CHAPTER 2

LITERATURE REVIEW (}
2.1  Biocatalysis i

Chemical transformations carried out by living organisms are gnabled by thousands of
protein (enzymes) which have catalytic activity to conve ti;Iar et of substrates
into specific products. Biocatalysis is the general termyfor t ewmation of

"X
natural and non-natural compounds by biological cules jor yrﬁe@d as

catalysts in specific chemical reactions (GardoYﬁ olinafi : \Y
Enzymes made of complex protew cul e ke;@?.mponents in

biocatalysis, where they are produced IViRg organis cat@% the biochemical

reactions required for life. Althou@symes ar\mﬁg?d

continue to function in vitro %Ir abilities

transformations are makin@ch sefu@dustrial processes. To date,
biocatalysis have expl% abili‘t'i s of

ipr:n\living cells, they can
S
“per very specific chemical
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2.2 zymes as Biocatal st%’

are not their natuK stratesl i
for the product'QQ ine icals espeoi(;&fly in the field of pharmaceuticals and
¢
a

“
4

xom being proteins (enzymes), in some cases enzymes may be nucleic acids

&. ribozymes are enzymes made of ribonucleic acids, RNA).



The excellent properties of enzymes for rapid, selective and efficient catalysis have
indeed made them important and necessary for the survival and reproductio I
living systems. These properties are valuable as they can also be usec(t&}llyze
chemical reactions on an industrial scale in a sustainable manner. T lications
cover the production of a wide range of desired products for almost uman needs
(e.g. food, animal feed, pharmaceuticals, fine and bulk chemicals, rs, hygiene, and
environmental technology), as well as in a wide ran mlrﬁcal purposes,
especially in diagnostics (Ning et al., 2015). .\d‘

For the past decades, the rapid increases in ledgeof y|11ei@‘€;her
al% rat@gl use as

ir m@ggations and

optimizations have allowed the emerg&of ew syntheti che@and solutions for

various analytical problems (Buchh%al., 20 \Y
a

More than 2000 enzym%urremly knewn
has been developed that,{:hintj 0 botg*}eir reaction and substrate
e the

specificity. Each enzy% ered i nz&m@atalog with a four-digit enzyme
4

commission num%numlie \Fhe irst digit’ indicates membership of one of the

six major classes. Thesnext i 'ate s(:ré’{'asses and sub-subclasses. The last digit

\ :
indicates wih enzyme Io‘gs@ he sub-subclass. The enzymes thus have

NN
charact% at ma 'm vitaé?mlecules within the living world. Indeed, two
closgmated properties ma@bwerful enzymes: Specificity of substrate binding

a%\hed with the optimal arrangement of their catalytic site (Walid et al., 2012).

with their biosynthesis and molecular biolo

biocatalysts in a variety of processesfyln



2.3  Behaviours of Enzymes
Enzymes are solvent-soluble molecules that need to be separated from the
media in order to be re-used. This is especially important to ensure cost
effectiveness of a process and also to facilitate the control in a reactor{*ner etal.,
2015). Enzymes, when used in suitable reactions systems are capable‘@f catalysing the
reactions with up to 1017-fold rate accelerations and w Isite control of
regiochemistry and stereochemistry, in the synthesis o Y( nd high value
molecules. Such control makes the use of enzymes ver acti Wrnatlve to
the traditional chemical catalysts which are someti ifficult to i pI}m@Over
the years, enzymes have evolved to operate ffectl vel er Qﬁv ological
conditions, on a narrow range of natural straf€s, an? u Iy at,@eentratlons in
the low range (Dalby, 2007).

As catalysts, enzymes acce t wide ar ?o jfg*molecules including

synthetic molecules with struc%y different rom th@ostrates found in nature.
%vnj nzygg uch as chemo-, regio-, and
r st

In general, the basis of th
stereo-specificity lay: Z ructure. Arﬁl cids forming an enzyme are
4
\h\q nme

responsible in provwhe n]| i r substrate binding and subsequent
e acttiéélte (Liese et al., 2006).

chemical transf a '
’ (j"
n&" Ics Reaction

2.4 n y Catﬁl d Ki
Enzyme cataIyS|s is mporta@oughout the areas of biochemistry and physiology
a ths various reactions to take place at ambient temperature, under mild
ition, such as in living organisms. During catalysis, they provide a lower energy
athway for a reaction to take place. Enzymes frequently function as catalyst in very

specific ways, which can be described as follows:
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i.  Absolute specificity; the enzyme can only catalyze a single reaction.

