophilic microorganisms; they have
similar characteristics to regular enzymes but different properties, mainly structural. Among
these properties is a high requirement of salt for biological functions. In recent years, different
studies have focused on the detection of halophiles in saline environments in order to isolate
and characterize new enzymatic activities. This resulted in several halophile hydrolases being

9
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described, including amylases, lipases, and proteases. Furthermore, the discovery of enzymes
capable of degrading biopolymers offer a new perspective in the treatment of residues from
oil deposits, under typically high conditions of salt and temperature, while giving valuable
information on heterotrophic processes in saline environments.

2.3.1. Extremozymes-producing halophiles

Nowadays, investigation on the production of extremozymes from different bacterial genus
and halophilic archaea has intensified. This interest is due to their capacity to efficiently cata-
lyze a process and show optimal activities at different salt concentrations. Halophiles are the
most probable source of extremozymes, since they are also capable of tolerating alkaline pH
and high temperatures, as reported by several authors [68-79].

Most of the evaluation studies on the enzymatic capacities of halophiles begin with the isola-
tion of these microorganisms from environments considered extreme due to specific charac-
teristics such as high salt concentrations, high pH values, and extreme temperature conditions.
Sanchez-Porro et al. [80] report the isolation of moderately halophile strains from water and
salterns in different areas of southern Spain: Almeria (Cabo de Gata), Cadiz (San Vicente and
San Fernando), and Huelva (Isla Bacuta, Rio Tinto and Isla Cristina). Isolates have been identi-
fied as members of the genera Salinivibrio, Bacillus, Salibacillus, Halomonas, Chromohalobacter,
Salinicoccus, and Marinococcus and they showed amylase, protease, lipase, and DNase activities.

In 2007, Vidyasagar et al. [68] isolated the extreme halophile Chromohalobacter sp. from solar
lanterns, and subsequently produced and partially purified a halo-thermophile protease
extracellular enzyme. Chromohalobacter sp. required a 4 M concentration of NaCl for optimal
growth and protease secretion, and no growth was observed under 1 M NaCl. The initial
pH of the medium for growth and enzyme production was in the interval of 7.0-8.0, with an
optimum value of 7.2. Halophile Salinivibrio sp. isolated from Bakhtegan Lake in southern
Iran also produced an extracellular protease [81].

Rohban et al. [82] studied extremophiles in Howz Soltan, a hypersaline lake located in central
Iran. The organisms successfully isolated produced a wide variety of extracellular enzymes,
where 84.4% had lipase activity, 76.6% amylase, 43.2% protease, 41.1% inulinase, 39.8% xyla-
nase, 29.4% cellulase, 14.2% DNase, and 12.1% pectinase. Halophile strains were identified as
members of the following genera: Salicola, Halovibrio, Halomonas, Oceanobacillus, Thalassobacillus,
Halobacillus, Virgibacillus, Gracilibacillus, Salinicoccus, and Piscibacillus. Most of the lipase and
DNase producers belonged to the Gracilibacillus and Halomonas genera, respectively, while
most of the organisms capable of producing hydrolytic enzymes (amylase, protease, cellu-
lase, and inulinase) were part of Gram-positive genera, such as Gracilibacillus, Thalassobacillus,
Virgibacillus, and Halobacillus.

In 2011, Perez et al. [83] reported the isolation and purification of a lipase obtained from the
Marinobacter lipolyticus SM19 halophile, isolated from a saline habitat in southern Spain. The
properties of this enzyme are of great potential for the food industry. Li and Yu [84] isolated
the halophile strain LY9, which has amylolytic properties, from soil samples obtained in
Yuncheng, China. The strain LY9 was identified as a member of the halobacillus genus and it
was discovered that the production of amylase secreted for this strain depended on the salinity
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of the growth medium. The maximum production of amylase was observed in the presence
of 10% KCl or 10% NaCl. Maltose was the main product from hydrolysis of soluble starch,
pointing out to f-amylase activity.

In agreement with previous studies from 2003, 2007, and 2009, Shahbazi and Karbalaei-
Heidari [85] reported the capacity of Salinivibrio sp. to produce extracellular low molecular
weight proteases, and Jayachandra et al. [86] reported the isolation and identification of extra-
cellular activity of hydrolytic enzymes from bacteria in the Salinicoccus sp. genus. Strain JAS4
was isolated from the Arabal soil in the west coast of Karnataka, India. These bacteria showed
great potential to produce extracellular enzymes such as amylase, protease, inulinase, and
gelatinase. Also in 2012, Kumar et al. [70] isolated halophiles from different saline environ-
ments in India, by means of morphological, biochemical, and 165 rRNA analyses. The authors
identified the genera Marinobacter, Virgibacillus, Halobacillus, Geomicrobium, Chromohalobacter,
Oceanobacillus, Bacillus, Halomonas, and Staphylococcus as having hydrolase activities of indus-
trial relevance, pointing out the presence of amylases, lipases, and proteases. A new genus
of marine bacteria is included among halophiles that are capable of producing extracellular
hydrolytic enzymes, according to the research by Ardakani et al. [69], who isolated extracel-
lular hydrolytic enzymes from the water and sediments of the Persian Gulf, in that site the
isolation of bacteria that produced enzymes belong to the Pseudoalteromonas genera, and the
activities include amylase, protease, and lipase.

During 2013, studies were made on enzyme-producing halophilic archaea capable of syn-
thesizing two new alcohol-dehydrogenases, amylase and a thermostable halo-alkaliphile
a-amylase; the producing organisms were identified as Haloferax volcanii, Natrialba aegyptiaca
and Halorubrum xinjiangense, respectively. Hagaggi et al. [87] reported the isolation of the
extremely halophilic archaea Natrialba aegyptiaca, from a salty soil near Aswan in Egypt. This
organism is capable of producing an extracellular halophilic amylase that digests raw starch;
therefore the enzyme may be used to efficiently process different vegetable sources. Moshfegh
etal. [71]isolated a thermostable halo-alkaliphile a-amylase from an archaea located in the salty
water of the Urmia Lake, which lies in northeast Iran. The producing organism was identified
as Halorubrum xinjiangense, based on its morphological, biochemical, and molecular properties.
Nigam et al. (2013) [72] tested the alkaline proteases produced by halophilic bacteria isolated
from the Sambar Lake in Rajasthan for keratolytic activity. Moreno et al. [88] have shown that
some microorganisms from hypersaline environments in Spain are able to produce hydro-
lytic enzymes; these have been related to the genera Salinivibrio, Halomonas, Chromohalobacter,
Bacillus-Salibacillus, Salinicoccus, Marinococcus, Halorubrum, Haloarcula, Halobacterium, Salicola,
Salinibacter, and Pseudomonas.

The bacteria isolated from a saline lake in Iran produced lipases, these bacteria belonging to the
genera Salicola, Halovibrio, Halomonas, Oceanobacillus, Thalassobacillus, Halobacillus, Virgibacillus,
Gracilibacillus, Salinicoccus, and Piscibacillus. On the other hand, sediments of deep waters in
China have been found to contain amylase-producing organisms from the genera Alcanivorax,
Bacillus, Cobetia, Halomonas, Methylarcula, Micrococcus, Myroides, Paracoccus, Planococcus,
Pseudomonas, Psychrobacter, Sporosarcina, Sufflavibacter, and Wangia. In a desert in Chile, enzymes
with DNase activity were related to the genera Bacillus, Halobacillus, Pseudomonas, Halomonas, and
Staphylococcus [89].
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A halo-alkaliphile, thermostable extracellular protease was reported by Selim et al. [74] pro-
duced by Natronolimnobius innermongolicus WN18 (HQ658997), an organism that belongs
to the genus Natronolimnobius and was isolated from the sodium lake of An-Natrun, Egypt.
Another halophile studied in the same year was the marine bacterium Zunongwangia profunda,
due to its production of a new a-amylase resistant to low temperatures and tolerant to high
concentrations of NaCl (4 M) [90].

Gupta et al. [75] reported a halo-alkaliphile isolated from a soil sample collected from the
Sambhar Lake in Rajasthan, northern India, which produced an extracellular alkaline prote-
ase; the results of the analysis of gene 165 rRNA showed a 98% match with Halobiforma sp.
Del Campo et al. [91] and Kumar and Khare [92] used fermentation in a solid medium to
produce an esterase from halophilic archaea (Natronococcus sp. TC6, Halobacterium sp. NRC-1,
and Haloarcula marismortui). These authors also optimized the production and nano-immobi-
lization of Marinobacter sp. for an efficient hydrolysis of starch.

The Kocuria is mentioned as an example of a genus capable of producing extracellular amy-
lases [77]. On the other hand, archaea Halobacterium sp. was isolated from samples of fer-
mented fish and was considered a strong source of halophilic protease [93]; the bacterium
Bacillus licheniformis isolated from sea water and sediments in Alexandria Eastern Harbor,
Egypt, together with Bacillus subtilis isolated from the salt mines in Karak, Pakistan, were
found to be producers of extracellular amylases and proteases, respectively [76, 94].

Dumorné et al. [95] stated that that the halophiles Acinetobacter, Haloferax, Halobacterium,
Halorhabdus, Marinococcus, Micrococcus, Natronococcus, Bacillus, Halobacillus, and Halothermothrix
produce extremozymes such as xylanases, amylases, proteases, and lipases. Halophile bacte-
rium Idiomarina produces two extracellular proteases and was isolated in Badab-Sourt, Irdn
[79]. The same year, Hosseini et al. [96] described the isolation of bacteria capable of nitrite
reduction that belonged to five different genera: Bacillus, Halobacillus, Idiomarina, Oceanobacillus,
and Virgibacillus, in a paper regarding denitrifying halophile bacteria. Isolates capable of pro-
ducing nitrate reductase were found among the genera Halobacillus and Halomonas. Another
study on soils was carried out by Bhatt et al. [78], who isolated halo-alkaliphile bacteria from
the saline desert soil in Little Rann of Kutch, India. Phylogenetic analysis indicated that iso-
lates belong to phylum Firmicutes, which comprises lower G + C Gram-positive bacteria of
different genera. Most of the halophilic isolates produced proteases (30% of isolates), followed
by cellulases (24% isolates), CMCases (24% of isolates), and amylases (20% of isolates).

2.4. Physicochemical parameters and kinetic properties of extremozymes from
halophilic microorganisms

Halophilic enzymes have specific mechanisms for solubility at high salt concentrations, such as
a highly negative superficial charge given by carboxylic groups that depend on high salt con-
centrations to remain soluble. Halophilic archaea are known to secrete active proteases at high
concentrations of NaCl (4 M), and to accumulate high concentrations of KCl in their cytoplasm
in order to face osmotic stress, while maintaining the conformation of their proteins. The study
made by Akolkar and Desai [97] suggests that proteases from haloarchaea may be active and
stable in the presence of osmolytes different from NaCl/KCl at different degrees, as shown by
the kinetics and thermodynamic analyses of casein hydrolysis produced by Halobacterium sp., in
the presence of a compatible solute (sodium glutamate). In 2012, Zhang et al. [98] demonstrated
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that NaCl may improve the thermal stability of enzymes, and the presence of NaCl or KCI
increases enzymatic activity 10-fold, approximately; this agrees with other investigations that
demonstrate that enzyme activity depends on the concentration of NaCl or KCI, as well as on
the substrate, pH, and presence of ions. Moshfegh et al. [71] demonstrated that the concentra-
tion of NaCl 4 M or KCl 4.5 M determines the maximum activity of halo-alkaliphile a-amylase
produced by archaea Halorubrum xinjiangense, besides improving its thermal stability. In a
similar manner, Selim et al. [74] showed that the protease activity of Natronolimnobius innermon-
golicus depends on high concentrations of salt to remain active and stable. Proteases purified
by Faghihi et al. [79] increased their activity in the presence of metallic ions such as Mn*" and
Cu*, while decreasing activity when exposed to Hg* and Fe*. Both proteases were strongly
inhibited by SDS, while DDT, EDTA, and 2-mercaptoethanol may stimulate their activity.

The affinity of an enzyme to hydrolyze a substrate is determined by the Michaelis constant
(K,), which is the concentration of substrate at which the reaction velocity is half the maximum
velocity (V, ).V, isthe maximum velocity when the system is saturated with substrate. The
value of Km is a measure of the enzyme-substrate affinity, and at the moment there are very
few determinations made on extremozymes from halophilic organisms. Table 2 shows the

values of kinetic constants for extremozymes currently available.

Nowadays, recombinant DNA techniques and genetic engineering are used to obtain custom-
ized extremozymes to be used for specific purposes, greatly improving their catalytic ability, as
demonstrated by Kui et al. [99] with the expression of genes from extremozyme p-1,4-xylanase,
which was cloned from Nesterenkonia xinjiangensis and expressed in Escherichia coli. This enzyme
was thermostable, retaining more than 80% of the initial activity after incubation at 60°C for 1 h,
and more than 40% activity at 90°C for 15 min. In the same way, Qin et al. [90] cloned a novel gene
that codifies a new a-amylase, which is active at low temperatures and tolerant to salt (AmyZ),
from the marine bacterium Zunongwangia profunda, this protein was also expressed in Escherichia
coli. It was observed that AmyZ is one of the few a-amylases that tolerate both low temperatures
and high salinity, which makes it a potential candidate for research in basic and applied biology.

2.5. Halophile extremozyme applications

As mentioned above, halophiles are good sources of several extremozymes, and among them
hydrolases have been the most studied, mainly amylases, proteases, lipases, xylanases, cel-
lulases, and DNases. Some extremozymes from halophiles exhibit extraordinary biochemical
properties, which show the potential for industrial applications. It has been demonstrated that
extremozymes derived from halophiles are able to function under harsh conditions and remain

Microorganism Extremonzyme km (mg/mL) Vo Reference
Nesterenkonia xinjiangensis Xilanasa 16.08 45.66 pmol/min-mg [99]
Bacillus sp. Celulasa 3.18 [98]
Halorubrum xinjiangense a-amilasa 3.8 12.4 U/mg [71]
Aspergillus gracilis a-amilasa 6.33 8.36 U/mg [87]
Kocuria sp. Amilasa 3.0 90.09 U/ml [77]

Table 2. Kinetics parameters of extreme-enzymes produced by halophiles microorganims.
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stable and active with different properties than conventional enzymes, offering opportunities
in several applications such as environmental bioremediation, food processing, and residual
water treatment. Recent research points out the application of halophilic extremozymes in
the production of biofuels. Since several halophiles are also alkaliphiles, their enzymes are of
interest for the textile and detergent industries, and some have been explored as raw materials
in the production of commercial enzymes, particularly proteases and amylases [5, 100-105].

3. Conclusions

Halophile microorganisms have the ability to adapt to or tolerate stress caused by salinity by
accumulating osmolytes. Halophilic microorganisms have several biotechnological applica-
tions, in recent years, uses of halophilic microorganisms have significantly increased. Many
enzymes, stabilizers, and valuable compounds from halophiles may present advantages for the
development of biotechnological production processes. Halophiles are the most probable source
of extremozymes, since them also capable of tolerating alkaline pH and high temperatures.
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Abstract

The classical approach towards analysing the influence of co-solvents (i.e., cellular mole-
cules that are chemically inert and do not act as reacting agents) on the Michaelis con-
stants of enzyme-catalysed reactions is empirical. More precisely, reaction kinetics is
usually mathematically modelled by fitting empirical parameters to experimental concen-
tration vs. time data. In this chapter, a thermodynamic approach is presented that replaces
substrate concentrations by thermodynamic activities of the substrates. This approach
allows determining activity-based Michaelis constants. The advantage of such activity-
based constants K%, over their concentration-based pendants K is twofold: First, K&, is

independent of any co-solvent added (while K& is not) as long as it does not directly
interfere with the reaction mechanism (e.g., inhibitor or activator). Second, known Kj,
values allow predictions of Michalis constants for different enzymes and reactions under
co-solvent influence. This is demonstrated for a pseudo-one-substrate peptide hydrolysis
reaction as well as for more complex two-substrate alcohol dehydrogenase reactions.

Keywords: enzyme kinetics, thermodynamics, activity coefficient, co-solvent, ePC-SAFT

1. Introduction

Understanding the kinetics of enzyme-catalysed reactions is a key aspect not just in the field of
biology but also of high relevance for biocatalysis in the industry as enzymes are highly
suitable for the production of fine chemicals [1]. The advantage of enzyme catalysis is that
high enantioselectivity [2, 3] can often be realised under mild reaction conditions (ambient
temperature and pressure).

Key properties for the study of enzyme-catalysed reactions are reaction yield and reaction
kinetics. In case of the reaction yield, thermodynamic states an independence of the

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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equilibrium position from the catalyst involved (as long as the catalyst concentration is
low) [4-7]. In contrast, reaction kinetics strongly depends on the catalyst [8, 9]. This
means that different enzymes used for the same reaction will cause different kinetic pro-
files for the considered reaction; this is represented by the experimental (concentration-
based) Michaelis constant Kj’\f’f and the catalytic constant k.. These constants are thus
enzyme-specific. Even more, the presence of co-solvents (i.e., chemically inert substances
that do not act as metabolites) such as organic and inorganic compounds, salts and poly-
mers might significantly influence such kinetic constants. In literature, the influence of
diverse co-solvents on kinetics of a large amount of different enzyme-catalysed reactions
is reported [7, 10-13]. It is common practice to empirically describe the co-solvent effects
on the kinetic parameters; this requires a co-solvent-dependent consideration of enzyme
kinetics. Further, it is discussed whether co-solvent-induced changes on Ky are directly
related to interactions between co-solvent and the catalytic centre or other parts of the
enzyme. These former accepted relations have been recently revised in the publications of
Grosch et al. [10], Pleiss [14, 15] and Wangler et al. [7]. These recent works suggested an
approach, which is independent of the enzyme itself. In their approach, K is influenced
by co-solvent-substrate interactions caused by co-solvent-induced non-covalent molecular
interactions between substrate and reaction medium, which the co-solvent is part of. By
changing the perspective from co-solvent-enzyme interactions to co-solvent-substrate
interactions, a new activity-based Michaelis constant K3, was proposed, which is based
on thermodynamic activities of the substrates under co-solvent influence. The advantage
of this treatment is that K}, is independent of any kind or concentration of co-solvents
present in the reaction mixture. This is even more impressive as these recent works
neglect co-solvent-enzyme interactions in order to obtain co-solvent independent values
for K}, Further, the advantage of such activity-based treatment over the concentration-
based approach is to establish a non-empirical method towards predicting and under-
standing co-solvent effects on the Michaelis constants without the need of experimental
kinetic data of reaction mixtures containing co-solvents. This method requires activity
coefficients y of the substrates. These activity coefficients describe the molecular interac-
tions in the reaction mixture, and they can be predicted with different thermodynamic
models, e.g., NRTL [16], UNIFAC [17] or ePC-SAFT [18].