ii.  Group specificity; a reaction of only single type of functional gww

catalyzed by the enzyme. cq\

iii.  Linkage specificity; the enzyme makes specific type of bond |

iv.  Stereochemical specificity; enzymes catalyze reactlonsQO? only one

Kinetics of reactions catalyzed by enzymes is a challengigg topicto di ujs @ever

stereoisomer of a compound.
2.4.1 Enzyme Kinetics
kinetics modelling is essential for process s an emg@&ause it

rate o@o uct reaction
m@%rs A number of

provides solution in achieving optimal rea c d|t|
and changes in experimental system er design

systems have been represented by %smple gm S and their applications

N,
have been proven to be succes av 8’Man a;DexS(EBM).
In most cases, the I(*E‘%tud' se-c‘:@zed esterification in organic
and

solvent are remarka ﬁ};ﬂyx@%d on the Michaelis-Menten
&
assumptions (Ku%al Zf) 0 gere are many reports discussing about
the kinetics of Lioc y3|s mara]_)%éve highlighted about the kinetics and

modelling oE ns |mm |I£ed(j) ses, as affected by different parameters.

Y-v
2.4 Qtlc Modelling and anistic Study

I to optimize the use of a catalyst, identification of the optimal conditions to

d rm ester syntheses is indeed important. To do so, several theoretical models have
e

en proposed to better explain lipase-catalyzed esterification by immobilized lipase

2

in organic solvents (Paiva et al., 2000).



In general, enzymatic models that are based on the simple Michaelis-Menten
equation are only valid for most simple enzymatic reactions, involving one su .
Nevertheless, when a two-substrate, two-product reaction takes place, eral
scheme, “bi-bi” has to be taken into account. This scheme includ& possible
mechanisms: (i) Ping-Pong (non-sequential) and (ii) ternary compleWential). The
latter type can be in ordered or random form (Lopresto et al., 2014).

X

Most lipases are said to follow and favour the '—bi mechanism.

The bi-bi reaction model is like to occur because it t into ac.quQde product
@
formation following the formation of enzyme-sub complex p‘er@t al.,

2014). In a two-substrate reaction, however, initial_redcti ate\(igt'ained at
[ haelis@&.ten Kinetics

with Ping-Pong bi-bi mechanism by nlinear regressi me@’(Lopresto et al.,

2014). ‘%C,) 0>\YT §

. N ¥ .. RN

2.4.2.1 Michaelis-Menten Equation N
A commonly used mt@ t’ : %
which approximate originall \:m S ur@e assumption that the concentration
of the enzyme @n ~ enz@? interacts with the substrate to form an
enzyme-sub t%omp x,‘w h‘eaes;? synthesis of the product and the release of
the enz@{%

A\

various acid and alcohol concentrations fi well tow{le

S
simplest el w4®1 accounts for tis behavior is shown in Scheme

2.

=


https://www.sciencedirect.com/topics/engineering/enzymatic-reaction

Scheme 2.1: Basic Model of Enzyme-Catalyzed Reaction

binding catalysis

ky ko \Y~
Q0

E + S =—ES —E+P

E =enzyme Y .

S =substrate

k-1 Y
Whereby, \,
l

' 4

ky = rate constant of the forward reaction of E+ \ Y‘

k-1 = rate constant of the reverse reacw\r@ he m bstrqt\e omplex (ES)
breakdown to E+S _\O
S

k, = rate constant of the forward EQ} OBE%HE
7]
iCWre

action e diﬁfsﬁ into two processes. The

N
enzyme and substrate figst bla to give’m e e@rate complex [ES] by physical
at na of e{)

forces. It is assumed th ct !‘e@s with enzyme during the formation

of the enzyme-s@com@]. Tk@ep is assumed to be rapid reversible

N

with no chen@&ng eccur, ical processes the take place in a second
step with a%rder rafe copstant, \(({al and ky) is often called the turnover number
b 4

of thefenzymie because”it rgpr@?s the maximum number of substrate molecules

ey

c We to products per ac&é site per unit time, or the number of enzyme ‘turn
per unit time. From scheme 2.1 above, the reaction velocity (V,) can be
Oressed as V, = ko[ES]. Since ES is intermediate and its concentration unknown, the

suitable expression of [ES] must be in terms of values as shown as below:

ES = enzyme-substrate complex ' t.}
P = product of the enzyme-catalyzed reaction J A

—*

m

In this model, the ca

13



Rate of formation of [ES]:

Vies) = k1 [E][S] Yv
Rate of breakdown of [ES]: cq\
Vies) = k-1* Kz [ES] *

Under the steady-state approximation, the concentration of the intermediate

[ES] stays a constant since the rate formation and breade ES] are equal.