In this chapter, an approach is presented to determine K%, values based on K values of the

neat (co-solvent-free) reaction system and the activity coefficients of the substrates. The
considered reactions are the hydrolysis of N-succinyl-L-phenylalanine-p-nitroanilide (SPNA)
catalysed by the enzyme a-chymotrypsin (a-CT) and a two-substrate reaction, namely the
reduction of acetophenone (ACP) catalysed by alcohol dehydrogenase 270 (ADH 270) and
by alcohol dehydrogenase 200 (ADH 200). Determined Kj; values under neat conditions
were used to predict the co-solvent influence on K3 values of the reactions under consider-
ation. These predicted values were finally compared to experimental data to validate this
approach.
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2. Pseudo-one-substrate reactions

2.1. Theoretical background

2.1.1. Concentration-based approach

Examples for one-substrate reactions are isomerase reactions where one substrate is converted
to another without any change to the chemical composition of the molecule. Examples can be
found in glycolysis, one being the reversible conversion of 3-phosphoglycerate (substrate S) to
2-phosphoglycerate (product P) catalysed by phosphoglycerate mutase (enzyme E). The gen-
eral reaction scheme of a one-substrate reaction is given in Eq. (1).

E+S =ES—E+P 1)

The kinetics of the reaction according to Eq. (2) is commonly described by the Michaelis-
Menten equation including the reaction rate v, the maximum reaction rate v, the Michaelis

constant Kﬁf’f and the substrate molality mg in mol/kgyater-

V= Vinax - Ms (2)

K?\ZS + mg

Eq. (2) is visualised exemplary by plotting of v over ms in Figure 1.

-1

v/s

m,/ mol-kg

walar

Figure 1. Qualitative Michaelis-Menten plot of the reaction rate v plotted over the substrate molality ms according to Eq. (2).
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As can be seen from Eq. (2) and Figure 1, the reaction rate follows a hyperbolic curve over
increasing substrate concentrations. Further, K3 defines the shape of the curve as it is the

concentration of substrate at which the reaction velocity becomes half of its maximal value

0.5 Ve Based on this, the importance of K}%* becomes obvious. If the value of K§* is low

compared to mg required to reach v = 4y, it can be deduced that the cellular concentration of

the substrates will also be close to K{5* as a significant increase in n15 (e.g., fivefold) will never

increase v more than by a factor of 2 [9]. Thus, the knowledge of K is of high importance for
biology and for technical applications of enzyme-catalysed reactions.

Unfortunately, the majority of enzyme-catalysed reactions are not one-substrate reactions; in
such cases, the reaction scheme increases in complexity. However, it is often still possible to
apply pseudo-one-substrate reaction conditions given that the molality of one substrate is
much higher than the molality required to obtain v,.. These conditions are obtained if
substrate simultaneously presents the reaction solvent, which is the case for hydrolysis reac-
tions. A general scheme for a two-substrate reaction is given in Eq. (3).

E+S =ES5+S5=E5S — E+P;+DP; (3)

In Eq. (3), substrates are labelled as SI and S52; the reaction mechanism (ordered or random)
shall not be discussed at this point. In this case, the Michaelis-Menten equation changes to

Eq. (4), which contains the Michaelis constants for substrate 1 K, and substrate 2 K¢, as

well as the inhibition constant K%;, which defines the reaction mechanism [8, 9].

Vinax * Ms1 * Ms2
V= obs obs obs obs (4)
is1 - Kiisz + Kiys1 - sa + Ky - msy + ms, - msp

In the case of a hydrolysis reaction taking place in water as reaction solvent, the molality of
substrate 2 mg, (water) is usually two to three orders of magnitude higher than the molality of
substrate 1, which gets cleaved by the enzyme. Rearranging Eq. (4) leads back to the Michaelis-
Menten equation under this assumption shown in Egs. (5)—(7).

Vinax - Ms1

V= (K& K) ) A 5)
iS1 MS2 00s 00s S1
T Kust  Kis gy 11,
obs obs
ng1 > Mgy and mg1 > KiSl - Kypso (6)
o Vinax - Ms1

@)

V= obs
K}\/n + mgy

To be able to compare reactions from different research groups and further for different
enzymes catalysing the same reaction, the Michaelis-Menten equation has to be normalised to
the total enzyme concentration mg according to Eq. (8).

d%:dﬂ.i:y:kfﬂ%ms @)
dat dt mg K + ms
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The determination of k. and K3 is usually performed by measuring reaction rates for differ-
ent substrate concentrations as shown in Figure 1. While this approach is common, it also
poses a lot of difficulties and causes high uncertainties. The determination of k. requires that
the solubility of the substrate has to be higher than the molality mg that is required for reaching
ke. Lowering the enzyme concentration and thus the required molality ms often causes
diffusion limitations that might lead to highly uncertain kinetic constants. Another possible
issue is contrary, as a reaction might require high concentrations of an expensive substrate to
determine k.. To overcome these possible limitations, the Lineweaver-Burk equation is com-
monly applied for the determination of the kinetic constants [19].

1 K o1 1

S = ©)
v/ kcat Mg kcat
\y/ ~ N =~
m X

Through this linearization, a plot of (/)" over m3! yields the kinetic constants: The slope (SI)

and the ordinate (Or) of the obtained linear fit can be used to determine K;’\f’f and k., as given in
Egs. (10) and (11).

Kobs
Sl = kMt (10)
ca
Or = kit (11)
ca

2.1.2. Activity-based approach

As presented in Section 2.1.1, the Michaelis constant is determined based on the molality ms. If
co-solvents are added to the neat reaction mixtures, the experimental procedure has to be
performed also for the changed conditions. From the perspective of process design, this poses
a huge cost-intensive and time-consuming approach towards finding suitable co-solvents for
the desired application.

To be able to predict co-solvent influences on pseudo-one-substrate reactions, a thermody-
namic co-solvent-independent Michaelis constant, further referred to as Kj,, has to be deter-
mined. K}, is a constant value, which does not depend on co-solvent given that the co-solvent
does not disturb the reaction mechanism (e.g., co-solvent acts as inhibitor or activator) and that
the co-solvent has no denaturing effect on the enzyme. Kj; can be determined under neat (co-
solvent-free) conditions by replacing the molality mg in Eq. (9) with thermodynamic activities
of the substrate ag. The latter are accessible by multiplying the concentration of a substrate by
the respective concentration-based activity coefficient (molality-based y7', mole-fraction-based
y% or molarity-based y¢) as shown in Eq. (12) [20-22]:

as[—] =xs - yg=ms-y¢ =cs- Vs (12)

In the following, molality-based y;™ will be used to analyse the data. Replacing molalities in
Eq. (9) with activities leads to an activity-based Lineweaver-Burk equation:
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1 K, 1 1
=M 13
v kcat as kcat ( )

To determine K%, the experimental (/)"

values, which were determined for different "751
values, are further plotted over the reciprocal substrate activity ag'. It is noteworthy that this
procedure does not change the value of k. [7, 23]. Under the assumption that the addition of a
co-solvent only changes non-covalent interactions between the substrate and the other compo-
nents in the reaction mixture, K}, is assumed to be a constant value. That is, any observed
change in K37 is directly reflected in y™. With this knowledge, a prediction of K3; under co-

solvent influence becomes possible. For this, two hypothetical molalities of the substrate m];yp

are chosen randomly. Afterwards, activity coefficients of the substrate in the co-solvent system
are predicted and the respective activities are calculated. Further, a random value of k. (e.g.,
value of the neat reaction) is chosen. Note that k. is a factor that cancels out during the
linearization to determine K&, (see Eq. (13)). In the next step, the predicted activities together

with K¢, and kg are used to predict (v/)' according to Eq. (13). Predicted (/)" values are
-1
afterwards plotted over the chosen reciprocal molalities (m};w> . In the final step, the

predicted concentration-based Michaelis constant Ky, is determined according to Eq. (9). The

process to determine K} is illustrated in Scheme 1.

As can be seen, the major aspect for the prediction of the Michaelis constants is the ability to
predict the substrate activity coefficients. For this, a physically sound model, namely the
electrolyte perturbed-chain statistical associating fluid theory (ePC-SAFT) was used in this
work. This model has already been applied successfully to complex mixtures containing low-
soluble molecules [24], PEG and salts [25] and electrolytes [20] while also being applied

- . . e
Choosing two molalilies m, " ol the substrale

v

Fradicting substrate achivity coefficients wo and caloulating
subslrale aclivilios in ro-snlule mivlun a,

Y

Caleulating (17! based on K, K.z and a7’

¥
.1_}.',:' I

Plotting (v7177 over the respechve ()

¥

Determination of £2" by slope and ordinate of the linearization

Scheme 1. Steps for the prediction of the concentration-based Michaelis constant K§;° under the influence of co-solvents.

Predictions are based on the determined activity-based Michaelis constant K§,.
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simultaneously to mixtures with up to eight components [4], and thus, it provides a reliable
model basis for this work.

The ePC-SAFT equation of state is based on PC-SAFT, developed and proposed by Gross and
Sadowski [26] and extended for electrolyte systems by Cameretti et al. [18] ePC-SAFT provides
an expression for the residual Helmholtz energy ™ calculated from different contributions as
shown in Eq. (14):

4 = ahc + adisp + gfssoc + aion (14)

In Eq. (14), the reference system is seen as a chain of hard spheres, which is represented by the
contribution a". The perturbations to this hard-chain reference system are accounted for in
ePC-SAFT by the molecular dispersive interactions, characterised by the Van der Waals energy
incorporated in a7 and by the associative hydrogen bonding forces represented in a®*°¢. As
an addition for electrolyte systems, the Coulomb interactions based on the Debye-Hiickel
equation are expressed by 4. Based on 4", fugacity coefficients ¢ can be calculated which
allow determining the activity coefficients y,* using Eq. (15).

o)
~ @u(Top,xi=1)

X

Vs (15)

In Eq. (15), 0i denotes the pure component, which is the reference state at the same temperature

T and pressure p as the actual solution of the composition X. This means that activity coeffi-
cients can be estimated independent of the amount of components, temperature and pressure
of the solution regarded. Eq. (15) is finally used with Eq. (12) to obtain the molality-based y ™.

2.2. Kinetic assays

In this work, a pseudo-one-substrate reaction is presented using the hydrolysis of SPNA
catalysed by the enzyme a-CT. The reaction mechanism is given in Scheme 2.

The kinetic measurements have been discussed already in [7] and are briefly summarised here.
Lyophilized powder of a-CT was used as catalyst, and trimethylamine N-oxide (TMAO) and
urea were used as co-solvents. Measurements were carried out in Tris-HCI buffer (100 mmol/
Kgwater tris(hydroxymethyl)aminomethane, pH 8.0). The kinetic measurements of the neat and
co-solvent reaction mixtures of the SPNA hydrolysis reactions were performed in a stopped-
flow system (HPSF-56 of Hi-Tech Scientific) [27, 28]. In a first step, the substrate stock solution

O

fj/"x.,_r'".hrfx_/‘xw o]

= I@\ + HF’DKH —— . ,_n-'{‘gn 3 +“.*'Jl\5¢
(1]

Scheme 2. Reaction scheme for the hydrolysis of SPNA catalysed by a-chymotrypsin. Products of the hydrolysis reaction
are N-(3-carboxypropanoyl)phenylalanine and p-nitroaniline, respectively.
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containing SPNA and the respective co-solvent in a 100 mol/kguyater Tris-HCI buffer at pH 8
and the enzyme stock solution containing the respective co-solvent in a 100 mol/kg.yater Tris-
HCI buffer at pH 8 were prepared and loaded for injection in the measurement cell. After
simultaneous injection, the measurement cell was constantly monitored for the extinction at
410 nm wavelength, allowing the determination of the time-dependent change in the 4-NA
concentration. The pH values of the stock solutions were measured directly before the start of
the reaction to ensure no pH effect on K},’; a pH electrode was used from Mettler Toledo with
an uncertainty of +0.01. The measured systems presented in this work are given in Table 1.

2.3. Results and discussion

In a first step, the concentration-based Michaelis constant K7 was determined under neat
conditions. The respective Lineweaver-Burk plot is given in Figure 2.

As can be seen from Figure 2, a linear relation between the reciprocal molality of the substrate
gy, and the reciprocal normalised reaction rate (v/ )~" can be observed. This relation allowed
the determination of KZ”\ZS ; as a result, a value of 1.76 £ 0.12 mmol/kgyater [7] was obtained for
the SPNA hydrolysis. The activity-based Michaelis constant K3, was then obtained with activ-
ity coefficients of SPNA, which were predicted for each substrate molality with ePC-SAFT. The
pure component and binary interaction parameters used for the ePC-SAFT prediction are
listed in Tables 2 and 3.

Note that in a first step, mole-fraction-based activity coefficients were obtained with ePC-
SAFT. Eq. (12) was used to convert these into molality-based activity coefficients; these were

used throughout this work. In the next step, a plot of the determined (/)" over the predicted
reciprocal agjy;, was created. Based on this plot, K, was determined in analogy to the deter-
mination of K{* as shown in Figure 2, resulting in a value of K%, = 0.0686. This value was used
as input value for the prediction of co-solvent influence on K3F according to Figure 2. The

comparison between this prediction and the experimental K values is shown in Figure 3 and
Table 4.

Co-solvent Meo—solvent (MOV/KGyater) mspna (MmMOL/Kgyater)
Neat — 0.125-1
TMAO 0.5 0.125-1
Urea 1 0.250-1
DMSO 2.1 0.250-1
DMSO 42 0.125-1

Enzyme concentration was 8 umol/kgyater in all kinetic assays.

Table 1. Overview of the measured systems to determine concentration-based Michaelis constants K¢, adapted from [7],
including the co-solvent and its concentration and the initial SPNA concentration range regarded.
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Figure 2. Lineweaver-Burk plot for the determination of the concentration-based Michaelis constant of SPNA K% at

T=25°C, p=1bar and pH = 8 in Tris-HCl buffer [7]. The plot shows experimental data points of the neat measurements

1

(squares) which are obtained from the inverse turnover frequency (v')" over the inverse substrate molality of SPNA

mgpna- K& was obtained by linear regression of the experimental data and extrapolation to the abscissa as shown.

Component m; () a; (A) &) Np* 4 (K) KAP ()
Water [29] 1.204 [A] 353.95 1:1 2425.7 0.0451
DMSO [29] 2.922 3.28 355.69 1:1 0 0.0451
Urea [29] 4.242 2.45 368.23 1:1 3068.7 0.0010
TMAO [30] 8.93 2.25 245.44 11 0 0.0451
SPNA [7] 13.500 4.00 249.95 2:2 4351.0 0.0090

[A] 0; =2.7927 +10.11 - exp (—0.01775 - T) — 1.417 - exp (—0.01146 - T), T in Kelvin.

Table 2. ePC-SAFT pure-component parameters from [7, 29, 30].

As can be seen in Figure 3 and Table 4, an accurate prediction of the co-solvent-induced

changes in K¢ is possible. For both DMSO concentrations, predictions are even quantitatively

correct within the experimental uncertainties. This is of special importance for the hydrolysis
reaction under investigation since DMSO has the strongest impact on K§5'. The big advantage

of K4, over K37 is that it is a constant value independent of the co-solvent. This fact further
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Mixture kij ()
Water-DMSO [30] —0.065
Water-urea [30] —0.044
Water-TMAO [30] —0.149
Water-SPNA [7] —0.132
DMSO-SPNA [7] -0.117
Urea-SPNA [7] —0.203
TMAO-SPNA [7] ~0.220

Table 3. ePC-SAFT binary interaction parameters [7, 29, 30].

80
K,/ mmolkg"
40F
0.0 rl
o
<~ S \0"270 . ¥
© 65** S ©

& . & &

o 1 h‘}

Figure 3. Comparison between experimental concentration-based Michaelis constants K$¥ (light grey bars) at T = 25°C,
p =1bar and pH = 8 in Tris-HCl buffer and the predicted Michaelis constants Ky, (dark grey bars). For the predictions, a
constant Kj, value of 0.0686 was used and the activity coefficients were predicted with ePC-SAFT based on the param-
eters from Tables 2 and 3. Reprinted from [7].

allows predicting K$&* without the need for additional experimental data. This proves the
validity of the proposed modelling approach for pseudo-one-substrate reactions and validates
the assumption that co-solvent-substrate interactions are responsible for the dependence of
K% on co-solvents. Thus, this indirectly disproves that enzyme-co-solvent effects are respon-
sible for such changes of K$%. However, as enzyme-catalysed reactions are mostly multi-
substrate reactions with two substrates of low concentrations, the following section presents
the transfer of the gained insight and methods to two-substrate reactions.
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Co-solvent Meo-sotvent (MOVKGywater) K8 (mmol/kg,....) Ky (mmol/kg,.e)
TMAO 0.5 1.93+0.19 2.38
Urea 1 250 £0.21 351
DMSO 2.8 3.08 £ 0.54 3.48
DMSO 42 5.96 + 0.95 645

Ky were predicted using K%, determined from experimental K = 1.76 mmol/kg, ., of the neat reaction [7].

Table 4. Comparison between the experimental K35 with the respective predicted values Kf;’ under the influence of the
co-solvents TMAQ, urea or DMSO at T = 25°C, p = 1 bar and pH = 8 in Tris-HCI buffer.

3. Two-substrate reactions

3.1. Theoretical background

3.1.1. Concentration-based approach

As presented in Section 2.1.1 (‘pseudo’) one-substrate reactions occur seldom in enzyme
catalysis. Enzyme catalysis often requires co-substrate that is present in a limiting concentra-
tion (e.g., NADH, ATP, GTIP). A two-substrate reaction can be described by Eq. (16), which
cannot be simplified further:

v Keat - ms1 - msy (16)
~ obs obs obs obs
Kigt - Kiviso + Ky - ms2 + Ky, - ms1 + msg, - mgy

Two-substrate reactions can have a specific binding order attached to them. To account for this,
the inhibition constant of S1 K%; based on the Haldane relation was accounted for in this work;
if K% is lower than K]”\f’f 1, an ordered mechanism is present in which S1 has to bind first [8, 31].
The Lineweaver-Burk linearization of Eq. (16) leads to Eq. (17):

1 - Kifs2 | Kol 1 i 1

= = ! 02y TMSL )L <& + _> (17)
U keat - msp keat msi ket - msy  kear

y X b

m

Note that Eq. (17) does not show any direct relation between the Michaelis constants and the
ordinate, slope or the abscissa of the linearization. In the case of two-substrate reactions, a two-
step linearization process is suggested. For this, the molality of one of the substrates, in this
case Mgy, is chosen to be at least 50 times higher than mg;. Under this assumption, a so-called
primary plot can be created. For this, different levels of mg, that are regarded to be constant over
the short reaction time are chosen for varying ms;; then, a family of straight lines are obtained
as shown exemplarily in Figure 4.

Each of the straight lines in Figure 4 has its own slope (SP""") and ordinate (Or""™); both, SI’"™™
and Or""™ are a function of n1s as shown in Egs. (18) and (19).
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Figure 4. Exemplary primary plot for a two-substrate reaction obtained from plotting the inverse turnover frequency

(v")™" over the inverse substrate molality of substrate 2 ng; for different pseudo-constant molalities of substrate 1 ;.

Molalities ms; increase in the order of ms1, squares > 151, circles > M1, triangles-

Slprfm _ l?Sl ) (]:\/ISZ_L_‘_ 5\/[51 (18)
Keat ms2 Keat

. C
OopPrim — Kusy, 1 4 1 (19)

ket msy  kear

Egs. (18) and (19) again show a linear correlation between SIP"™" and mg, as well as between

Or"™ and mg), respectively. This allows for another linearization step represented in two
secondary plots in Figure 5.
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Figure 5. Exemplary secondary plot for Or'"™ (left) and SIP"™ (right) over the reciprocal pseudo-constant molalities of n1g]
derived from the primary plot given in Figure 4.
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SIg¢, Org’, SISy and Orgy; obtained from the secondary plots are defined according to Egs. (20)—(23):

Kubs obs

I gic _ iSlk‘ tMSZ (20)
ca

., Kobs
5= (21)
cat

obs
KMS2

Sl sec _
or kcut

(22)

1
Orgy =1 (23)
kcat

The relations shown in Egs. (20)-(23) are finally used to determine K%, K., ket and K.

3.1.2. Activity-based approach

The determination of activity-based Michaelis constants Kj,; 5; and Kj,; 5, for two-substrate
reactions is analogous to pseudo-one-substrate reactions. As for the pseudo-one-substrate
reaction, molalities in Eq. (17) are replaced with activities as shown in Eq. (24):

1 K - K} K4 1 K4 1

> :.< P kM“)-a— +(k e +k—) (24)
\ cat * US2 cat S1 cat " US2 cat

y m X b

From Eq. (24), a primary plot is created as described in Section 3.1.1 in which (/)" is plotted
over ag/'. Afterwards, the two secondary plots are created by plotting the O™ and SIP"™ of the
primary plot over ag] to finally obtain the activity-based kinetic constants Kf,, K},5; and K},s,

as described for the concentration-based approach in Section 3.1.1.

Predictions for the co-solvent influence on K%, and K3, are performed in analogy to pseudo-

one-substrate reactions: Two molalities of S1 m¥ for two molalities of S2 m'% have to be
chosen; then, the required activity coefficients have to be predicted in order to create a
predicted primary plot; the secondary plots are then constructed by plotting Or""" and SIF™™

-1
over the chosen reciprocal molalities (mgp ) . In a final step, the predicted Michaelis con-

stants K}¢, and K/;, are obtained from the secondary plots. The prediction process is illustrated
in Scheme 3.

3.2. Materials and methods

In this work, the reduction of acetophenone by two different enzymes, ADH 270 and ADH
200, was investigated as model reaction for a two-substrate reaction. The reaction scheme is
given in Scheme 4. Kinetic data for the ADH 270 were taken from [23].
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Scheme 3. Steps for the prediction of the concentration-based Michaelis constants K¢, and K, under the influence of
co-solvents. Predictions are based on the determined activity-based Michaelis constants K};g; and Kj;g,.
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Scheme 4. Reaction scheme for the reduction of acetophenone to 1-phenylethanol with the co-substrate nicotinamide
adenine dinucleotide in its protonated form (NADH+H+) and its deprotonated form (NAD+) catalysed by two different
genetically modified alcohol dehydrogenases recombinant from E. coli (evo-1.1.270; evo-1.1.200).

3.2.1. Chemicals

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and polyethylene glycol
6000 (PEG 6000) were purchased from VWR. Acetophenone (ACP) and NADH were pur-
chased from Sigma Aldrich. Sodium hydroxide was purchased from Bernd Kraft GmbH. The
genetically modified enzyme alcohol dehydrogenase 200 (evo-1.1.20) expressed recombinant
in E. coli was purchased from Evoxx. All chemicals were used without further purification, and
all samples were prepared using Millipore water from the Milli-Q provided by Merck
Millipore as stated in the chemical provenance (Table 5). Kinetic results using the genetically
modified enzymes alcohol dehydrogenase 270 (evo-1.1.270) were taken from [23].
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Compound Purity CAS Supplier
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) >99% 7365-459 VWR
Polyethylene glycol 6000 - 25322-68-3 VWR
Acetophenone (ACP) >99% 98-86-2 S
NADH >97% 606-68-8 S
Sodium hydroxide >98% 1310-73-2 BK
Alcohol dehydrogenase 200 (evo-1.1.200) 30% evo-1.1.200 E

S = Sigma Aldrich Chemie GmbH; VWR = VWR International GmbH; BK = Bernd Kraft GmbH; E = Evoxx technologies
GmbH.

Table 5. Chemical provenance table for the components measured in this work.

3.2.2. Kinetic assays

Reactions were carried out in an HEPES buffer (0.1 mol/kgater) at pH 7. The pH of the buffer
and each sample was measured using a pH electrode from Mettler Toledo (uncertainty +0.01)
and adjusted with sodium hydroxide when required. For measurements of the co-solvent
influence, 17 wt.% of PEG 6000 was added to the buffer. In the first step, the substrate
solutions of ACP were prepared in equal number to the different NADH concentrations
measured. Buffer was added to 5 ml Eppendorf cups, and ACP was added gravimetrically
afterwards using the XS analytical balance provided by Mettler Toledo (uncertainty
+0.01 mg). Eppendorf cups were filled to the maximum capacity in order to decrease losses
of ACP to the vapour phase. The ACP stock solutions were preheated in an Eppendorf
ThermoMixer C at 25°C. ACP concentrations of the neat reaction were 20, 30 and 40 mmol/
kgwater and 60, 80 and 100 mmol/Kgater for the PEG 6000 measurements, respectively. NADH
was added gravimetrically to the ACP solution after preheating. Each sample was prepared
directly before measurements due to reported long-term instability of NADH in solution [32].
NADH concentrations were chosen to be 0.15, 0.2, 0.25, 0.3, 0.35 and 0.4 mmol/kgater- The
enzyme stock solution was prepared by gravimetrically adding 1 wt.% of enzyme to 2 ml of
buffer with direct storage on ice for the period of all measurements to ensure enzyme stability
and activity. To initiate the kinetic measurements, 20 mg of the enzyme solution was trans-
ferred into a quartz cuvette SUPRASIL TYP 114-QS from Helma Analytics which was
preheated to 25°C while being placed in an Eppendorf Biospectrometer. After addition of
1 g of the substrate solution containing ACP and NADH, the measurement of the extinction
over time at 340 nm wavelength was initiated.

3.3. Results and discussion

3.3.1. ADH 270

In a first step, the primary plot for the ACP reduction catalysed by ADH 270 was determined
under neat conditions. For this, (/) " is plotted over mykipy for pseudo-constant mcp levels of
20, 30 and 40 mmol/kg.ter in Figure 6.
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Figure 6. Primary plot based on Eq. (17) for the ACP reduction catalysed by ADH 270 under neat conditions at T =25°C,
p =1bar and pH =7 in HEPES buffer [23]. The reciprocal turnover frequency normalised to the total enzyme concentra-

tion (/)" is plotted over the reciprocal initial molality of NADH )y, for ACP molalities of 20 (triangles), 30 (squares)
and 40 mmol/kgyater (circles). Lines represent the respective fit lines required for further data analysis.

A linear correlation of (V')71 over mypy can be observed from Figure 6. As described in
Section 3.1.1, this correlation is used for the creation of the secondary plots shown in Figure 7.

Figure 7 shows the required linear correlation between O™ and S over m}{, required
for the determination of the Michaelis constants %’f Napy and Kﬁﬁ’f acp according to Egs. (20)—(23).
Applying the relations given in Egs. (20)-(23), the Michaelis constant of NADH
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Figure 7. Secondary plots based on Egs. (18) and (19) for the ACP reduction catalysed by ADH 270 under neat conditions at
T=25°C, p=1bar and pH =7 in HEPES buffer [23]. Left: Ordinates O/ of the fit lines resulting from the primary plot are
plotted over the reciprocal initial molality of ACP m%,. Right: Slopes SP™" of the fit lines resulting from the primary plot are
plotted over the reciprocal initial molality of ACP 11,},. Lines represent the respective fit lines required for further data analysis.
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K napy = 0.37 £0.09 mmol/kg,,,;,, and of ACP K}°,cp = 18.56 + 3.23 mmol/kg,,;,, were
determined [23]. Afterwards, activity coefficients for NADH and ACP were predicted for
the respective molalities; these ePC-SAFT predictions are based on the pure-component
and binary interaction parameters listed in Tables 6 and 7. Based on the activities of
NADH ayapn and ACP aycp, the respective primary and secondary plots were created.

In analogy to the concentration-based approach, activity-based Michaelis constants were
determined (Section 3.1.2) to be K}, y,py = 5.649-107° and Kj, ,p = 0.640. As can be seen,

activity-based Michaelis constants can be completely different from their concentration-based
pendants; they even do not have any unit due to the definition of the activity as shown in
Eq. (12). In the next step, a prediction of the co-solvent influence of 17 wt.% of PEG 6000 on

KZ”\ZS acp and K?\}/]I,SNADH was performed as described in Section 3.2.1. These predictions were
compared to experimental results given in Figure 8 and Table 8.

As can be seen from Figure 8 and Table 8, predictions of the co-solvent influence of 17 wt.% of
PEG on KgZSN 4pn and KZ“\ZS acp of the ACP reduction catalysed by ADH 270 are in very good
agreement with experimental data. Upon addition of 17 wt.% PEG 6000, KXZSN 4pn decreased

by a factor of two, while K},bf 4cp increased by a factor of 2.5. Both trends were predicted

Component m; (=) ai (A) £ (K) Nssee 4 (K) KB ()
Water [29] 1.204 [A] 353.95 1:1 2425.7 0.0451
ACP [4] 3.40 3.65 322.00 11 0 0.0451
NADH ([33] 27.27 2.21 260.72 8:8 358.2 0.0001
PEG [25] Mpgg-0.05 2.90 204.60 4:4 1799.8 0.020
Na* [34] 1 2.82 230 — — —

OH™ [34] 1 2.02 650.00 — — —

[A]l 0; =2.7927 +10.11 - exp (—0.01775 - T) — 1.417 - exp(0.01146 - T).

Table 6. ePC-SAFT pure-component parameters.

Binary pair kij (=)
Water-ACP [4] 0.0330
Water-NADH [33] —0.0585
Water-PEG [25] [A]
Water-Na* [34] [B]
Water-OH ™ [34] -0.25
Na*™-OH™ [34] 0.649

[A] k;(T) = —0.135 + 0.0023439 - (T[K] — 298.15).
[B] k;(T) = 0.00045485 — 0.007981 - (T[K] — 298.15).

Table 7. ePC-SAFT binary interaction parameters k;;.
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Figure 8. Comparison between the experimentally measured Michaelis constants K§* of ACP and NADH under neat
reaction conditions (white bars) and under the influence of 17 wt.% PEG 6000 (striped bars) for the reduction of ACP
catalysed by ADH 270 at T =25°C, p = 1 bar and pH = 7. The grey bars present the prediction of the respective Ki;’ based
on the determined activity-based K3}, from the experimental neat data [23]. Required activity coefficients were calculated
with ePC-SAFT based on the parameters from Tables 6 and 7.

K§¥apn st Kf aon [ B2 K3j acp |2t Khie acp | fmsl]
Neat 0.79 +0.08 — 7.67 £0.37 —
17 wt.% PEG 6000 0.377 £0.09 0.372 18.56 +3.23 23.00

Activity coefficients required for the prediction were calculated with ePC-SAFT based on the parameters from Tables 6
and 7.

Table 8. Overview of the Michaelis constants under neat reaction conditions and the comparison between predicted Ky,
and experimentally determined Michaelis constants K$ [23] for the reduction of ACP catalysed by ADH 270 at T =25°C,
p=1barand pH=7.

accurately with ePC-SAFT. This shows that the influence of PEG 6000 on the K3 values is
caused by non-covalent molecular interactions between the co-solvent and the substrates
instead of co-solvent-enzyme interactions.

3.3.2. ADH 200 and comparison to ADH 270

To further validate this approach, the ACP reduction was also investigated with ADH 200 as

catalyst. This step is important to support the hypothesis that co-solvent-substrate interactions

; ; obs obs : :
determine the co-solvent influence on K/’ p and K}y 4pyy- However, it becomes obvious from

Table 9 that ADH 200 shows a completely different kinetic profile under neat conditions.
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Figure 9. Comparison between the experimentally measured Michaelis constants K§* for ACP and NADH from this
work under neat reaction conditions (white bars) and under the influence of 17 wt.% PEG 6000 (striped bars) for the
reduction of ACP catalysed by ADH 200 at T =25°C, p =1 bar and pH =7. The grey bars present the predicted values for
KY/ based on the determined activity-based K}, from the experimental neat data. Required activity coefficients were
predicted with ePC-SAFT based on the parameters from Tables 6 and 7.

Enzyme - [];:-?1} Ky, nap (-] K acp [_,jgmfl] Ky acpl-]
ADH 270 [23] 0.79 £0.08 5.65-1078 7.67 £0.37 0.640
ADH 200 [this work] 0.086 + 0.027 1.16-10°8 4.08 £1.03 0.749

Table 9. Comparison between the Michaelis constants of NADH and ACP for the reduction of ACP for neat reaction
conditions at T=25 °C, p=1 bar and pH=7 in HEPES buffer. Two different enzymes were used as catalyst, ADH 270 and
ADH 200. Activity coefficients required for the prediction of Kj; were calculated with ePC-SAFT based on the parameters
from Table 6 and Table 7.

Table 9 shows that K}’\ZS NADH (Kﬁs 4cp) using ADH 200 are 9 times (2 times) lower than K%’f NADH
(K%’f ACP) using ADH 270 for identical conditions. Nevertheless, this is an expected behaviour.

It can be further observed from Table 9 that also the activity-based Michaelis constants
Ky napy and Kj; 4cp are different for ADH 200 and ADH 270 for the ACP reduction at same

obs

conditions. The prediction results of the influence of 17 wt.% PEG 6000 on Kj;
catalysed by ADH 200 are given in Figure 9.

of the reaction

Figure 9 shows that ePC-SAFT is able to predict the change of Kﬁ,bf ~napy and K%“ cp under the
influence of 17 wt.% of PEG 6000 for ADH 200 in good agreement with experimental data.
The same ePC-SAFT parameters were used as for the prediction of the same reaction catalysed
by ADH 270. This is a further validation of our approach as it shows that predictions are
possible independent of the enzyme catalysing the reaction. For both enzymes, ADH 200 and
ADH 270, the co-solvent influences on the substrate activities were the key for predicting the

: obs
change in K}
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4. Conclusion

In this work, it was found that experimental Michaelis constants K}%° of a pseudo-one-
substrate and a two-substrate reaction were strongly dependent on the co-solvent present
in the reaction mixture. This co-solvent effect was assumed to be introduced by the
thermodynamic non-ideality caused by molecular interactions. These are expressed as
activity coefficients of the substrate(s), which were predicted by the equation of state
ePC-SAFT. By accounting for the activity coefficients of the substrate(s), the concentra-
tion-based Michaelis constants K{}* were expressed as activity-based values K%,. This
approach focused on investigating enzyme-independent interactions between co-solvent
and the substrate(s) of the reaction; this has the advantage that Kj, is a constant value
independent of kind or concentration of co-solvent, while the experimentally observed
K values depend on co-solvent. The availability of Kj, then allowed predicting co-
solvent-induced changes in K§;* and therewith (1) proved the hypothesis that substrate-
co-solvent interactions are responsible for changes of K} upon co-solvent addition and (2)
enzyme-co-solvent interactions do not play a role for the observed changes in K§;’. Based

on these findings, we could suggest that K%, should be considered instead of K} for
investigations of enzyme-catalysed reactions in order to significantly reduce experimental
effort and to gain new insight and understanding of the co-solvent-substrate-enzyme
interactions present in more complex reaction mixtures, approaching in cellulo reaction
conditions. We showed the feasibility of this by accurately predicting the influence of co-
solvents (e.g.,, DMSO, urea or TMAQO) on the Michaelis constants of a pseudo-one-sub-
strate reaction as well as of a two-substrate ADH reaction. For the latter, the predictions
were accurate for two different enzymes (ADH 200 and ADH 270) under investigation.
This can be seen as another validation of the hypotheses (1) and (2).
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Abstract

Isoamyl acetate is an organic compound which is mainly used as flavor additive in food
industries. Traditionally, the food flavor has been produced by extraction from plants,
followed by chemical synthesis route which then shifted to biocatalytic route due to
consumer’s awareness and inclination toward natural products. This study was carried
out to examine the reaction synthesis between acetic anhydride and isoamyl alcohol in the
presence of Candida antarctica Lipase-B (CALB) as a catalyst in solvent-free system (SFS).
Results show that two reactions took place between acetic anhydride and isoamyl alcohol.
The effect of different reaction parameters on the final yield of isoamyl acetate and the
optimization of process parameters using a statistical tool were also investigated with
response surface methodology (RSM). It was found that the optimum isoamyl acetate
yield is at reaction temperature 30°C, acid/alcohol molar ratio 0.10, and enzyme loading
4.14%. The regression coefficient for optimization based on RSM was 0.9961. Errors
resulted from model validation is less than 1% and is acceptable for real-life application.
RSM model and first principle model were selected to determine the reaction kinetics and
yield of reaction for isoamy] acetate. The results showed that RSM model provides a good
predication of the esterification system with R* value of 0.90.

Keywords: enzymatic, esterification, isoamyl acetate, solvent-free system, lipase

1. Introduction

Esters are one of the most common of all naturally occurring organic compounds which
contain -COOR as functional group. Many simple esters are pleasant-smelling liquids and
mainly used as fragrant odors of fruits and flowers. For example, methyl butanoate is an

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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element found in pineapple oil, whereas isoamyl acetate is an element of banana oil [1]. These
esters are also naturally present in animal fats and oil [2] and in many biologically important
molecules. Esters are ubiquitous and contain “nature-identical” substance that can be used to
substitute natural flavor and fragrances. The demand for flavor and fragrance products is
fairly high for most applications in developed countries. In 2009, flavor and fragrance industry
faced a decline due to global economic crisis, but rapidly recovered a year after. The market
was forecasted to continue expanding at a CAGR of 5.6% during 20112013 [3].