K1[E][S] = (k-1+ k2)[ES] .\d
by rearranging the equation, the constant term @fmed s Mi ha‘el&@enten

constant (Ky):
e J \ ;S"
O

. N
Ku =kt e $° 0%? c;\\

U4 Q=

Since in the most situations the enzyme concentration is very small ([E] <<

Hence, the expression is:

[S]), the concentration of the uncombined S is almost equal to the total concentration
of S. The concentration of uncombined E is equal to the total enzyme concentration,
[Eo] minus the concentration of enzyme-substrate complex [ES]. The maximum
reactrion velocity (Mmax) is reached when all enzyme sites are saturated with the

substrate.

Therefore the Michaelis-Menten equation for this system is:
\I

\ V = Vinax [S]
Q KM +[S]

Here, Vinax represents the maximum velocity achieved by the system, at maximum

(saturating) substrate concentrations. Ky (the Michaelis constant; sometimes

14



represented as Ks instead) is the substrate concentration at which the reaction velocity

is 50% of the Vimax. [S] is the concentration of the substrate S.

This is a plot of the Michaelis-Menten equation’s predicted reaction velocity as a
function of substrate concentration, with the significance of the Kkinetic

parameters Vmax and Ky graphically depicted as shown as in Figure 2.1.

a VTV

Vmax

Vmax/2

Reaction velocity, v

Km

g Slkﬁr oncenttation

z {
Figure 2.1: Reaction \%/ PIotte} gai S}S &te Concentration for a Reaction
@beyipg \'ﬁaelis @‘{en Kinetics.
Some e principa ages of integrated Michaelis-Menten equations
E\p p ge of integ q
are as follows,(Rui'et a

2 9

1.y 200Y):
e ) &
1) @IOH of‘t'h d'to differentiate data to obtain velocity;

2 re information can@btained from each experiment which will result in
\? aving of both time and reagents;
@ the possible accuracy to determine Kinetic constants since they are based on
products of the actual stereochemistry and of complete purity;

4) the presence of end product inhibitor can be neglected,;
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(5) the possibility to predict initial substrate concentration and determine Kinetics

constants without the knowledge of exact substrate concentration Yv

In general, the strength of the equation is in its ability to de ationship
between initial velocities and substrate concentrations. Initial veloCities are usually
determined by linear regression of initial data points of the progress‘edrves at different
substrate concentrations. However, this determination m Qt:)n'es theoretically
incorrect when the product of reaction is an inhibitor’sln thisjsituation; the initial

s and rate re'c@‘z(;hoi

with t to@gubstrate

fore'{ea\'g a m@;ﬁm value as
9

velocity obtained is inferior to the substrate concent

D

et al., 2017). Enzyme Kinetics operates in a lin
concentration when the latter is sufficientl

the substrate concentration increases (

2.4.2.2 Transformation of Mi%ﬂen@n E aaion(;t’g.?ineweaver Burk

Because straight-line plot hsierlt valuate tgkcurves, it is convenient to
Ze

reformulate Michaelis% quatian to ‘i‘eid@ight-line plots. The maximum
4

initial rate of SUKTMQCOMT \IOR max Michaelis Menten constant (Ky)

were determined by “inear n usdrﬁVLineweaver Burk approach. A plot of
g 1o D! &

1/Voversus 1/[S], called a Lineweaver-Burk or double-reciprocal plot, yields a

Qe | ])) &

straight line with an intercept of 1/Vmax and a slope of Ky/Vimax as shown as in Figure

N4 S o
Z-Z-A S
\
S

N

16


https://www.ncbi.nlm.nih.gov/books/n/stryer/A5607/def-item/A5608/

1/V | Slope =K/ Ve

S
Intercept = -1/Kyy *
Y-v
oY

/ e, Intercept = 1/ V.,

0 1/18]

Figure 2.2: A double-reciprocal or Lineweaver-Burk plot

S G, S

A double-reciprocal plot of enzyme Kinetics is generated by plotting 1/V, as a

s Y | J¥e o
function 1/[S]. The slope is the Km/Vmax, the intercept on the vertical axis is 1/Vmax,
~ " |1 '\
and the intercept on the horizontal axis is -1/Ky. A straight line plot is much preffered
NV
over a curve, particularly when the data is slightly scattered due to experimental error.

r N .

Slopes and intercepts are relatively ea3|ly obtalned from a starlght line graph, also

known as Lineweaver Burk Plot (Berg et aI 2002) \Td) _,

&)
The Lineweaver Burk plot is usually extrapolated to the negative x-axis.

AN N\ ) &

Although there is no data with negative x values, the negative intercept can be used to

\v o IR N

obtain KM or Ki if inhibition occurs (Chulalaksananukul et al., 1992). X —intercept is

v’ --‘s—/"b

-y mtercept/slope When the y-axis is 1/V0, its mtercept IS 1/Vmax. Similarly, when the

X-axis is 1/[S] then |ts intercept is 1/KM O

KM+|S| ?.‘ (j')

vo Vimax [S] S
AR

1 ‘z'

—KM 1+ 1

\ Vmax [S] Vmax
5% .3 Ping-Pong Bi-Bi Kinetic Model

most esterification reactions, lipases were found to follow the Ping-Pong bi-bi

model where it involves binding of acid with alcohol in successive steps, followed by

17


https://www.ncbi.nlm.nih.gov/books/n/stryer/A5607/def-item/A5608/

the release of water and the ester products in succession. This was proven in a study of

an acyl enzyme complex followed by the release of water molecule#&equently,

binding of an alcohol leads to the transfer of the acyl group to th%lcohol, which
results in ester formation. Thereafter, an ester product is released (S@mashekar et al.,
2007). z

In this type of reaction, bi-bi indicates the rea invalving.twa subs
L ]

trates
| X
and two products where the enzyme reacts with the ubstrate (t ac]d)_@lve a
)

covalently modified enzyme (acyl-enzyme inte i v% e of\v/XTer. Ping-
alcohol) Wi@gglease of an
refoé?’nplies initial rate

Pong, on the other hand indicates the secohd subStrat

ester as the second product. The Pinwa-bi mode
conditions with negligible product I(\%(Marie-\n-e?t , 1).

N,
g bﬂbi I d@bes a specialized bi-bi
&

of I rates and ase of products is ordered.
an

-

;}oﬁn@'time only one substrate [A] is
s &
s To-the foﬁ.ﬁon of acyl-enzyme complex [E.A].

chmaiﬂnd formed as it fragmentates from the

As illustrated below,

8%

mechanism in which the

!
tes"thbgaymes intermediate of [P] and [B]. The rest

original subff%&]. [
\
of the substrate [B] iS valené? attracted to the covalent fragment of [A] still

b 9 . .
atta 0 the enzyme to forn{fyfal product [Q] which is released and the enzyme is
r Xto its initial form [E]. A Ping-Pong mechanism with inhibition by both

G rates is given in the following Scheme 2.2



Scheme 2.2: Ping-Pong mechanism with inhibition by both substrates, A and B
Ka Kea Kp Ks Kes Ka

E+tAe EAo FPo FBe FBo EQ e E+Q %\

According to the Ping-Pong bi-bi model, mechanism with inhipition by both

substrates is given by the following equation: \,

: l
Vo = Vmax [A] [B] ) Yg.l)
[A][B]+KB[A]+(1+[A]/KiA@w1+[B] Kin) | _@

b 4

Y' N N3
Whereby, \l
Vo - the initial rate of reaction; )

Vmax - the maximum velocity; ‘ ,: \T &-\
S
[A], [B] - initial concentrationx%m sdbstrat 4 <2i:)

Ka  -the Michaelis-Mer?\ghstarJ su trate§
Kg - the Michaelis% onstant for eéub&te [B];

Kia - the inhibitj

"

Kig - the inhibitio

The &-)Jng
with ne%troddb

is owe products and is L@K/ present initially in the reaction medium since it is

e \lﬁl for enzyme activity. Since a negligible product level cannot be achieved in

d a system, Janssen et al. (1999) recently proposed a revised model for
sterification model for esterification reactions. They included an extra parameter




which is solid-gas catalysis substrate which takes into account the presence of water

¥

\

(Bousquet et al., 2001).

N LAy 4

E EAFP =»F FBEQ E

v ]
Figure 2.3: Ping-Pong bi-bi kinetic model Wimubs rate g B{zalnd

two products (P a@ ' _\"}
s b 4§

Kinetic models for the entire syste t reaE\ions ere developed based on

ordered bi-bi mechanism of esterificati n-another wo

the Kinetics of enzymatic esterifica&jetweeﬁ}vti {‘irﬁ starch in a solvent-
«% ! )

free system with a conclusion reaction f oWedQﬂ;rg-Pong bi-bi mechanism.