As the demand on flavored food increased tremendously throughout the years, consumers
were also concerned about the natural ingredients of it by considering food with natural
flavored in their list. The term “natural” has been clearly defined by the U.S. Code of Federal
Regulations 101.22(a)(3) as “...the essential oil, oleoresin, essence or extractive, protein hydro-
lysate (product of hydrolysis), distillate of any product of roasting, heating or enzymolysis,
which contains the flavoring constituents derived from a spice, fruit juice, vegetable or vegeta-
ble juice, edible yeast, herb, bud, bark, root, leaf or similar plant material, meat, seafood,
poultry, eggs, dairy products or fermentation products thereof, whose significant function in
food is imparting flavoring rather than nutritional” [4].

Esters naturally available in plants and flowers were extracted for traditional flavor produc-
tion. However, the traditional extraction of flavor from plants is too expensive for commercial
exploitation, limitation of raw materials, and only small amount of esters produced. On the
other hand, the demand of esters kept increasing; therefore, researchers overcome the prob-
lems with alternative production route via chemical synthesis. Esterification via chemical
synthesis is based on Fischer esterification method. Its drawbacks attributed to the chemicals
used and consumers’ awareness toward chemicals added to their food makes the synthesis is
not favored in the food industry. Hence, a new method of ester synthesis is required to produce
large number of esters for industrial application with high economic benefit and a purer end
product.

Synthesis of isoamy] acetate in organic solvent has been introduced. Due to region- and stereo-
specificity expressed by most lipases in mild operation conditions and high degree of purity
produced, lipase-catalyzed esterification in organic solvent has recently received greater consid-
eration relative to the traditional chemical synthetic methods, particularly in the production of
natural flavor and fragrance. Despite the higher conversion yields of esters, organic solvents
undoubtedly bring about negative impact on solvent toxicity, inflammable, and need extra
action on separation process. In addition, some organic solvents used are too expensive to allow
profitable commercial scale-up [5]. Hence, a solvent-free system was introduced in the esterifi-
cation process.

The absence of solvents in the solvent-free synthesis gives advantages on the downstream
processing as there would be fewer components present in the reaction mixture at the end of
the esterification process. Moreover, the production cost can be minimized. In addition, Yahya
et al. [6] has stated that it is possible to use high substrates’ concentrations in a solvent-free
system. Hence, it is scientifically and environmentally wise to produce ester via solvent-free
biotechnological route that would eliminate all the disadvantages of traditional and chemical
synthesis route of producing esters.
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1.1. Enzymes

Enzymes react by accelerating both the rate and specificity of metabolic reactions of the sub-
strates without changing its original shape and amount [5]. In the food industry, flavor pro-
duction from enzyme-catalyzed process has been reviewed by Christen and Munguia [7].
Common types of enzymes used in food flavor are hydrolases and oxidoreductases [7, 8].
One of the hydrolases enzymes is lipase. Lipase is also capable to form ester bounds under
reverse hydrolytic conditions which allow catalysis of various other types of esters [9]. The
demand for natural and environmental friendly product is the main key point of the usage of
lipase in ester synthesis. Therefore, lipases are considered as enzymes of high commercial
potential due to their flexibility in application. There are several lipases which have been used
in isoamyl acetate production. Summary on the isoamyl acetate production based on different
enzymes is shown in Table 1.

From Table 1, it can be observed that a lot of works have been done by using Candida antarctica
as compared to other lipases. Based on Table 1, T. lanuginosus has the minimum amount of
ester conversion.

Recyclability of enzymes is also an important factor to be considered for industrial-scale
applications as it can reduce the cost of raw materials. For esterification in the organic solvent,
S. simulans can be reused up to 4 cycles [20] and Rhizomucor miehei up to 10 cycles [16], while
Candida antarctica can be recycled more than 10 cycles [10, 14]. Previous studies also had
compared the performance of enzymes toward the esterification reaction. Guvenc et al. [11]
have done a study on solvent-free system and have found that Novozym 435 from Candida
antarctica was more efficient than Lipozyme from Rhizomucor miehei. This is agreed by Romero
et al. [13] who extended the study on kinetics of enzymatic esterification of isoamyl acetate
using Novozym 435 in an organic solvent. The advantages and the benefits of using Candida

Lipase origins Maximum conversion, % References
Candida antarctica 95.5 Gubicza et al. [10]
80 Guvenc et al. [11]
100 Romero et al. [12]
96 Romero et al. [13]
100 Feher et al. [14]
~99 Wolfson et al. [15]
Rhizomucor miehei >90 Krishna et al. [16]
~40 Romero et al. [13]
Mucor miehei >80 Krishna et al. [17]
96.4 Mittelbach and Trathnigg [18]
S. simulans 64 Ghamgui et al. [19]
T. lanuginosus ~42 Romero et al. [13]

Table 1. Enzymes and its corresponding maximum conversion of substrates based on previous studies.
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antarctica in isoamyl acetate production in solvent-free system, as listed in previous research
works, provide a sound basis of choosing this lipase in this present study.

2. Materials and methods

2.1. Materials and chemicals

In this study, isoamyl acetate was produced experimentally by reacting acetic anhydride and
isoamyl alcohol with the presence of enzyme, Candida antarctica Lipase-B (CALB) in a solvent-
free system. The chemicals used in this study were analytical grades and are summarized in
Table 2 together with the respected purity, usage, and supplier. The chemicals were used as
received without further purification.

2.2. Equipment

The production of isoamyl acetate enzymatic synthesis from acetic anhydride was done in lab
scale. All of the experimental works were carried out using 100-ml Erlenmeyer flasks with
stopped rubber, which then were placed in an incubator shaker (Benchmark Incu-shaker mini,
New Jersey). Incubator shaker was used to maintain the mixing rate and to control the
temperature. Then, flame ionization detector gas chromatography (GC-FID) (Agilent Technol-
ogies, 7820A GC system, USA) was used to analyze the concentrations of compounds in the
sample taken.

2.3. Isoamyl acetate syntheses

Isoamyl acetate syntheses were carried out without any organic solvent in 100-ml stopped-
rubber Erlenmeyer flask with working volume of 15 ml. Enzyme was added into the reaction
media containing a mixture of isoamyl alcohol and acetic anhydride at various temperatures.
The reaction mixture was then incubated in an incubator shaker (Benchmark) at 150 rpm for
6 h. The basis of this experimental method was taken from [16].

2.4. Analysis of esterification

About 0.5 ml of the reaction mixture was withdrawn periodically starting from t = 0 h, until
t = 6 h for analysis. The withdrawal was done using micropipette and transferred into

Materials/chemicals Purity Usage Supplier

Isoamyl alcohol 99.8% Production medium Merck Co., Malaysia

Acetic anhydride 98% Production medium ACROS Organics, Malaysia
Isoamyl acetate 100% GC standard Merck Co., Malaysia

CALB (25000 U/g) N/A Production medium Sigma-Aldrich, Malaysia

Table 2. List of materials and chemicals used.
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microcentrifuge tube. Samples were analyzed using gas chromatograph (Agilent Technolo-
gies 7820A) equipped with a hydrogen flame ionization detector and a SGE BP21 (FFAP)
column (60 m x 0.32 mm x 0.25 um). Helium was used as a carrier gas at a flow rate of
5 ml/min. After injection of samples, the oven temperature was kept at 100°C and linearly
increased to 140°C. The rate of temperature increase was set at 70°C/min, and was kept at
140°C for the remaining time of analysis. Injector and detector temperatures were set at 200
and 250°C, respectively.

Quantification of data was done by calibration with standards samples. Each sample required
4.08 min to be analyzed by GC-FID. The retention times of peaks were as follows: isoamyl
acetate, 2.26 min; isoamyl alcohol, 2.38 min; acetic anhydride, 2.48 min; and acetic acid, 3.2 min.

2.5. Effect of reaction temperature

The effects of reaction temperature on the enzymatic esterification were studied at various
temperatures: 30, 40, and 50°C. About 15 ml working volume of the medium in a 100-ml
Erlenmeyer flask was incubated in an incubator shaker with agitation speed of 150 rpm for 6
h reaction time. Samples were taken periodically until 6 h of reaction time and analyzed by
GC-FID for isoamyl acetate production.

2.6. Effect of acid/alcohol molar ratio

The effect of acid/alcohol molar ratio was studied at various acid/alcohol molar ratios: 0.1
(excess alcohol), 1 (equimolar), and 2 (excess acid). The medium was incubated in an incubator
shaker at 40°C reaction temperature, and with agitation speed of 150 rpm for 6 h reaction time.
Samples were taken periodically until 6 h of reaction time and analyzed with GC-FID for
isoamyl acetate content.

2.7. Effect of enzyme loading

The enzyme loading effects were studied at various percentages of enzymes in medium: 4, §,
and 12%. The calculation was based on the overall mass of substrates used in the reaction. The
medium together with the enzyme was incubated in an incubator shaker at a temperature of
40°C. The agitation speed was set to 150 rpm; samples were taken at different time intervals
until 6 h of reaction time and were analyzed using GC-FID for isoamyl acetate content.

2.8. Optimization process using response surface methodology (RSM)

Optimization studies are carried out using response surface methodology (RSM). RSM is a
collection of statistical and mathematical analysis for developing, improving, and optimizing
processes in which the response developed is influenced by several variables. It has an impor-
tant application in the process development, design, and formulation of new products, as well
as in the improvement of existing product design.
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Levels

Variables Coding Unit -1 0 +1
Temperature A °C 30.00 40.00 50.00
Ac/Al ratio B — 0.1 1 2
Enzyme loading C % 4 8 12
Reaction time D h 2 4 6

Table 3. List of variables and its value.

2.9. Model fitting and statistical analysis

Optimum conditions for isoamyl acetate enzymatic esterification can be obtained by using
optimization software, Design Expert 6.0.6. The method used was Central Composite Design
(CCD), under RSM. CCD is the best design for response optimization [21]. In this study, three
levels and four factor variables were chosen. The three levels represent the three points
between the lower and upper limit of the parameters, whereas the four factors represent the
four parameters that are studied in this section, which are reaction temperature, ac/al molar
ratio, enzyme loading, and reaction time. The details of the parameters and levels studied were
shown in Table 3.

2.10. Sensitivity analysis

Sensitivity analysis is useful for testing the robustness of the result of a model developed, to
show the relationships between input and output variables in a system, and for model simpli-
fication by removing the insensitive or insignificant variables.

Based on the optimization step before, a sensitivity analysis for each individual parameter and
the interaction between parameters in this study were done using application tools provided
by RSM. It was done to decide the interaction between parameters, and the most sensitive
parameters in esterification process.

3. Enzyme kinetic modeling

3.1. Response surface methodology (RSM) model

RSM model was developed using DoE software by designing new experiments for enzyme
kinetic model. Three-level and four-factor designs which consist of 27 sets of experiment were
constructed using parameters listed in Table 4.

3.2. First principle model

First principle model is an application of conservation of mass to the analysis of a physical
system by taking account of material entering, leaving, generating, consuming, and accumu-
lating in the system.
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Variables Coding Unit Levels

-1 0 +1
Temperature By °C 30 40 50
Mass enzyme B, wit% 4 8 12
Reaction time B3 h 2 4 6
Reciprocal of anhydride concentration A 1/mol 0.12 0.20 1.18

Table 4. Experimental range and levels of variables.

The mathematical general equation of a balanced mass conservation quantity by using conser-
vation law in a system is:

Input + Generation = Output + Accumulation 1)

In term of general mole balance, the above equation became
d
v v

By assuming component j enters and leaves the element only by convection with the inflow
and outflow streams by neglecting diffusional flux through the boundary of the volume
element, Qy and Q; are the mass of component j at the inflow and outflow, respectively, Cj

and Cj; are the concentration of component j at the inflow and outflow, respectively, [, dV is

the rate of generation of component j, and 4 [,C;dV is the rate of accumulation of component j.

In a close system (batch process), assuming with well stirred substrate, the above equation
reduces to:

Generation = Accumulation 3)

Therefore,
J rdV = EJ Cdv 4)
T

where 7 is the rate of reaction, V' is the volume, and C; is the concentration of product produced
by time in the reaction system. Since the volume of the reactor is constant in batch system, thus
Eq. (4) reduces to:

dc;
=2 (5)

The reaction rates can be derived in detail by enzyme kinetic equation.

3.3. Validation of kinetic model

The entire model developed will then need to be validated to assure the models are reliable
and can be used in industrial application. Validation of the kinetic model was done by
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comparing the output from the model developed with the experimental data collected. The
results were compared and plotted in a graph, and error value based on the regression analysis
was done.

4. Results and discussions

4.1. Isoamyl acetate syntheses

Theoretically, acetic anhydride possesses two acyl groups. In a reaction with isoamyl alcohol,
one of the acyl from acetic anhydride will bind with isoamyl alcohol and discharge one H' to
form isoamyl acetate and acetic acid. Then, excess acyl (from acetic acid) will react with excess
alcohol to form another isoamyl acetate and water. The details of reaction scheme are shown
below:

a. First reaction

Isoamyl alcohol + Acetic anhydride — Isoamyl acetate + Acetic acid

b. Second reaction

isoamyl alcohol + acetic acid — isoamyl acetate 4- water

c¢. Overall reaction

isoamyl alcohol + acetic anhydride — isoamyl alcohol + water

Based on the chemical reaction scheme shown previously, esterification of isoamyl acetate
undergo two reactions, first is between the acetic anhydride and isoamy]l alcohol, producing
acetic acid and isoamyl acetate; and the second reaction is between the acetic acid and excess
isoamyl alcohol, producing another isoamyl acetate and water as by-product. An overall
analysis on the effect of substrates concentration was done at 8% enzyme loading, 6 h of
reaction time at acid/alcohol ratio of 0.1, 1, and 2, and the results were plotted in Figures 1-3
respectively.

From Figure 1, the concentration of isoamyl acetate increased rapidly at the initial of the
reaction until 15 min of reaction time. During that time, acetic anhydride was consumed until
98% of its initial concentration, whereas the concentration of acetic acid and isoamyl acetate
was increasing. This is in line with the reaction mechanism involved, where the reaction
between acetic anhydride and isoamyl alcohol will produce acetic acid and isoamyl acetate
initially. As clearly shown in Figure 1, as acetic anhydride was completely consumed, acetic
acid produced will then react with the excess isoamyl alcohol, producing isoamyl acetate and
water. This is evident by the reducing of acetic acid concentration after 15 min of reaction time
and consequently the rapid increase of isoamyl acetate concentration. Throughout that time,
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Figure 2. Overall concentration of substrates and product during the reaction for acid/alcohol ratio of 1.0.

concentration of acetic acid starts decreasing until 80% of acetic acid’s initial production. At the
end of the 6-h reaction time, isoamyl alcohol was in excess, acetic anhydride and acetic acid
were 98 and 80% consumed, respectively.

From Figure 2 initially, concentration of isoamyl acetate increased rapidly at the first 30 min of
reaction time. During that time, acetic anhydride was consumed until 95% of its initial concen-
tration, whereas concentration of acetic acid and isoamyl acetate was increasing, following the
reaction mechanism described by the above reaction equation, which is reaction between acetic
anhydride and isoamyl alcohol will initially produce acetic acid and isoamyl acetate. Acetic
anhydride was fully consumed during 180 min of reaction time, and acetic acid produced at
the beginning of reaction was in excess until the end of 6 h reaction duration as well as isoamyl
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Figure 3. Overall concentration of substrates and product during the reaction for acid/alcohol ratio of 2.0.

alcohol. This is because the production of isoamyl acetate has achieved steady state, and the
excess amount of alcohol is lower than the minimum amount which required to be reacted.

Figure 3 clearly shows that in excess acetic anhydride condition, isoamyl alcohol was 98%
consumed during the 240 min of reaction time. After that, there is no decreasing trend in either
acetic anhydride or acetic acid concentration. Acetic acid produced by the primary reaction at
the beginning of the test was in excess since isoamyl alcohol is in limited condition. This shows
that both reactions were stopped by limited amount of isoamyl alcohol in the mixture.

Based on Figures 1-3, isoamyl alcohol is the critical substrate in this esterification reaction. The
final amount of isoamyl acetate produced is highly depending on the amount of isoamyl
alcohol at the initial of the reaction. Limited amount of isoamyl alcohol will automatically stop
the reaction mechanism, since there is no receiver of acyl in the mixtures. This also shows that
acetic anhydride amount in the mixtures need to be restricted to some amount so that there is
no excess acyl in the reaction, and hence making this process cost-effective [22].

4.2. Effect of synthesis parameters

4.2.1. Effect of reaction temperature

Reaction temperature of esterification process has an effect on the final yield of isoamyl acetate
produced based on the Arrhenius equation (Eq. (6)).

k:koexp{—%} (6)

where k is the rate constant, kg is the pre-exponential constant, E, is the activation energy, R is
the gas constant, and T is the absolute temperature.
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Eq. (6) clearly shows that reaction temperature has parallel effect to the reaction rate constant
and hence influences the final yield of isoamyl acetate produced by affecting the esterification
reaction rate.

Effect of temperature on the yield of ester produced has been investigated at temperatures 30,
40, and 50°C for 6 h of reaction time. From literatures, the range of temperature studied was
between 30 and 65°C. However, the optimum reaction temperature was found to be between 30
and 50°C. Hence, to elucidate the impact of reaction temperature on yield of ester, the synthesis
has been studied at a temperature range from 30 to 50°C for 6 h of reaction time, at 8% enzyme
concentration and acid/alcohol molar ratio of 1. The results are illustrated in Figure 4.

Based on Figure 4, initial reaction rate of ester production increased with increasing reaction
temperature from 30 to 50°C. This would be explained by Eq. (6), where increasing reaction
temperature would increase the kinetics of the reaction, hence encourage the collision rate
between molecules in the medium, and thus favor higher production of ester. This result is in
agreement with a research done by [23, 24], where increasing reaction temperature will
increase the reaction rate and hence produce higher concentration of ester. Similar result on
the positive effect of reaction kinetics toward the increasing of reaction temperature was also
found by the studies.

As the reaction time increased, the production rate of ester appears to decrease for reaction
temperatures of 40 and 50°C compared to the production at 30°C. The final yield of ester
produced at 30, 40, and 50°C of reaction temperatures at time 6 h of reaction time were 67.2,
61.8, and 59.1%, respectively. This could be due to the enzyme tertiary structure that starts to
disrupt at higher reaction temperature and at longer reaction time, hence losing its catalytic
activity, thus lowering the enzyme production rate [25].

4.2.2. Effect of acid/alcohol molar ratio

The effect of acid/alcohol molar ratio has been studied at low anhydride concentration, equi-
molar, and excess in anhydride, whose ratios were 0.1, 1, and 2, respectively. The reaction
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Figure 4. Effect of temperature on the ester production.
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Figure 5. Effect of acid-alcohol ratio on the yield of ester.

temperature was set at 40°C and enzyme loading at 8%. The result for this experimental
condition is shown in Figure 5.

Based on Figure 5, a maximum yield of isoamyl acetate was achieved when isoamyl alcohol is
in excess over the acetic anhydride ratio. This is due to the availability of excess nucleophile in
the reaction mixture. Based on the reaction scheme shown in Section 4.1, an acyl from acetic
anhydride is reacted with a nucleophile available from isoamyl alcohol and producing isoamyl
acetate and acetic acid. Then, an acyl from acetic acid produced reacted for the second time
with the available nucleophile in the reaction mixture and produced another isoamyl acetate
and water. The maximum yield of isoamyl acetate produced at acid/alcohol molar ratios of 0.1,
1, and 2 was 128, 53, and 88%, respectively.

The current study is in agreement with [14] and [26], where higher substrate concentration
(high acid/alcohol molar ratio) leads to lower yields of ester. This could also be due to acid
concentration which has met the critical concentration needed in the reaction [27]. However,
by increasing the molar ratio to excess acid, the yield of ester starts to increase again. This
condition happened because the concentration of acid in the reaction mixture has past the
critical concentration of acid needed in the reaction medium.

4.2.3. Effect of enzyme loading

The effect of enzyme loading concentration was studied at 4, 8, and 12% of enzyme loading,
acid/alcohol molar ratio of 1 and 30°C of reaction temperature. Enzyme loading is economi-
cally important to the esterification process as enzyme is costly compared to other materials
used in the synthesis. Producing high yield of isoamyl acetate at low quantity of enzyme
synthesis was highly preferred in an esterification synthesis. Therefore, in this study, the yield
of isoamyl acetate produced versus reaction time was plotted and shown in Figure 6 for three
different enzyme loadings.

Based on the figure above, increasing amount of enzyme loading increases the yield of ester
produced. The maximum yield of isoamyl acetate produced by the synthesis for 4, 8, and 12%
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Figure 6. Effect of enzyme loading on the ester production.

are 57, 65.8, and 71.5%, respectively. The graph also shows the clearer trend of enzyme loading
effect along the 6 h of reaction time. For lower amount of enzyme loading, longer reaction
needed to achieve steady state of the esterification reaction. Increasing the enzyme loading
from 4 to 12% shortened the time required for the reaction to achieve steady state which is
favorable. It also shows that esterification reaction increases with the increasing amount of
enzyme loading and the trends resembles the results of esterification studied by [26]. This
concludes that the rate of esterification is dependent on the enzyme concentration used in the
mixture.

4.3. Optimization using response surface methodology (RSM)

Design Expert software contained many types of optimization methods that can be used in this
study. Based on the optimization methods described, a central composite design (CCD)
method was chosen to design all the experiments conducted for esterification synthesis. CCD
is generally the best design for response optimization, as stated by [21, 28]. In this study, three-
level and four-factor designs were used to determine the optimum condition with four exper-
imental parameters (temperature, acid-alcohol molar ratio, enzyme ratio, and reaction time)
and three-level indicated the level of each range (-1, 0, +1). Six replicates which run at the
center point (0, 0) of the design were performed to allow the estimation of pure error. All the
experiments were carried out in the randomized order to minimize the unexplained variability
in the observed responses due to irrelevant factor.

Fitting of the data to models in RSM and their subsequent ANOVA showed by Figure 7
confirmed that the enzymatic esterification reaction of acetic anhydride and isoamyl alcohol
was most suitably described by quadratic model. The equation of the model based on the
actual values is shown by Eq. (7).
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yield = 271.8778 — 11.0681A — 303.3621B + 9.9557C

—11.5634D + 0.1459A% + 36.25B% — 0.4381C? — 1.2452D

+10.2656AB — 0.0588AC + 0.3626AD + 0.4859BC

)
— 8.678BD — 0.2537CD — 0.1443A°B + 0.0011A°C

—0.0072A%D + 0.3997AB* — 0.0222ABC + 0.2123ABD
—0.0037ACD + 0.0151BCD

The quadratic response function represents the yield of ester produced, where A is reaction
temperature, B is the acid/alcohol molar ratio, C is percentage of enzyme used, and D is the
reaction time.

Closer the value of R” to unity, the better the empirical models fit the experimental data. Parity
plot between actual data and the predicted data is done and shown in Figure 7. As can be seen,
the predicted values match the actual values reasonably well within the ranges of the experi-
mental parameter conditions, with R? value of 0.9961. At this stage, this result suggests the
applicability and reliability of the equation in representing the esterification reaction between
acetic anhydride and isoamyl alcohol by using CALB in a solvent-free system with sufficient
degree of accuracy.

Statistical analysis from the analysis of variance (ANOVA) was done using RSM software
(result not shown). The F value of the model (47.022) with a P value of 0.001 implied that the
model is significant. Generally, P value lower than 0.01 indicates that the model is considered
to be statistically significant at 99% confidence level and values greater than 0.10 indicate that
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the terms are not significant [29]. Based on the results, the most significant model terms (F
value = 23.014) that give high impact on the yield of ester produced is the acid/alcohol molar
ratio, with P value of 0.0087. The small P value (<0.001) and a high regression coefficient
(R?=0.9961) showed the suitability of the model for representing the real relationship between
all the reaction parameters and yield of the ester produced. Adequate precision value mea-
sured the signal-to-noise ratio for the model. Ratios greater than 4 indicated adequate model
discrimination [28]. In this study, the adequate precision for developed model was found to be

17.6666; this indicates that the model could be used to navigate the design space for this
enzymatic esterification reaction.

Model developed by RSM needs to be validated to make sure it is reliable and acceptable.
Figure 8 shows the comparison of ester yield from the actual experiment and calculated by
model developed. The comparison was done for 27 runs of experiments.

Based on Figure 8, the yield of ester’s model developed by RSM appear to fit well with the
actual results of ester yield from the experimental data. This clearly shows that the model
developed is reliable to use as prediction of the real process of enzymatic esterification synthe-
sis between acetic anhydride and isoamyl alcohol catalyzed by CALB in solvent-free system.

4.3.1. Numerical optimization

Numerical optimization was done by setting the desired optimum condition and product, and
then DoE software will generate few solutions based on the model developed before. Based on
the desired optimized condition setting, four sets of solutions for optimized experimental
condition for enzymatic esterification in SFS were developed as shown in Table 5.

Based on the numerical optimization, the most desirable reaction conditions for optimum
isoamyl acetate yield was set at minimum reaction temperature, enzyme loading, and reaction
time. Minimum reaction temperature is required to reduce the energy usage, hence lower the
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Figure 8. Comparison between the RSM model developed and the actual experimental data.
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Parameters Constrains Solution
Goal Lower limit Upper limit

T(°C) Minimize 30 50 30

Ac/Al Is in range 0.1 2 0.10

Enzyme (%) Minimize 4 12 414

Time (h) Minimize 2 6 2.00

Yield (%) Maximize 52.00 130.21 112.83

Table 5. Optimized condition suggested by DoE software.

operating cost of esterification process. Enzyme loading was set to minimum in order to
reduce the usage of enzyme in esterification synthesis as enzyme is the most expensive
material in esterification synthesis. Lowering reaction time to the minimum can help to accel-
erate the production rate of isoamyl acetate and give benefit to the industry. The results for
optimum condition are shown in Table 6.

Experimental result showed that there was no significant difference for percentage yield of ester
produces between the predicted and actual values. The error value for the optimization exper-
iment is less than 1%. Therefore, the model obtained is reliable to predict the yield of isoamyl
acetate in enzymatic esterification of isoamyl acetate by solvent-free system with high accuracy.

4.4. Enzyme kinetic

4.4.1. Response surface methodology (RSM) model

Design of experiment (DoE) software is used again to design the experiment. Three-level and
four-factor designs which consist of 27 sets of experiments were done. The effect of tempera-
ture, T, mass of enzyme, M, reaction time, ¢, and reciprocal of initial anhydride concentration,
1/[A]y, on the enzymatic reaction rate were investigated using CCD analysis in RSM.

All coefficients obtained from the full quadratic polynomial model were evaluated by regres-
sion analysis and tested for their significance. The insignificant coefficients were eliminated
based on p values. It was found that coefficients for f; and B,, were highly insignificant, hence
the predicted polynomial model was rearranged by eliminating the terms which consist of
ﬁi and ,,, resulting in a modified quadratic model. The coefficient of determination (R? = 0.99)
implies that the model was satisfactory.

The final model for reciprocal of enzymatic reaction rate obtained from the CCD analysis is:

Number Temperature (°C) Ac/Alratio Enzyme loading (%) Reaction time (h) Yield (%) Error (%)

Predicted Actual

1 30.0 0.10 4.14 2.0 112.83 112.63 0.18

Table 6. Result and error analysis of model validation.
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% = 7.69399 — 0.2021 (T) — 0.3193(M) — 1.0334(+) + 10.0771 (ﬁ)
0

+0.028(T?) 4 0.0239(M?*) 4 0.1060(#*) — 0.024(TM) + 0.0385 (Tt) )
— 0.1342 <T(ﬁo>> —0.0732 (M (ﬁ)) -0.1623 (t(ﬁ))

4.4.2. First principle model

By using Eq. (8), the general equation for reaction rate developed throughout the experiment is
given by:

dc;

@ ©)

Given that general reaction rate equation, r is;

= kC (10)

where 7; is the reaction rate for product j, k is the reaction rate constant, C; is the concentration
of product j, and n is the order of reaction.

Since the overall reaction is reversible, hence Eq. (10) becomes

1= le}1 -k CY (11)

where k; and k, are rate constants for forward and backward reaction, respectively, C; and C;
are concentration for substrates i and product j, respectively, and n is the order number of the
reaction.

Overall reaction for isoamyl acetate esterification from acetic anhydride and isoamyl alcohol is:

2CH;CH(CHs)CH,CH,0H + (CH5C0),0" 2CH,COOCH, (CH;)CHCH; + H,0
k2

Based on Eq. (11), there were few reaction rate equations that are possible to be applied for this
isoamyl acetate enzymatic esterification reaction; therefore, all of the possible reaction rate
equations were listed in Table 7 and reaction rate constants for all equation developed were
solved out using nonlinear equation solver in POLYMATH and the regression of each equation
was compared. Table 8 shows that the accurate reaction rate equation was for the third reaction
rate with R? = 0.9385 and adj.R2 = 0.9360. The kinetic constant for k; and k, equals to —0.0135
and 0.2530, respectively, with order number of 1. Therefore, the final reaction rate equation for
enzymatic esterification reaction from acetic anhydride and isoamyl acetate becomes

r = —0.0135C; + 0.2530C, (12)

where Cj, is the concentration of isoamyl alcohol and C,, is the concentration of ester.
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No. Reaction rate equation ky k R? Adj.R?
1 r=(kiCo) + (k2Ce) 0.0461 0.3984 05705 05533
2 r=(knCa) + (k2Cp) 0.0078 0.2426 09121 0.9086
3 r=(kGCy) + (k2Cp) -0.0135 0.2530 0.9385 0.9360
4 r=(kC) + (kaGy) 0.0013 0.2447 0.9109 0.9073
5 r= (k) + (sz§ 0.0187 0.0912 0.8111 0.8035
6 r= () + (qu 0.0032 0.0961 0.7864 0.7778
7 r = (kiCo) + (,QC’; 0.0172 0.0951 0.7890 0.7806
8 r = (i CaCy) + (sz,%) 0.1912 0.0909 0.7936 0.7853
9 r=(k1CCy) + (k2Cp) —0.0147 0.2474 0.9109 0.9073

Table 7. Possible reaction rate equation, constant developed, and regression analysis.

Model R?
RSM model 0.90
First principle model 0.89

Table 8. Regression analysis between the model developed and the actual data from experimental results.

1.20

100 + o
080 + 5
E i _

L% ARV A
YA RVE'

T

®
*
*

060 £

{

reaction rate (mol/L.min)

040 £
020 § f;,l ¢
ﬂﬂ‘] : A : A * A : A I. i : A * i : A I. i : A * L E A : i : A * L

0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28 30

Funno.
*  Actual reactionrate  seseees REAI model = = A[ass balance model

Figure 9. Comparison between the actual reaction rate and the modeled reaction rate.

4.4.3. Validation of kinetic equation

Validation of kinetic equation was done by comparing the experimental data for reaction rate
of each run with the reaction rate calculated by Egs. (8) and (12). Then, the results were plotted
in Figure 9 and regression analysis was done to evaluate the accuracy of models developed.

Regression analysis was done between the models and the actual data by using excel and the
result of regression analysis is shown in Table 8. The regression value (R?) calculated for RSM
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model is 0.90, and for first principle model is 0.89. Based on Figure 9 and Table 8, first
principle model and RSM model was found to have good agreement with the actual data from
the experiment. Hence, kinetics of enzymatic esterification of isoamyl acetate in this study can
be represented by RSM and mass balance kinetic model.

5. Conclusions

In this study, it was concluded that there are two chemical reactions involved in the esterifica-
tion of isoamyl acetate from acetic anhydride and isoamyl alcohol. The main reaction is
between acetic anhydride and isoamyl alcohol, and the combination of the two reactions
results in an overall reaction as follow:

2CH3CH(CH3)CH,CH,OH + (CH3CO),0 = 2CH3;COOCH, (CH3)CHCH3 + H,0

Between all of the parameters studied, the most critical parameter in isoamyl acetate synthesis
is the acid/alcohol molar ratio. This is because the molar ratio will affect the nucleophile and
acyl content in the mixture. The least sensitive parameter is the reaction temperature of the
ester synthesis. This can be shown by small gap on the yield of ester produced at large
different of reaction temperature.

Optimization of enzymatic isoamyl acetate synthesis in solvent-free system was done using
RSM. The present process fits well with second order quadratic equation with determination of
coefficient (R?) equals to 0.9961. The numerical optimization suggested that the optimum
condition for enzymatic esterification of isoamyl acetate from acetic anhydride and isoamyl
alcohol by enzyme CALB in solvent-free system is at 30°C reaction temperature, 0.10 acid/
alcohol molar ratio, 2 h of reaction time, and 4.14% of enzyme loading. Two types of mathe-
matical models were selected and validated to determine the reaction kinetics and yield of
reaction for isoamyl acetate. From two models selected, the RSM model is the most accurate
model for the esterification with R” value of 0.90.
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Abstract

The pretreatment of biomass has been integrated with enzyme production through
the recycling of aqueous fractions. A process integrated with Pleurotus cystidiosus was
grown, and enzymatic hydrolysis was realized. Samples of every liquid fraction from
the fungal growing medium were analyzed to determine the chemical oxygen demand
(OCD), glucose (Glu), xylose (Xyl), and total reducing sugars (RS). Separately, to obtain
valuable polymers from this integration process, solid hemicellulose and lignin were iso-
lated from the remaining liquid fractions through pH variation. The composition of the
samples was determined using scanning electron microscopy (SEM), optical stereoscopic
microscopy, and Fourier transform infrared (FTIR) spectroscopy and was compared with
commercial homologs. The maximum conversion of cellulose to glucose by the obtained
liquid fraction of the fungal medium was 61.3 + 0.9% of the theoretical conversion yield
of the commercial enzyme. Similarly, the conversion of hemicelluloses to xylose was
69.5 = 1.5%. Finally, in this work, an integrated platform for cellulose, hemicellulose,
lignin, enzymatic extract, and sugars production, which also significantly reduces water
consumption, was proposed.

Keywords: alkaline delignification, cellulose, hemicellulose, lignin, corn straw, Pleurotus
cystidiosus, biorefinery
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1. Introduction

Pleurotus spp. is one of most extensively studied white-rot fungi for its exceptional ligninolytic
properties [1]. This genus cleavages cellulose, hemicellulose, and lignin from wood, whereas
brown rot fungi only cleavage cellulose and hemicellulose [2]. In basidiomycete fungi, extra-
cellular laccases are constitutively produced in small amounts, and the lignocellulolytic
enzymes are affected by many typical fermentation factors, such as medium composition,
pH, temperature, aeration rate, etc. [3-5]. Mushroom survival and multiplication are related
to a number of factors: chemical composition, water activity, ratio of carbon to nitrogen,
minerals, surfactant, pH, moisture, sources of nitrogen, particle size, amount of inoculum,
antimicrobial agents, and the presence of interactions between microorganisms. Pleurotus
spp. is a saprophyte, and it extracts its nutrients from the substrate (grasses, wood, and agri-
cultural residues) through its mycelium, obtaining substances necessary for its development,
such as carbon, nitrogen, vitamins, and minerals. Agro-industrial waste is produced in huge
amounts, and it becomes an interesting substrate for basidiomycete fungi. Many studies have
been conducted to test the ability of Pleurotus spp. to grow on different agro-wastes, such as
rice straw, wheat straw, and corn straw [6, 7].