K

Similarly, Phuah et al. (201%@ edt drolySis of palm oil by lipase from R.
miehei in solvent-free % n
by wa offerje at al., 2014).

mechanism with wive ir‘m \h~
&/
Ping Pong,bi-b'mod i
&K :

o) b@mdely applied to explain the kinetics of
biodiesel preducti viafnz 'c"tr

d reported ?It&eb'action followed Ping-Pong bi-bi

)

anesterification. Similarly, kinetic equations for

2
enzyme lyZed réacti ‘owhi%_ are based on Ping-Pong bi-bi model with
co itive inhibition by both{u}étrates and products, have been developed and used

at\?;ng point for the enzymatic kinetic studies. Kinetic studies of enzymatic
&) iesel productions are however, often based on the initial rate of the reactions
nvolved and only accounts for substrate inhibition, where glycerol is not present in

the system initially (Meunier et al., 2014).

20



2.5  Lipases

Lipases or triacylglycerol acylhydrolases, (E.C. 3.1.1.3), are water-soluble e

that catalyze the hydrolysis of triacylglycerols with the formation of diac@ﬂes,
monoacylglyceride, glycerol and fatty acids at the interface between m%eous and
organic phases, with great potential for biotechnology. In Iipasew the water

insoluble lipid are present with the water soluble Iipaiew;stion of these

triglycerides takes place at the water-oil interface. Ther ase'can be used to

catalyze the reverse reaction to form ester bonds I ter synthesis’as well as

transesterification in the reactions containing low

concentrati s,'o@‘g up
i

P 4
OOQK Y.},
i synth@owing to the

commercial availability, structural stw Ivent to e, @cd substrate scope
and good catalytic activity. In o ' solven\th‘t_s_, )Q\es generally catalyze

Q

different acylation reactions t est&s, thi Ieste@ amides. In addition to

intermolecular acylations, hhasei u ermOﬁQ}ble to catalyze promiscuous,
015

intramolecular reactior% etal., :' 0’
d &
Since lipa Nre ui) enﬁys of considerable physiological
significance an ggle t \evm'im t roles in the digestion, transport and
¢
processing %y lipids in o!f 0 Iciang organisms, they can be easily found in
NN

diverse % suchy® S, aniqi?ls, and microorganisms. More abundantly they

Yv
can nd in bacteria, fung@yeasts (Miletic et al., 2012).

the possibility to synthesize polyester (Rahma

This family of enzymes is also wi

6& Candida rugosa Lipase
e previous sections have highlighted the remarkable abilities of lipases. These

include catalyzing a plethora of reactions such as hydrolysis, esterification, and

21



transesterification reactions, placing them among the most sought biocatalysts for
industrial applications. Among others, Candida rugosa lipase (CRL) has beenw
studied for its selectivity either with respect to specific functional groups r reo-

and regio-selectivity (lole et al., 2015). A

CRL is widely used in organic synthesis due to the high seleetivity observed.

Lipase produced by C. rugosa is becoming one of the most m%ustr y used enzymes

because of its uses that embrace a variety of processes ts h"gh activity and

enantioselectivity, both in hydrolysis as well as synthes eci Ilw synthesis
L ]
(Casa et al., 2005). { _\b}

Among the commercially available li m_diffe ourchzE:RL has

us an@gt:}r restricted
ic f@"blyas As far as

been used in a wide range of catalytic reaw bod\ aq

environments which include non- spe\ stereo-s

biocatalysis is concern, no lipase WmerC|aB |Ia I@hth a broad range of
Q c”

specificity as attributed to CR et al., 200

\ ’ \
2.6 Immobilizatio gmes u}'

The term “immobi enzymf cfers to e%m%és physically confined or localized
in a certain defi ’ed&& Q/Ith tion of their catalytic activities, which
enable enz be sed r aéd%a d continuously (Brena and Batista-Viera,
2007). L%z'

c by enabling easy @*ﬁtion and purification of products from reaction

ation mesé\ a key to expand the applications of these natural

and efficient recovery of enzyme (Wang & Hsieh, 2008). The major

Q onents of an immobilized enzyme system are the enzyme, the carrier and the

ode of attachment (binding) of the enzyme to the carrier (Figure 2.4). The terms
solid-phase support, carrier and matrix are used synonymously (Juan et al., 2016).
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Immobilized Enzymes