Mexico is the third largest country in LAC in terms of the cropland area and would become
a central focus of attention to produce bioproducts. It was estimated that 75.73 million tons
of dry matter was generated from 20 crops in Mexico. From this biomass, 60.13 million tons
corresponds to primary crop residues mainly from corn straw, sorghum straw, and wheat
straw. The generation of secondary crop residues accounted for 15.60 million tons to which
corncob was one the main contributors. Corn straw is the first most abundant crop residue
generated in Mexico, equivalent to 66.9% of the total amount of crop residues from the cereal
agro-industry [8]. The amount of corn straw reached a total of 25.1 x 10° tons, and the State of
Guanajuato is the seventh largest national corn straw producer with almost 1.3 x 10° tons per
year, equivalent to 5.3% of the gross production [9, 10]. This residue is mostly left to decom-
pose or burn in situ, generating serious problems of atmospheric emissions. Nevertheless, a
change in the agro-industry research topics in Mexico is emerging, where novel sustainable
solutions for solid waste management are being pursued. Mexico’s economic growth pros-
pects have emphasized the importance of the development of clean technologies, in which
lignocellulosic biomass conversion processes are integrated with minimum residue genera-
tion for the sustainable production of biofuels and bioproducts [11]. Three general steps are
involved when transforming a lignocellulosic residue into a value-added by-product: (1)
biomass pretreatment, (2) hydrolysis of the polysaccharides, and (3) fermentation of sugars.
Chemical, thermochemical, and biological treatments are intended to (1) increase the forma-
tion of fermentable sugars or increase the ability to form sugars in a subsequent enzymatic
saccharification step by strategically breaking the highly ordered carbohydrate structure to
improve enzyme access, (2) remove or partially depolymerize lignin, (3) avoid the formation
of products that are saccharification or fermentation inhibitors, and, finally, (4) be economi-
cally feasible. The alkaline/hydrogen peroxide pretreatment of corn straw (CS), also known as
alkaline oxidative (AlkOx) delignification, causes the separation of biomass into its principal
components: cellulose, hemicelluloses, and lignin. It also presents minimum carbohydrate
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degradation while enhancing further enzymatic saccharification, favoring economic feasibil-
ity. The AlkOx delignification generates products that are not limited to monosaccharides or
bioethanol. They can also be commercialized as feedstocks for making composites, biodegrad-
able packaging materials, construction materials, paper and board, easily digested cattle food,
and substrates for mushroom cultivation, among other products. Alkaline pretreatment can
be performed at room temperature and times ranging from seconds to days [12]. Therefore, it
can reduce energy costs. Pretreatment is the key to unlocking low-cost cellulosic biomass; the
pretreatment methods ought work on a widespread spectrum of feedstocks, have minimum
preparatory processes, and provide a cellulosic current that can be efficiently hydrolyzed with
low concentrations of enzyme [13]. In comparison with acid processing, alkaline processing
features less sugar degradation and recovery or regeneration of many of the caustic salts. This
leads to the reduction of costs in the process. The treatment of the water and treatment of the
residues are two challenging stages for biorefineries. In this sense, as the alkaline hydrogen
peroxide pretreatment of corn straw (CS) separates the biomass into cellulose, hemicelluloses,
and lignin in different percentages, it enhances enzymatic cellulose hydrolysis and minimizes
cellulose loss. Its products are not limited to C5/C6 sugars but can also be commercialized for
polymeric applications [14, 15]. On-site production of biomass-degrading enzymes can assist
in achieving full supply independence. The interest in finding new alternative treatments,
such as the utilization of white-rot fungi to degrade lignocelluloses, is increasing. The white-
rot fungus Pleurotus spp. has the ability to degrade and metabolize lignin as well as other
sugars. Pleurotus cystidiosus is a fungus with immense biodegradation potential by the effect
of its enzymes lignin oxidase, lignin peroxidase (LiP), manganese peroxidase (MnP), and lac-
case on the degradation of lignocellulose of corn stover. Laccases or ligninolytic peroxidases
(LiP and MnP) oxidize the lignin polymer, thereby generating aromatic radicals. These evolve
in different nonenzymatic reactions, including C4-ether breakdown, aromatic ring cleavage,
Ca-Cp breakdown, and demethylation. The aromatic aldehyde releases from Ca-Cp3 break-
down of lignin or synthesized by fungi are the substrates for H,O, generation by aryl-alcohol
oxidase in cyclic redox reactions involving also aryl-alcohol dehydrogenases. Phenoxy radi-
cals from C4-ether breakdown can depolymerize on the lignin polymer if they are not first
reduced by oxidases to phenolic compounds. Then, lignin degradation proceeds by oxidative
attack of the enzymes [16]. The objective of this work was to isolate and characterize cellulose,
hemicellulose, and lignin from corn straw and the sugar concentration obtained from hydro-
lysis by the enzymatic cocktail from P. cystidiosus in an integrated scheme.

2. Materials and methods

Corn straw (Zea mays) was harvested at a local farm near the city of Manuel Doblado (location
within the state of Guanajuato, Mexico; coordinates 20°45'08.30"N 101°56'07.31"O). We were
unable to identify the crop genotype, but the most common variety used in the region is “H 368
C (1313-MAZ-556-010900/C)” developed by INIFAP (National Institute of Forest, Agricultural
and Livestock Research). The planting was carried out in the month of January 2016 using
common methods of 1.5 m between rows, 120 kg of seed per ha, and three irrigations in total
and fertilized with phosphorus (30%) and urea with an average content of 46% nitrogen. The
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corn straw (CS) was first ground in a 1 HP Nogueira forage hammer mill. Granulometric
separation was performed using a shaker and six sieves (Retsch, Germany) with different
pore sizes (0.4, 0.5, 1, 2, 4, and 6 mm). Particles smaller than 0.4 mm were discarded [17]. The
remaining material was then homogenized in a combined feedstock and stored in plastic
containers at room temperature. All experiments were carried out using this feedstock. Next,
it was oven-dried at 60°C for 48 h in a forced air oven. Lipids, waxes, and minerals were
not removed during the procedure, for which the overall process is shown in Figure 1. The
composition (% w/w) of the CS was determined using the Official Methods of Analysis of the
Association of Official Analytical Chemists (AOAC 973.18). All chemicals used were reagent
grade, purchased from Sigma-Aldrich Co. LLC (Sigma-Aldrich, St. Louis, Missouri, USA) and
J.T. Baker ACS Reagent Grade (Reagents and Equipment, SA De CV, Irapuato, Gto., México).
The enzyme Accellerase 1500® for the saccharification step was provided by DuPont™
Genencor® Science (DuPont, Wilmington, Delaware, USA). Commercial cellulose was also
purchased from Sigma-Aldrich Co. LLC (Sigma-Aldrich, St. Louis, Missouri, USA).

2.1. AlkOx delignification

AlkOx delignification was performed using a batch system in which 60 g CS (dry matter) was
soaked in 930 mL of distilled water for 30 min at 60°C in a 2000 mL flask and magnetically stirred
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Figure 1. Global scheme for simultaneous production of glucose, xylose, cellulose, hemicellulose, lignin, and enzymes
from corn straw.
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at 450 rpm. Then, 35 + 5 mL of 50% (w/v) (10 M) NaOH (J.T. Baker ACS Reagent Grade) solution
was added until a pH of 11.5 + 0.3 was reached. After that, 40 mL of 50% (w/v) H,O, (J.T. Baker
ACS Reagent Grade) was added, and the pH was again adjusted to 11.5 through the dropwise
titration with 4.5 + 1.5 mL of 5 M HCI (J.T. Baker ACS Reagent Grade) solution, giving an approx-
imate dilution rate of 6% (w/v) for the CS. The suspension was then stirred gently for 5 h.

2.2. Isolation of bioproducts

After treatment, solid and liquid fractions were separated by filtration. The solid fraction,
or pretreated corn straw (PCS), was washed five times with distilled water (EcoPura SA De
CV, Santiago de Queretaro, Qro., Mexico) until the pH of the filtrate was neutral, consum-
ing 150-250 mL of water per gram of straw. Then, PCS was dried at 50°C for 24 h. The
solid fractions after AlkOx treatment were mainly formed of crude cellulose. The water
was recovered (RWW) and reintegrated in subsequent processes, as depicted in Figure 1.
The liquid fraction (FCS) was kept and stored at 4°C, until further use. Hemicellulose was
obtained by precipitation. First, the FCS was adjusted to pH 5.5 with 5 M HCl. The solu-
bilized hemicelluloses were precipitated by adding anhydrous ethanol at a 3:1 (v/v) ratio.
Then, the sample was centrifuged at 7000 rpm for 10 min, and, finally, the solid was dried
in a convection oven at 60°C for 8 h. Lignin was obtained by drying the remaining liquid
fraction for 6 days at 25°C.

2.3. Characterization

Infrared spectrum of PCS, hemicellulose, and lignin were obtained with a PerkinElmer
Spectrum One FTIR spectrophotometer (Perkin Elmer de Mexico, SA, Mexico, DF) using the
attenuated total reflection (ATR) device. Thirty-two scans were taken from each sample and
recorded from 4000 to 650 cm™ at a resolution of 2 cm™ in transmission mode. Automatic ATR,
baseline correction, and normalization with a factor of 0.5 were performed on each spectrum.
For the scanning electron microscopy (SEM) imaging, the untreated (UCS) and PCS were
sputter coated with gold for 100 s. The coated samples were observed using a JEOL JSM-35CF
microscope (JEOL de Mexico SA De CV, Mexico, DF) operated at 15 kV. Stereoscopic images
were taken with an optical stereoscopic microscope (OSM); the model was Euromex Novex
trinocular zoom stereo microscope, model RZT-SF 65.560 (Westek, SA DE CV, Guadalajara
Jal., Mexico).

2.4. Submerged culture of mycelium

The white-rot fungus was isolated from local wood residues, which was identified
as Pleurotus cystidiosus strain P-24 (GenBank FJ379283.1) by the Instituto Potosino de
Investigacion Cientifica y Tecnoldgica (IPICYT, San Luis Potosi, SLP, Mexico). The fungus
was cultured in 125 mL Erlenmeyer flasks containing 50 mL of FCS or recycled FCS (RECS)
at pH 5.5 after inoculation with two 2 mm spheres sampled from a plate with PDA on which
the fungal mycelia had been cultured. The flasks were set in an orbital shaker incubator at
28°C and 100 rpm for 5 days. Then, filtrates were obtained (MycFCS and MycRFCS) from
the cultures.
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2.5. Enzymatic hydrolysis

The enzyme Accellerase 1500™ for the saccharification step was provided by DuPont™
Genencor® Science (DuPont, Wilmington, Delaware, USA) [18]. The filter paper activity was
determined by the standard procedures recommended by the National Renewable Energy
Laboratory (NREL/TP-510-42,628). The hydrolysis of the PCS was performed in a thermo-
mixer (Eppendorf Thermomixer Comfort, Surtidor Quimico del Centro SA De CV, Santiago
de Queretaro Qro., Mexico) at 40°C and 100 rpm [19]. The samples were placed in 1.5 mL
microcentrifuge tubes containing 1% w/v of dry PCS with either distilled water or MycFCS or
MycRFCS cultures. The experiments were run as follows: PCS + MycFCS, PCS + MycRFCS,
PCS + MycFCS + Accellerase, PCS + MycRFCS + Accellerase, and PCS + Accellerase. Each
experiment was stopped at different times (24, 48, and 120 h), alone or mixed with an enzyme
loading of 16 FPU g™ of PCS at pH of 5.0 (0.1 mol L™ sodium acetate buffer), with sodium
azide (NaN,, 0.01% (w/v)) to prevent microbial growth.

2.6. Analysis of the liquid phases

Hydrolysate was separated from the solid residue by centrifugation at 8608.6 g-force
(Eppendorf rotor FA-45-18-11, Equipar SA De CV, Ciudad de Mexico, Mexico) for 10 min. The
total reducing sugars (RS) were measured using the Miller method [20]. The measurement of
glucose (Glu) and xylose (Xyl) was accomplished in the biochemical analyzer 2700 SELECT
from YSI (YSI Life Sciences, Yellow Springs, Ohio, USA) using the Xylose Software. The OCD
analyses were run according to the standard method for the analysis of potable and residual
water [21]. All these experiments were conducted in triplicate.

2.7. Data analysis

Statistical analysis was developed in order to determine the statistical differences between
treatments against time using the software SAS JMP version 13.1.0 (SAS Inc., Cary, North
Carolina). First, a one-way analysis of variance (ANOVA) was carried out to determine if the
results obtained using different treatments were significantly different. Then, if the ANOVA
confirmed the existence of a significant difference (p <0.05), a post hoc analysis (Tukey’s HSD)
was used to determine between which values the difference was significant, considering a
level of significance of 0.05.

3. Results and discussion

The samples of CS had the following composition (% w/w): 43.5% cellulose, 35.8% hemicel-
lulose, 11.1% lignin, and 9.2% other components on a dry weight basis (Table 1). The lignin
content of CS was slightly lower than in other reported works [22-24]. However, within the
range, it coincides with other published works [25, 26]. Considerable variation in feedstock
composition may occur because the corn straw is grown in different environments. In addi-
tion, there can be genotypic differences. Feedstock composition varies with crop maturity.
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Components Percentage (%)
Dry matter 90.2+3.3
Cellulose 435+1.6
Hemicellulose 35.8+1.2
Lignin 11.1£18

Ash 9220
Calcium 0.3+0.1
Phosphorus 0.05+0.04

Bromatological analysis of WS realized by the University Center for Biological and Agricultural Sciences (CUCBA) at
the University of Guadalajara, Mexico, using the official methods of National Renewable Energy Laboratory (NREL).

Table 1. Chemical components of corn straw (CS) from Manuel Doblado, Gto., Mexico (20°43'42"N 101°56'57"O).

Maximum lignocellulosic yield is obtained when corn is harvested at physiological maturity.
When the corn straw is harvested before and after physiological maturity, the compositions
of lignocellulose are found to be distinct.

3.1. AlkOx delignification

Cellulose, hemicellulose, and lignin contents after the pretreatment are presented in Table 2.
Compositional analysis of the PCS showed that it had 75.1% cellulose, 5.9% hemicelluloses,
and 0.6% lignin. Under these conditions, 83.5% of the hemicellulose and 93.4% of the lignin
were removed after pretreatment. Previous reports about the alkaline oxidative pretreatment
of corn straw for bioproduct production are similar [26-30]. Comparing the results with other
studies for the delignification of CS, the lignin content was slightly lower than that obtained
by us [27]. Gould [31] demonstrated the use of H,0, for delignification with a maximum pH of
11.5. The porosity of the lignocellulosic materials increases with the removal of the cross-link
dilute NaOH treatment of lignocellulosic materials causing swelling, leading to an increase in
internal surface area, a decrease in the degree of polymerization, a decrease in crystallinity,
a separation of structural linkages between lignin and carbohydrates, and a disruption of
the lignin structure [32]. On the other hand, the pretreatment of CS with hydrogen peroxide
enhanced its susceptibility to enzymatic hydrolysis. As seen in Table 2, Xyl was the most
abundant sugar present, suggesting that some hemicellulose degradation had occurred. This
is due to the partial hemicellulose degradation, and its magnitude increases proportionally
with the temperature, pH, and reaction time period. On the other hand, during this pro-
cess, the reuse of wastewater from washing of the PCS resulted in low water consumption
(Figure 1). The quantity of water used to wash was about 1.5 L per 50 g of the PCS (it should
be carried out at pH 6.0 + 1.5), which was reintegrated to 100% into the process. Considering
the abovementioned, 30,000 L of water could be wasted per 1 ton of the PCS into the process.
It is noteworthy that the moisture content of PCS was between 8 and 12%. This AlkOx pre-
treatment, as proposed in this study, has several potential advantages over the alkaline wash
step, because it presents a higher amount of sugars, higher solid loadings can be treated, and
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Pretreated wheat straw Cellulose (%) Hemicellulose (%) Lignin RS (%) Glu (%) Xyl (%)

(PWS) (%)

6 mm screen size WS 75.1+21 59+11 0.6+0.1 0.7+0.08 02+0.02 0.4+0.05
Component removed (CR) — 83+1.1 93+1.3 — — —
Kristensen [58] 75 90 100

Asghar [29] 83 90 81 - - —

Table 2. Compositional analysis of the pretreated corn straw (solid fraction), total reducing sugars (RS), glucose (Glu),
and xylose (Xyl) released (liquid fraction) and references for component removal.

a significantly lower amount of water is required. All of these aspects have a direct impact on
the manufacturing costs and energy requirements of the process [33].

3.2. Characterization

Results from FTIR spectroscopy, SEM, and OSM were used to compare bioproducts (cellulose,
hemicellulose, and lignin) obtained, as well as information on the effect of the pretreatment
on the structure and possible disruption of the cell wall (Figures 2-5). The FTIR spectrum
of the commercial cellulose and the PCS were similar (Figure 2a and b). The peaks at 1165
at 1059 cm™ were assigned to the linkage present in the cellulose and can be associated to
B(1-3)-polysaccharide, which is a strong signal characterizing a high cellulose composition
[34]. The transmittance at 1429, 1363, 1317, 1161, 1051, and 896 cm™ (Figure 2a and b) is a
typical pure cellulose that are associated with CH, in-plane bending vibrations, with C=O
stretching, and with C=H ring in-plane bending vibrations [35-37]. The absence of a band
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Figure 2. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of (a) commercial cellulose and (b)
pretreated corn straw.
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Figure 3. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of (a) hemicellulose and (b) lignin
from alkali pretreatment of corn straw.
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Figure 4. Images obtained by optical stereoscopic microscopy of the untreated (CS), pretreated (PCS), cellulose (CCS),
hemicellulose (HCS), and lignin (LCS) from corn straw.
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Figure 5. Optical stereoscopic microscopy (a, b at 10.5x) and scanning electron microscopy (c, d at 100x) images of the
untreated (a, c), and pretreated corn straw (b, d).

at 1731 cm™ indicates cleavage of the acetyl and uronic ester groups from the hemicelluloses,
while the absence of the absorption band at 1750-1700 cm™ region and the peak relating to
lignin aromatic ring vibrations at 1513 cm™ revealed that lignin was removed during the alka-
line peroxide process [34]. These results corroborate the ones obtained for the percentage
composition of the PCS obtained in the present work. Figure 3 shows the FTIR spectrum of
the hemicelluloses and lignin. The absorbance at 2919, 1408, 1382, 1247, 1075, 1036, 985, and
899 cm™ is associated with hemicelluloses, in which 1039 cm™ is typical of arabinoxylans
(Figure 3a). The FTIR spectrum of lignin is shown in Figure 3b. The C=H stretching vibration
gives signals at 2919-2820 cm™ [38]. It is noteworthy that the structure of lignin varies with
different types of agricultural crops [39, 40]. In the case of the spectrum, an intensive band
at 1580 cm™ was observed, while it was a weak peak at 1509 cm™, which are associated with
quadrant ring stretching and semicircle ring stretching (aromatic lignin) [34]. In addition,
the absorption at 3334-3328 cm™ is attributed to the stretching of ==OH groups that may
include absorbed water [27]. The C=H stretching vibration gives signals at 29192820 cm™.
The band at 1646-1636 cm™ is due to the bending mode of absorbed water [27]. Specific band
in the 1200-1000 cm™ regions is dominated by ring vibrations overlapped with stretching
vibrations of side groups (C=OH) and the glycosidic bond vibration (C=O==C) [34]. The
high absorbance at 1351 cm™ arises from the C=C and C=O0 skeletal vibrations [34]. Figure 4
shows the different structures of the products obtained from the corn straw by OSM. PC is
clearly observed that color changes from brown to slightly white, as well as structural defor-
mation of fiber cells and particle fragmentation by pretreatment, indicate lignin removal. In
the cellulose image, the fibrous structure is observed, unlike the hemicellulose. Hemicellulose
shows a white to yellow and faint brown to brown color. Other works have mentioned that,
at high NaOH loadings (above 260 mg NaOH/g dry straw), there is a diminishing effect on
lignin removal as the NaOH loading is increased [41], so that the pretreated solids range from
dark brown to white as more lignin is removed.
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Figure 5 shows the characterization of PCS and UCS by SEM and OSM. Lignin shows a light
brown color, and it presents a rubberlike appearance. These characteristics are in accordance
with the standards described by commercial houses [42]. As seen in Figure 5a and ¢, the OSM
image and SEM micrograph, the anatomy of the UCS and PCS is easily recognizable, the
thick-walled fiber of the straw wall can be seen, as well as it is largely made of wax. The most
evident effect of the pretreatment is the separation of individual fibers of the CS. On the other
hand, the pretreated material is quite heterogeneous and contains pieces of different sizes
(<1 cm) (Figure 5b). Cracks and holes were seen in the structure of the corn straw (Figure 5d).
This shows that it is easily digestible by enzymes [16, 17].

3.3. Submerged culture of the mycelium

Figure 6 shows the time course of the biomass of the mushroom strain (P. cystidiosus), and
the sugar concentration is reported for the onset of mushroom growth. The RS concentrations
from FCS and RFC were 6.9 + (.7 and 7.3 + 1.8 g/L. Percentage contents of xylose were 68.1 and
73.4%, respectively. This bioprocess presented an interesting behavior. A diauxic growth was
observed, an inflection in the growth curve or even a decline in biomass occurs at 48 h. Under
these conditions, 0.45% (w/v) of the amount of biomass was increased to 0.69% (w/v) at 72 h,
which represents 53% (w/w). The presence of a preferential carbon substrate may inhibit the
synthesis of the enzymatic system involved in the uptake and metabolism of a second carbon
substrate. The P. cystidiosus culture may metabolize xylose preferentially in a mixed substrate
medium containing xylose and other sugars. The product of xylose metabolism would be
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Figure 6. Growth kinetic of Pleurotus cystidiosus mycelium in culture media based on the filtrate from the process of PCS
(FCS and RECS). Standard deviation (STD).
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utilized as a carbon source only when the principal one is exhausted. There are few reported
works on the growth of P. cystidiosus; these mention fungi grown on a medium containing
glucose [43, 44]. However, xylose is shown as a good carbon source by several works [45]. The
RS concentration after 96 h decreased to 73%, coinciding with the poor growth of biomass.
In this context, Figure 7 shows the relation between OCD and growth of biomass. The OCD
was reduced to 75%, which is congruent with the increase in biomass. In the stationary phase
(72 h), oxygen consumption dropped drastically, indicating a decrease in cellular aerobic
metabolism, which may be associated with lack of nutrients in the medium or loss of cellular
viability. In the same context, in spite of the numerous potential applications of the Pleurotus
spp. enzymatic system, little is known about the production of enzymes, in which dissolved
oxygen concentration, among other parameters, can be strictly controlled [46].

3.4. Enzymatic hydrolysis

Figure 8a shows the conversion of cellulose to glucose due to hydrolysis using MycFCS and
MycRFCS, alone or mixed with Accellerase 1500. Figure 8b shows the conversion of hemicellulose
to xylose. The maximum sugar concentration was obtained by PCS + MycRFCS + Accellerase for
120 h, with 6.8 g/L of RS, which included 4.6 g/L Glu and 0.41 g/L Xyl, representing a conversion
of cellulose to glucose (CCTG) about 61.3% and a conversion of hemicellulose to xylose (CHTX)
around 69.5%. When only the MycFCS medium was used, the optimal result occurred when
using PCS + MycRFCS-48 h with a conversion and a net RS increment of 2.9 g/L, which included
2.6 g/L Glu and 0.30 g/L Xyl, representing a CCTG of 34.7% and CHTX of 50.8%. In the case of
PCS + MycFCS, the results obtained for CCTG at 48 and at 120 h were 29.7 and 30.5%, respec-
tively. Within the same case, for CHTX were 49.9 and 49.1%. The lowest concentrations were
for the experiment PCS + MycFCS for 24 h, 12.2% of CCTG, and 20.1% of CHTX. In all cases,
adding Accellerase resulted in slightly higher (CCTG (28.1-61.3%) and CHTX (30-69.5%));
however, the concentrations were lower when Accellerase was used without any MycFCS or
MycRFCS (CCTG (26.3-49.1%) and CHTX (15.2-29.7%)). Therefore, a synergistic effect was
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Figure 7. The relation between chemical oxygen demand and growth of biomass.
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Figure 8. (a) Conversion of cellulose to glucose due to hydrolysis using the filtrates from the growth of the fungus
(MycFCS and MycRFCS), alone or mixed with Accellerase 1500. (b) Conversion of hemicellulose to xylose due to
hydrolysis using the filtrates from the growth of the fungus (MycFCS and MycRFCS), alone or mixed with Accellerase
1500.

observed among the mixtures. Some studies have reported the conversion of cellulose to glu-
cose above 80%; in our case the results were lower than expected [47, 48]. This might be due
to the amounts of the substrate released to the MycFCS or MycRFCS, inhibiting the enzymatic
hydrolysis process. On the other hand, it is documented that all the species of Pleurotus pro-
duced laccase, manganese peroxidase, and aryl-alcohol oxidase activity [49-51]. Then, this may
have an effect of competitive inhibition with enzyme complex from Accellerase, which contains
multiple enzyme activities: exoglucanase, endoglucanase, hemicellulase, and beta-glucosidase.
However, one of the important contributions of this work is that P. cystidiosus cultured in lig-
nocellulosic substrates in FCS or RFCS was found to secrete a range of important degradative
enzymes, such as xylanase (CHTX (20.1-50.8%)). Moreover, it should be noted that the MycFCS
or MycRFCS comes from the mycelial stage of the fungus. Otherwise, Ellisahvilli observed that
laccase activity of Pleurotus was high during the colonization stage and declined during the first
primordial formation and fruiting stage [52]. Similar result was reported by Malarczyk in P. cys-
tidiosus where laccase was active during mycelial growth on solid saw dust [53]. The enzymes
associated with lignin-degrading ability of white-rot fungi are lignin peroxidase, manganese
peroxidase, laccase, and xylanases [54]. Although it is known that white-rot fungi are known
to employ a variety of extracellular ligninolytic enzymes, in the case of the P. cystidiosus, there
are few reported works, and little attention has been given to the evaluation of the hydrolytic
system of this fungus [55-58].

3.5. Data analysis

The concentration range of RS was 1.33-6.9 g/L. The arithmetic average and relative standard
deviation of all analyses are performed; sample size in 1 = 45 was 4.5 + 1.7 g/L. Similar results
are found in treatments PCS + MycFCS (Treatment 1) and PCS + M, RFCS (Treatment 3),

87



88  Kinetics of Enzymatic Synthesis

1Xh

Al Pairs
Tukay-Kramer

1]

Figure 9. Univariant analysis and comparison means (Tukey’s HSD) for RS from PCS by the effect of enzymatic

hydrolysis time.

Source Degrees of freedom Sum of squares Mean square F ratio Prob > F
Treatment 4 63.6 15.9 10.1 <.0001
Time (h) 2 61.356 30.678 19.6472 <.0001

Table 3. Analysis of variance for the statistical differences between RS from PCS by different enzymatic hydrolysis
treatments and time (h) using the software SAS JMP version 13.1.0 (SAS Inc., North Carolina).

Level = Level DiMerence | Std Err Dil| Lower| Upper|p-Yalue
PCS+MycRFCS+Accellerase  |PCS#MycFCS 3.14 0.59]  145] 4.84]) =.0001 { s
PCSHMycRFCS+Accellerase  |PCS+M y:RFCS 168 059 089 438 NT] £
PCS+M ycFCS+Accellerase PCS+MycFCS 2,45 059 075 4.4 0,04 i 7
PCS+M y cFCS+Accellerase PCS+MycRFCS 1.93 0.59) 029 368 0.01 ir
PCS+Acellerase PCS+M y:f(.‘s 1.94 059 024) 363 002 o
PCS+Acellerase PCS+MycRFCS 1.4%8 0590 -022] 317 (AN |
PCS+MycRFCS+Accellerase  |PCS+Acellerase 1.20 0.59) 049 290 027] L1 1
P{:S-&-Myckf-‘mﬁmlhmc PCS+M ycFCS+ 0.70] 059 -100] 239 076l ot T
Accellerase
PCS+My cFCS+Accellerase PCS+Acellerase 0.51 059 =119 2.20 o ff ik
PCS+MycRFCS PCS4+MycFCS 0.46 059 -1.23) 216 0.94| o
120 h 24h 252 046 141 3.63] <0001 ] I
48h 24h 243 046| 132 3.54| <0001 @ T
120 h 43h 0.09 046 -1.021 1.20 098" | +T

Table 4. Ordered difference report between RS from PCS by different enzymatic hydrolysis treatments and time (h).
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PCS + MycFCS + Accellerase (Treatment 2), and PCS + MycRFCS + Accellerase (Treatment 4).
The ANOVA applied to PCS + Accellerase (Treatment 5) shows that significant statistical dif-
ferences (SSD) exist between all treatments and are possible to suggest that the experiment
could be performed over a long time with respect to orders. Figure 9 shows that results were
very similar to each other where there are no SSD between the results obtained at 48 and 120 h,
but all the treatments showed SSD with respect to 24 h. The results suggest that the process
is completed at 48 h. Tables 3 and 4 show the analysis of variance for the statistical differ-
ences between RS from PCS by different enzymatic hydrolysis treatments and time (h), and the
ordered differences report hydrolysis treatments and time (h), respectively.

4. Conclusions

The integrated scheme with the use of the filtrate from the pretreatment of the CS and the growth
conditions of P. cystidiosus studies showed a great potential for the production of lignocellulo-
lytic enzymes and application of crude enzymatic extract by the fungus. Replacing commercial
enzymes with locally produced enzymes may reduce the cost of enzymatic saccharification, (e.g.,
the approximate cost of commercial cellulose from Sigma-Aldrich is about $110 USD of 50 mL
of aqueous solution (700 units/g)), which may translate to high-impact savings in the produc-
tion cost of fermentable sugars. From a perspective of clean and sustainable technologies, a very
important contribution of this work is the reuse of effluents from the treatment of the delignifica-
tion of lignocellulosic waste to integrate them within the same chain of processes. This way to
reduce considerably the use of resources like water and raw material in parallel reduces cost of
production. In addition, the utilization of agro-industrial wastes as feedstock in the production
of enzymes is more economical and profitable. The high cost of raw materials in the production
of enzymes is around 40-60%. Therefore, agro-industrial wastes strategically represent low-cost
raw materials, due to their high biodegradability and rich in carbon, to be used as substrates
in the chain of production of enzymes. Another important contribution is about the fate of the
corn straw. One of the environmental problems in several regions of Mexico is because the straw
is burned by the farmers. Therefore, using it as a raw material for obtaining high-value-added
bioproducts contributes to improve air quality, environment, and quality of life. Finally, these
results can be part and contribute to the development of a biorefinery which can be applied in
the treatment of lignocellulosic waste. Undoubtedly, in Mexico, the biorefineries represent great
opportunities to harness the economic benefit of agro-industrial waste and to develop even more
efficient and sustainable systems.
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List of abbreviations

cs corn straw

ucs untreated corn straw

PCS pretreated corn straw

FCS liquid fractions from PCS

RFCS recycled FCS

MycFCS filtrates of cultures from FCS + mycelium
MycRFCS filtrates of cultures from RFCS + mycelium
SSD significant statistical difference

STD standard deviation
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Abstract

Intensification of process is increasingly interesting in the context of recovery of indus-
trial wastes. Among these compounds, animal blood is underexploited although it is an
important source of bioactive peptides. LVV-h7 (LVVYPWTQREF) is one of these bioactive
peptides from bovine haemoglobin hydrolysate. Our innovative approach consists of a
continuous process involving at microfluidic scale for enzymatic proteolysis of bovine
haemoglobin by pepsin, selective extraction of LVV-h7 to an organic solvent during the
enzymatic reaction, followed by a second extraction to an aqueous phase for organic
solvent recycling. Thus, the obtainment of pure LVV-h7 peptide with an efficient meth-
odology of extraction and solvent recycling was proved.

Keywords: haemoglobin, enzymatic hydrolysis, extraction, microfluidic, solvent
recycling, bioactive peptides

1. Introduction

Intensification of process is considered as an indispensable part in the development of
approach for obtaining product with high added value. The improvement of a process could
concern the technology used, the safety or also the source of raw material employed. Among
these sources, wastes of agricultural and food processing are considered as a cheap source of
valuable components since the existent technologies allow the recovery of target compounds
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and their recycling [1]. The process was developed at industrial scale to valorise these kinds
of products [2]. In this work, animal blood was studied as a source of bioactive peptides [3-6].
Some of these peptides revealed their potential as antimicrobial [7], opioid [8], antihyperten-
sive [8] or antioxidative activities [9]. These peptides are generally obtained by enzymatic
degradation of haemoglobin alpha and beta chains [3]. Among these peptides, one opioid
peptide was studied, known as LVV-haemorphin-7. LVV-h7 corresponds to the amino acid
sequence LVVYPWTQREF (Leu-Val-Val-Tyr-Pro-Trp-Thr-Gln-Arg-Phe), obtained from {3 chain
of haemoglobin (3 31-40) by pepsin hydrolysis and well known as bioactive peptides involved
in the treatment of humans diseases [8, 10-12].

LVV-h7 presents also interesting physical properties, especially hydrophobic character which
makes it able to transfer from aqueous to organic media in liquid/liquid extraction process
[13]. Previous studies were interested to extract this peptide during haemoglobin hydrolysis
using water/butan-2-ol-octan-1-ol liquid/liquid biphasic system [14-16]. Even if this process
has shown the ability to extract selectively LVV-h7, its implementation was very complex
and laborious, due to the long time of the process carried out (more than 10 h) to obtain low
extraction yield of peptide (about 5%), the control of the immobilised enzyme stability during
the process to avoid its inhibition by solvents and a high quantity of solvent.

Keeping in mind the economic and environmental impacts of a process development which
requires the use of organic solvent, the microfluidic domain could bring solutions to reduce
these disadvantages. First, reduction of scale allows to improve the surface/volume ratio and
thus the molecular transfer capacity while reducing the volume of solvent used and energy
[17, 18]. Second, the implementation for continuous flow platforms brings advantages of
liquid-liquid transfer favoured by laminar flow [19-21], in the case of non-miscible liquids, for
molecular transfer. Several studies revealed the real advantage of using LLE in microfluidic
system [19, 22-23].

Previous study realised on the enzymatic hydrolysis of haemoglobin by pepsin in a microflu-
idic reactor has shown the influence of the microfluidic scale to the kinetics acceleration of bio-
active peptides appearance, such as LVV-h7, comparing to bench scale [24]. This study shows
also the potential of combining enzymatic microreactor with liquid/liquid biphasic system for
LVV-h7 extraction. Therefore, the approach that we propose is based on continuous aqueous
haemoglobin hydrolysis by pepsin, LVV-h7 extraction towards an intermediate organic phase
and LVV-h7 DES extraction in a receiving aqueous phase, allowing the solvent recycling. This
integrated process with solvent recycling is presented in Figure 1. Before fully designing the
entire microfluidic process, where all the reactions are carried out simultaneously, we separately
investigated each reaction to notably determine their respective optimal ranges of conditions
before combination as follows: (1) haemoglobin hydrolysis by pepsin occurs in a primary aque-
ous feed phase, generating the LVV-h7 in a very complex peptide mixture with more than one
hundreds of peptides with different primary sequences; (2) the as-formed LVV-h7 is then selec-
tively extracted into an organic solvent (octan-1-ol); (3) eventually, the LVV-h7 is des extracted
in a second aqueous phase (called receiving aqueous phase), which also allows the octan-1-ol
recycling in the extraction step. Our approach is not only focused on the compatibility issues of
enzymatic catalysis and opioid peptide extraction, but also pays particular attention to integrat-
ing all the steps to minimise separation and recycling burdens, which can be detrimental for the
overall economics and efficiency of the process. The methodology envisioned to move from a
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Figure 1. Simultaneous process applied to the haemoglobin hydrolysis by pepsin, the liquid/liquid extraction of LVV-h7
and the solvent recycling, to produce pure opioid peptide.

Peptides
Heamiglubin (LWV-h7) LVV-h7
Pep!ides v 1‘
(Lvv-h7) LVV-h7 LVV-h7
¥ Y Y
Optimized conditions
v
2 , | Haemoglobin - Peptides (LVY-h7) LVV-h7
L]
o |
53 v 4
(=8
£ LW-h7 4% LVW-h7

Solvent recycling
E

L—

Figure 2. Methodology from a sequential approach towards an integrated continuous process.

sequential approach towards an integrated continuous process is schematised in Figure 2. Each
step was optimised to obtain the best conditions concerning LVV-h7 concentration and purity,
through residence time (i.e. flow rate) of both aqueous and organic phases inside the system.
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After optimisation, enzymatic hydrolysis and extractions steps were combined for a continuous
approach to obtain final aqueous phase containing the bioactive peptide. Quantification and
purity of LVV-h7 were determined to evaluate the efficiency of integrated process.

2. Experimental procedure

2.1. Haemoglobin hydrolysis by pepsin

Bovine haemoglobin (64.5 kDa, Sigma Chemicals Co.) was hydrolysed by porcine pepsin (E.C.
3.4.23.1,3.440 U mg™, 35 kDa, Sigma Chemicals Co.), protease from the family of aspartic acid
proteases which preferentially catalyses the cleavage of peptide bonds at the carboxyl side of
aromatic and hydrophobic amino acids. This proteolytic reaction leads to the appearance of
product molecules called peptides. Haemoglobin was prepared under denaturing conditions
at pH 3.0 by adding 2 M HCl for a 20 mg mL™ final concentration. All aqueous solutions were
prepared in 18.2 MQ Milli-Q water (Millipore).

In order to obtain a maximum concentration of LVV-h7 peptides for the extraction step stud-
ies, kinetic of reaction was implemented in microfluidic system (75 um inner diameter, 2 m
length). Denatured bovine haemoglobin (1% w/v) was hydrolysed by porcine pepsin at differ-
ent flow rates (9, 4.5, 1, 0.4 and 0.2 uL min™), which corresponded to a residence time of 15 s,
30 s, 2 min, 5 min and 10 min, respectively. Samples of peptidic solution were collected during
the reaction and mixed with sodium hydroxide 1 M in order to inhibit the pepsin. Samples
were conserved at 4°C for RP-HPLC analysis to determine the progress of the reaction.