Carrier
Material

f Material Stability
Porosity — =

: L Specific Area Reactor Choice

Intrinsic Activity Stability Enzyme Loading

\ - .
Figure 2.4: Enzymes immobilization in porou?f!rs and&‘@aénet at were
T

related to the support, the e Md thé‘no f enzw&
\) ®)

Although enzymes have e c&” cata@!\v:z to.obtain a wide range of

N

0 -,

nta

S
products under mild and envirt | friendly conditi improvements in enzyme

o

stability, activity and recovv neclssar ileti al., 2012). Furthermore, they
ur

need to be stable eno% vivs, nd '-9(522/ Ily relevant conditions, such as
presence of polar Mc soI*en

Also enzymes i&& 'noé’)éey high enough activities, selectivities or
specificitie hs the target 'nd:u.ssyal substrates. Moreover, some free enzymes
availabi&uc&lvzjun with many other similar proteins, where some

of Aossess undesired e&é’lytlc activities versus the substrates, or even the

h te atures to avoid contamination, etc.

%\. When this kind of enzymes is immobilized, decrease of the final volumetric
dl ity may occur because some surfaces of the support will be occupied by other
Inactive proteins. The activity of the minority proteins/enzymes with opposite

catalytic activities may also decrease the enantio or regio-selectivity or specificity of

23



the whole “biocatalyst” if these contaminant enzymes are present (Oveimer et al.,

2015). Y~
Some of the initial attempts to immobilize enzymes were do dsorbing
enzyme onto charcoal. However the effort was proved to be very unstable. During

1950s, several groups of researchers began to immobili;eMes onto other
zy

supports. The first industrial application of immobil s was in the

production of optically pure amino acids and the hydrolysis of penicith Miletic et

oy
al., 2012). % [ _\f-}
Successful immobilization of enzymesusi |fi95\9ﬁ app@i'ons and

supports a reliable and efficient reaction teehnology. Img\)ro activ@g reusability

has been achieved by immobilizing twga/enzymes va@& supports by the

techniques of physical adsorption, @sent b@% e ty@\ment or cross-linking

enzyme aggregates (Kumar et%S). ﬂs th mpe(r(', c'}of immobilized enzyme

preparations are governed %the erties ofgbme and the carrier material,
X..]

specific interaction b 0 Provi ; 'anxﬁ'mobilized enzyme with distinct
'

&
chemical, biochemiwec ar|i \Q metgwperties. By an appropriate choice of

the immobilization precess, al ¢ or enzyme industrial processes can be
¢

!
reduced by t tion of an errEtg mmobilization method (Nigam et al, 2014).
S
&) v
X
2.6. ethods of Enzyme | bilization
\
Insgeneral, a classification of immobilization methods is according to different
heémical and physical principles. When selecting an immobilization strategy, the

portant parameters which must be considered for efficient enzyme immobilization

24



include optimal enzyme catalytic activity, effective catalyst utilization, minimal
enzyme deactivation and the cost-effective operations (Muhammad et al., 2016?

Likewise, the immobilization procedure should be conducted i@ that
allows the enzyme to maintain its active conformation and nec& catalytic
flexibility.  Basically, there are numerous methods of enzyme immaﬂon; each

involves a different degree of complexity and efficiency. The various methods are

adsorption, covalent binding or attachment to differ icesl, cross-linking,
entrapment, and encapsulation, as shown in Figure 2.5 leri W Murty et
@
k5

al., 2002). | _{—)

The selection of an immobilization should ase@ process
specifications for the catalyst, including SUW eten‘ as overall e@&gﬂc activity,
effectiveness of lipase/enzyme ilization, deactivation d regeneration

i

characteristics, cost of the immokbilization p )9@3/ of immobilization
S

reagents and the final propertie%mm&)iliz tpase@:rty etal., 2002).
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Adsorption ‘
Enzyme ‘
- Immobilization
\

Methods

LBz 2 Fax )
=355

Cross-linking

Encapsulation

Figure 2.5; En%imm%ﬂ:}@s
N
0 4 Qc_o
% a t} So
2.6.1.1 Immoblllzatlont ugI ion N
d in

Ive rebe@le surface interactions between

enzymes and suppost. mate |aI| ainly ﬁ}éd on physical adsorption or ionic
binding. In p ic dso e en s are attached to the matrix through