2.2. Extraction of LVV-h7 from feed aqueous phase containing peptidic hydrolysate
to octan-1-ol phase

Previous studies have shown the choice of octan-1-ol as the better extraction solvent for hydro-
phobic peptides and particularly in the case of LVV-h7 [16, 25]. The haemoglobin hydrolysate
was pumped using peristaltic pump (Minipulls 3, Gilson Inc., Middleton, WI, USA) and sent
in co-flow with octan-1-ol solution in the same capillary (75 um inner diameter, 10 cm length)
for liquid-liquid extraction (LLE) of peptides from haemoglobin phase to the organic phase.
The liquid-liquid extraction was performed with different flow rates to appreciate the impact
of contact time on the opioid peptide extraction. The two phases were collected out of the
capillary in a 2 mL Eppendorf, immediately separated and analysed by RP-HPLC.

2.3. DES extraction of LVV-h7 from organic phase to receiving aqueous phase

Octan-1-ol phase obtained after the extraction procedure was pumped with peristaltic pump
and fed in another capillary where acidic water (pH 3 obtained with acetic acid adjustment) was
injected at different flow rates to perform a second liquid-liquid extraction from the octan-1-ol
to the aqueous phase, called “DES extraction step”. In these conditions, the acidic water extracts
peptides and favours the extraction without mixing of the two phases [26]. Phases were collected
out of the capillary in a 2 mL Eppendorf, immediately separated and analysed by RP-HPLC.
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2.4. Coupling of extraction and DES extraction procedure

A coupling between both extractions optimised method was implemented, and its efficiency
on LVV-h7 peptide extraction selectivity was measured. The entire system was represented
on scheme Figure 3 where the volume containing the peptidic hydrolysate and the octan-1-ol
was pumped in the same capillary for extraction, followed by a pumping of octan-1-ol phase
recovered in a second capillary, connected with acidic water for DES extraction of LVV-h7. For
each part of the process, samples were collected for identification and quantification of species.

2.5. Reversed-phase-HPLC analysis

The liquid chromatographic system is consisted of a Waters 600E automated gradient control-
ler pump module, a Waters Wisp 717 automatic sampling device and a Waters 996 photo-
diode array detector. Spectral and chromatographic data were stored in a NECImage 466
computer. Detection of the produced peptides was carried out at 215 nm by reverse phase
HPLC (RP-HPLC) on a C4-column (Vydak 0.46 x 25 cm, 3 mm I.D.). The mobile phase was
water/trifluoroacetic acid (100, 0.1, v/v) and acetonitrile/water/trifluoroacetic acid (60, 40, 0.1,
by vol.) at 0.4 mL min™ flow rate. All common chemicals and reagents were of analytical
grade and were purchased from Sigma Chemicals Co. and Flandres Chimie. Identification
and quantification of LVV-h7 were performed using peptide standard (purity: 91.63% M.W.
1308.56 Da) purchased from GeneCust Society (Luxembourg).

2.6. MALDI-TOF mass spectrometry analysis

The sample was loaded on a ground steel MALDI target (Bruker Daltonics, Bremen, Germany)
following the dried droplet method. The MS (positive reflectron mode) and MS/MS (lift
mode) measurements were performed in an automatic mode on an AUTOFLEXTM Speed
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Figure 3. Implementation of microfluidic extraction and DES extraction steps of LVV-h7 from hydrolysate and recycling
phases (black: employed method for extraction; green: recycling possibilities of solution).
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TOF/TOF mass spectrometer (Bruker Daltonics) running FlexControlTM3.0 software (Bruker
Daltonics). Peptide fragmentation was performed by automatic method of the manufacturer.
MS and MS/MS spectra were processed using FlexanalysisTM3.3 and BioTools 3.4 software
packages (Bruker Daltonics). Fragmentation pattern of peptides was deduced from match-
ing of amino acid sequences (Uniprot accession numbers: P02070 & P01966) of each chain of
bovine haemoglobin to the MS/MS spectra using BioTools 3.4.

3. Results and discussion

3.1. Haemoglobin hydrolysis by pepsin in feed aqueous phase

Haemoglobin 1% (w/v) was hydrolysed by porcine pepsin at room temperature, at pH 3
and at different residence time of substrate and enzyme in the microchannel. At the outlet of
the capillary, samples were sent to an Eppendorf containing a disodium tetraborate buffer
solution (0.32 M, pH 9.0), that caused enzyme denaturation and thus reaction stopping, and
analysed by RP-HPLC.

Figure 4 shows the progressive decrease of alpha and beta chains of haemoglobin (between 40
and 60 min) to generate intermediate peptides (between 25 and 40 min) after 15 s of reaction.
Next, after 30 s of reaction, there is an increase of peptide population between 25 and 30 min
and an emergence of peptides between 15 and 25 min. For the last samples (5 and 10 min),
there is a disappearance of peptides between 30 and 40 min to the profit of peptides between
5 and 25 min. This phenomenon was already described in the literature and was explained
by an enzymatic hydrolysis of alpha and beta chains to produce a population of hydrophobic
peptides with high molecular weight, observed between 30 and 35 min in Figure 3 [3, 5].
Next, this population is hydrolysed to produce other peptides with intermediate molecular
weight, observed between 20 and 30 min. Finally, these intermediate peptides are hydrolysed
to generate small peptides with hydrophilic character (retention time between 5 and 20 min).
This mechanism is called “zipper” mechanism, which is characterised by a denatured state
of the initial haemoglobin structure. Moreover, this mechanism is more suitable for obtaining
intermediate bioactive peptides, such as LVV-h7 (retention time of about 29 min in Figure 4),
compared to a “one by one” mechanism where initial haemoglobin structure is in a native
state [3, 5]. LVV-h7 was used as a standard to evaluate the efficiency of extraction process by
octan-1-ol. Thus, for studying of the extraction step in microfluidic system, we decided to stop
the reaction after 30 s of hydrolysis by sodium hydroxide 1 M in order to obtain the maximum
quantity of LVV-h7 (Figure 3c).

3.2. Study of LVV-h7 extraction in octan-1-ol using microfluidic system

Haemoglobin hydrolysate whose concentration of LVV-h7 was the more important (1%, 30 s
of hydrolysis with pepsin) was injected in co-flow (using a T connector) with octan-1-ol at
different flow rates (5, 10, 20 and 50 uL min™). Samples were collected in Eppendorf, and
octan-1-ol phase was analysed by RP-HPLC to highlight the extracted peptides. Results are
shown in Figure 5.
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Figure 4. RP-HPLC chromatograms of haemoglobin 1% hydrolysed by porcine pepsin for different residence times of
both haemoglobin and pepsin solutions. (a) Denatured haemoglobin without enzyme, (b) 15 s, (c) 30 s, (d) 2 min, (e)
5 min and (f) 10 min. Samples were analysed on C4 column.

The flow rates used for our analysis correspond to the additive flow rates of both solutions
during the extraction step (i.e. initial flow rate multiplied by 2). Chromatograms show a
good selectivity of the LLE method and octan-1-ol using microfluidic system. Indeed, we
observe only three major peaks from the initial complex peptidic hydrolysate. Moreover, a
predominance of LVV-h7 peptide is observed (RT of 29 min), which represents more than
55% of the peptides extracted by octan-1-ol. The selectivity of octan-1-ol for hydrophobic
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peptides such as LVV-h7 was previously confirmed by our team in batch and continuous
reactors from enzymatic haemoglobin hydrolysates, but not in microfluidic system [14-16].
Two other peaks (RT of 27 and 31 min) are observed and supposed having a hydrophobic
character.

The three peaks identified in the octan-1-ol phase were analysed by MALDI mass spectros-
copy to appreciate their composition (Figure 6).

Concerning the fraction eluted at a 29 min (Figure 6b), result from mass spectroscopy shows
unique peak at m/z = 1308.930 Da corresponding to molecular weight for LVV-h7 (with one
hydrogen more from mass analysis). No other components were observed, which shows that
LVV-h7 peptide is pure. The other fractions collected were also identified. At retention time
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Figure 5. HPLC chromatograms of octan-1-ol phase after extraction applied on haemoglobin hydrolysate in microfluidic
system at different flow rates ((a) 10 puL min, (b) 20 uL min™, (c) 40 pL min™ and (d) 100 uL min™).
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of 27 min, another pure peptide with 1195.933 Da for molecular weight was identified. It
corresponds to the VV-h7 peptide, also obtained by haemoglobin hydrolysis with pepsin
and characterised as a hydrophobic bioactive peptide [7]. The fraction eluted at 31 min was
composed of two major compounds (1422.138 and 1733.23 Da). These peptides correspond to
other peptides without known biological activity.

Finally, using standard concentration curve (R? = 0.98) prepared with a pure standard of
LVV-h7 (GeneCust, 91%), the quantity of pure LVV-h7 extracted from bovine haemoglobin
hydrolysate was 6.12 + 0.34 ug mL™. With an initial concentration of LVV-h7 calculated at
16.12 + 0.85 pg mL™ in the hydrolysate, performance of our system is around 38% of peptide
extracted with only one cycle of extraction.

Table 1 resumes the total area of peptides extracted and particularly for LVV-h7 depending
on the flow rate and thus on the residence time of hydrolysate in the microsystem. The area of
peptides extracted from peptidic hydrolysate increases with the decreasing of flow rate used,
confirming the influence of the time of contact between both phases in the capillary. A relative
high time of contact between peptidic hydrolysate and octan-1-ol favours the diffusion of
peptides to the solvent phase. However, even if the quantity of LVV-h7 obtained between 10
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Figure 6. MALDI-TOF spectra obtained for each peak (elution time (a) 27 min, (b) 29 min and (c) 31 min) collected after
octan-1-ol extraction and separated by RP-HPLC.
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and 20 pL min™ was relatively proportional (x1.5), this difference was less marked for flow
rates used up to 20 uL min™.

3.3. Study of LVV-h7 DES extraction from octan-1-ol to receiving aqueous phase

Using the same process than in the first extraction (from peptidic hydrolysate to octan-1-ol),
the octan-1-ol phase containing peptides was injected in co-flow with acidic aqueous phase
in order to transfer these peptides from organic to receiving aqueous phase. Different flow
rates were used to evaluate the impact of contact time between the two phases during the DES
extraction process.

Chromatograms (Figure 7) show clearly a transfer of peptides from the organic phase to the
aqueous phase by liquid-liquid DES extraction in the microfluidic conditions. The three major
fractions corresponding to the peptides previously described and mainly present in the initial
octan-1-ol phase were found in the receiving aqueous phase. Moreover, a small proportion of
these peptides were still present in octan-1-ol after the DES extraction step. Figure 8 illustrates
the concentration of LVV-h7 in octan-1-ol and the receiving aqueous phase after the DES
extraction for different flow rates.

The LVV-h7 concentration in the aqueous phase increases with the decrease of flow rate,
indicating the influence of contact time between the two phases on the peptide diffusion.
For 10 pL min™, more than 82% of the initial concentration of LVV-h7 phase was trans-
ferred in the aqueous phase. The calculation of LVV-h7 proportion in the aqueous phase
compared to the total quantity of peptides extracted was 50 + 1%. LVV-h7 fraction was
analysed by MALDI mass spectroscopy to verify its purity (result not shown). Mass analy-
sis reveals the purity of the LVV-h7 fraction to recover from organic phase to the receiving
aqueous phase using microfluidic system. Both fractions (27 and 31 min) were also anal-
ysed by mass spectroscopy. It confirmed the same composition than obtained during the
extraction step that is, a pure VV-h7 peptide for 27 min of elution time and other peptides
for 31 min. Thus, the DES extraction step of peptides from octan-1-ol phase to an acidic
aqueous phase using microfluidic system was validated with a good efficiency (more than
82% of transfer yield).

Flow rate (uL Time of contact  Total area of peptides LVV-h7 area (uV/*s)  Total % of LVV-h7
min™) (s) (uV/*s)

10 2.65 10,793,556 6,292,478 58

20 1.32 6,976,911 4,064,156 58

40 0.66 6,316,966 3,599,507 57

100 0.26 5,921,488 3,181,856 54

Total % LVV-h7 = (area of LVV-h7/total area) x 100)

Table 1. Proportion of LVV-h7 in total area of peptides after extraction process.
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Figure 7. RP-HPLC chromatograms of octan-1-ol phase before DES extraction of peptides (a) water phase, (b) and octan-
1-ol phase (c) obtained after DES extraction in microfluidic system for a flow rate of 20 pL min™.

3.4. Simultaneous haemoglobin hydrolysis by pepsin in feed aqueous phase,
LVV-h7 extraction in octan-1-ol and DES extraction in receiving aqueous phase

In the optimal conditions previously determined, a continuous integrated process was tested.
The microfluidic system, phases and matter flows are presented in Figure 1. The experiment
was conducted following the same approach than those in Figure 3 but with a feed aqueous
phase formed by a haemoglobin solution, previously prepared under denaturing conditions at
pH 3.0 (see part 3.1, haemoglobin final concentration of 1%, p/v), and a solution of pepsin with
a E/Sratio of 1/11 (mol/mol). The introduction of these solutions in the microreactor (75 um LD.
x 150 um O.D.) was achieved by a syringe pump with a flow rate for both pepsin and haemoglo-
bin solutions at about 4.5 uL min™ for a capillary length of 2 m. The flow rates used correspond
to the additive flow rates of both solutions, that is, initial flow rate multiplied by 2. The outlet
fused silica capillary was in contact with a disodium tetraborate buffer solution (0.32 M, pH 9.0),
thanks to a T-connection and a capillary (75 pm inner diameter, 10 cm length, flow rate of
5 uL min™), that caused enzyme denaturation and thus reaction stopping. Consequently to the
enzymatic reaction, the resulting peptidic hydrolysate was sent in co-flow in a T-connector with
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Figure 8. Proportion of LVV-h7 (ug mL™) in each phase after the DES extraction step in the microfluidic system for
different flow rates.

octan-1-ol solution in a new capillary (75 um inner diameter, 10 cm length) for LVV-h7 extraction
at 10 pL min™. The two phases were collected out of the capillary in an Eppendorf. Octan-1-ol
was pumped at 10 uL min™ in a third capillary connected with acidic water for DES extraction
of LVV-h7 thanks to a T-connector. Finally, the octan-1-ol phase remaining was pumped (10 puL
min™) and re-injected in the initial octan-1-ol phase for a new cycle of extraction-DES extraction.
To avoid the pumping of the bad phase, an offset of 10 min was done between each extraction
step to have sufficient volume of phases. For each step of the continuous process, samples were
collected for identification and quantification of species (Figure 9 and Table 2).

First, the peptidic profile obtained during the enzymatic hydrolysis step confirms the results
previously obtained by Elagli et al. [24] and the presence of LVV-h7 in the reaction medium
(Figure 9a). Then, extraction of the opioid peptide to octan-1-ol phase is also observed in
Figure 9b, showing the good selectivity of the organic phase for the same hydrophobic pep-
tides detected before, whose LVV-h7 (Figure 7). Finally, we observe the haemorphin in the
acidic receiving aqueous phase, confirming the DES extraction step efficiency. A proportion
of the peptidic fractions is also found in the octan-1-ol phase after the DES extraction, trans-
lating an incomplete transfer in the receiving aqueous phase. However, results validate the
process of simultaneous enzymatic hydrolysis of haemoglobin with LVV-h7 extraction and
DES extraction at the microscale level.

The calculation of the different concentrations of LVV-h7 in each phase (Table 2) shows the trans-
fer of 78% of the initial concentration of LVV-h7 from octan-1-ol to water. This result confirms
the efficiency of the coupling approach of the extraction-DES extraction steps in microfluidic
system after the enzymatic reaction. Moreover, after the DES extraction step, a low concentra-
tion of LVV-h7 remained in octan-1-ol phase (1.64 pg mL™). Thus, the reuse of octan-1-ol for a
new cycle of extraction allows to obtain an efficient method of peptide recovery with a minimal
of organic solvent quantity. An optimisation of the process, particularly the time of contact
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Figure 9. RP-HPLC chromatograms obtained from each step of the continuous process in the microfluidic system. (a)
Peptidic hydrolysate after 30 s of haemoglobin hydrolysis by pepsin, (b) octan-1-ol phase after the extraction, (c) water
phase after the DES extraction and (d) octan-1-ol phase after the DES extraction.

between feed aqueous/organic phases during the extraction and receiving aqueous/organic
phases during the DES extraction could certainly improve the final concentration of LVV-h7
recovered and consequently decrease peptide concentration remained in the organic phase.
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Phases collected LVV-h7 area (uV/*s) LVV-h7 concentration (ug mL™)
Octan-1-ol (extraction step) 6,354,896 6.18
Octan-1-ol (DES extraction step) 1,687,646 1.64
Water (DES extraction step) 4,982,647 4.85

Table 2. Concentrations of LVV-h7 in each phase during the complete process.

4. Conclusion

In this work, we have first provided the conditions of the key parameters in microfluidic
systems (residence times, flow rates, and concentrations) applied for a sequential process
from liquid/liquid extraction of LVV-h7, present in a very complex peptidic hydrolysate,
in octan-1-ol to its DES extraction in a second acidic aqueous phase. The optimised condi-
tions have been then applied to an unprecedented integrated process in a specifically micro-
fluidic approach. Therein, enzymatic hydrolysis of denatured haemoglobin by pepsin in a
first microfluidic system was coupled with LVV-h7 extraction in octan-1-ol. This organic
phase was then put in contact with a second aqueous phase for LVV-h7 DES extraction.
The microfluidic scale allowed to increase the ratio surface/volume in order to favour the
transfer of hydrophobic peptide to the organic solvent. A very good selectivity of extraction
of the opioid peptide is obtained, from a very complex peptidic population generated during
the enzymatic hydrolysis of haemoglobin by pepsin, with more than 38% of LVV-h7 initial
concentration transferred to the organic phase. The DES extraction reveals also a very good
transfer of LVV-h7 from octan-1-ol to the acidic aqueous phase, with more than 80%. Thus,
the simultaneous process allowed to recover until more than 6 ug mL™ of LVV-h7 with an
excellent purity measured by mass spectroscopy with only one cycle of process (2.65 s of
contact for each LLE).

The coupling of both extractions confirmed the feasibility of this process with a recycling of
each phase to obtain a continuous process of extraction at microfluidic scale. An optimisation
of the time of contact during the extraction is the key of peptide transfer between each phase
and particularly for the recycling step. Currently, a study of a complete continuous process is
in progress, where pepsin is immobilised in the microchannel and the outlet microcapillary
is directly in contact with a solution of octan-1-ol, to avoid stopping the enzymatic reaction
before extraction.
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