This is the simplest n

hydrogen bo van er als’ fctcgé? or hydrophobic interactions; whereas in
ionic b e erpy#e b through salt linkages. The forces involved in

noncov nt |mmob|I|zat|on ca@:ge reversed by changing the conditions that influence

tENgth of the interaction (e.g., pH, ionic strength, temperature, or polarity of the

0 Among the advantages of adsorption immobilization are; it is mild, cheap, fast

and simple process where no chemical changes to support or enzymes are necessary. It
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is also an easy to perform process, which usually preserves the catalytic activity of the
enzyme. Such method is therefore economically attractive, but may suffe

problems such as enzyme leakage from matrix when the interactions afe vely
weak. The possible steric hindrance by the support and nonspecific bRA@may also

occur. Inorganic (activated carbon, silica, etc.) or organic (natQ or synthetic

polymers), insoluble matrices can be used as supports (Murty gt al., 2002).

l

2.6.1.2 Immobilization through Covalent Bin .\d
L ]

Covalent binding is the most widely used method of e immobili til)n;\@/hich

the enzyme is covalently bound to the suppor iletic e{ : Th,@zﬁethod is
based on the formation of covalent bonds, be eenoﬁ support m@g and some
functional groups of the amino acid residueson the sur of thyme. Usually,

the support has to be first activated pecific gto 'l%é~its functional groups

N,
strongly electrophilic. These gr. therf'allo to E@Nith strong nucleophilic
groups of the enzyme. Th %@T}%O
immob
4

and the consequent sta% mobilizati r} Ben@n enzyme and the matrix, where
the enzyme is not eaSily releas N solu%&wpon use.
Howeve{ ert i ' high“levels of activity, the amino acid residues

¢
essential for cgﬂaic aiivit us{ n(ﬁ‘:b? involved in the covalent linkage with the
a

%, "
support% ay be icultauirement to fulfill in some cases while the
L 9

IS ges are the higher @and the lower yields, as the enzyme conformation

in the strength of the bond

o

a X\/ity will be strongly influenced by the covalent binding (Murty et al., 2002).

N
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2.6.1.3 Immobilization through Cross-Linking

This type of immobilization is support-free and involves joining the enzymes

other to form a three-dimensional structure. The bond is formed by means i-or
multifunctional reagent such as glutaraldehyde. The disadvantages :ﬂ;@very low

immobilization vyields, the absence of mechanical properties and thé poor stability

(Murty et al., 2002). \)
: l

2.6.1.4 Immobilization through Entrapment .\d
L ]

enzyme wij nhf@n;ric

The entrapment method is based on the occlusion
network and constraining structure tight enou
into surrounding medium while allowing W

with the enzyme. The advantages of t include sim@y of the process,

the potential for the successful prc@%oading p s@hies of incorporating
N,
more than one type of enzy g V\”’[h othen co@mds. Furthermore, the

&

constraining structures ma %1 ttl yme fro aturing factors such as pH,
S P

temperature and organi Ivents, t e ial@'enhancing the stability of the
L7

enzymes (Wang & Hsieh, 2008,). é_/
Using this méthod, ;R' e '<"tfe free in the reaction solution and the

¢

enzyme is %nd tgam ix"or@/e brane but restricted in movement by the
§v N

ture of argel P/vork@ere are different approaches of immobilizing
Yv

enzw&)llowing the entrap@(, such as using gel or fiber, temperature-induced
‘@m polymerization by chemical/photochemical reaction, ionotropic gelation of

G omolecules with multivalent cations, etc. (Miletic et al., 2012).
Entrapment is mainly used for immobilization of whole cells, but has the

inevitable disadvantage of low amount of enzymes/whole cells loaded and the support

lattice stru
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will act as a barrier to mass transfer (Murty et al., 2002). Membranes or gels are the
cause of these limitations. This method also does not completely prevent Ieakl

it considerably decreases it with regards to physical adsorption present (@t al.,
2012). *

2.6.1.5 Immobilization through Encapsulation Y'
Encapsulation of enzymes or cells can be achieved by envelo the biological
catalysts within various forms of semi-permeable membr %

II'/ microcapsules

varying from 10-100 pum in diameter. Large protei p ut of the

capsule, but small substrates and products can pz@&/ across th rrll &é%’eable
\/

membranes.
A disadvantage of the method WOUNJ:C Iffysion p@x‘m, while an

advantage would be the co- |mmob|I|z 0 |fferent /@to suit particular
applications. c') \T ,<\
N,
[} 4 QC:)
_ﬁo
2.6.2 Supports for Enzy I obll/ N

The carrier (or the su% an entity lar; r'm@'e than the enzyme molecule, to
which the enzyma{elrectl t) wh%\he enzyme is confined within. This

support is howeyer absent i -linking and precipitation of enzyme in

D

<

organic solvi e su port yge t_?“d as in reversed micelles, or a solid, as in
m

most of the,c only )(ed ms&blllzatlon protocols (Balcao et al., 1996). Since

Y-v
mowe immobilization @Hods require a support, and the properties of the

immo |zed enzymes are absolutely determined by support used, therefore
0 obilization support should be selected wisely (Miletic et al., 2012).

Ideal support properties include physical resistance to compression,

hydrophilicity, inertness toward enzymes, ease of derivation, biocompatibility,
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resistance to microbial attack and availability at low cost. A suitable support for
enzyme immobilization is the one which provide improved activity and stabllltw
immobilized enzyme without permitting leakage or hindering the of
substrate molecules and reaction products (Sato et al., 2014). -\

To date, enzymes have been successfully immobilized ow.arious water-
insoluble supports, such as inorganic materials, synthetic polymeriéy¥gels, and natural
macromolecules, through physical adsorption, covalent b mcloencapsulatlon
or matrix entrapment methods (Calleri et al., 2003; Mur

It has been recognized that the physical prop of enzym rr’e&@ch as
surface functionality, porosity, and large surfa strongT ence\ﬁ' stability

AN

of the enzyme to the carrier increas zy activity av@'e conformational

and catalytic activity of an enzyme immo ilize n ck\e han per linkage

changes (Liu et al., 2015). T ,<\

Supports can be classm rgan'fc andsergani (Q(EB\Ording to their chemical
composition. In general, |n up pI‘Oé reater stability than organic
supports, due to their % ertnes ow ds'res&)n conditions like high pressure
and temperature. Thésrganic S‘J n the &ﬁbgr hands, can be further divided into

two categories; patur

usuatjlﬁfolymers (Miletic et al., 2012).
m’ otj? matrices such as mean particle diameter,

The I ch acter

swellm% ur, pech ‘gal str h and compression behaviour, will be a major

‘% e the type of reactor to be used under technical conditions. In particular, pore

ﬁ ters and particle size determine the total surface area and thus critically affect
e capacity for binding of enzymes. Nonporous supports show diffusional limitations

and have a low loading capacity. Therefore, porous supports are generally preferred
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because the high surface area allows higher enzyme loading and ensures the
immobilized enzymes receive greater protection from the environment (Brewid
Batista-Viera, 2007). (0\

An evident of the influence of the support particle size on th?&bution of

enzyme was reported by Chen et al. (2008). In their study, Candida Qtarctica lipase

B (CALB) was immobilized on methyl methacrylate resins_with™identical average

pore diameter (250 A) and surface area (500 m?/g) but wi r pa'ticle size (35 to

ibutio M enzymes
Yv

L ]
present in the outer layer of the support particles fo or resins wi dar&éksizes

560 - 710 pm). The results showed that a non-uniform

560-710 and 120 um. In contrast, CALB appe y d@ rouqh/%ﬁt 35 um

. X
resins. \/ é
Porous supports should have a\ ;roi}d pore diStsi tio@‘%rder to optimize

capacity of immobilized enzymes @y In sp\)&%a ,@antages of inorganic
N,

supports such as high stability%physﬁ'cal, mical{sn
most of the industrial a mns p orme$*§ff
hydrophilic character% i I H

determining the Iwctivw.

\ p
2.6.2.1 Q?r)nlc up?
Natura%tolymﬂr rgani

T

Bio ers are increasingly@wg used and studied for many applications in which

—X

25,

microbial degradation,

S xc polymers have traditionally been the materials of choice. The reason of high
emanding in the new technology is the need to increase the use of biodegradable and

cyclable materials to limit the number of materials sent to landfills, and the desire to
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use renewable raw materials sources instead of non-renewable petroleum sources

(Segura et al., 2003). Yv

Natural organic polymers such as polysaccharides (cellulose, de@gar,

agarose, chitin and alginate), structural proteins (keratin, collagen), proteins
(albumin) or carbohydrates are cheap starting materials for the prow of support
materials and are available in large quantities. From this gro Mydrates are the

special interest because they do are not affected by the b a'ety aspects like

protein matrices isolated from animal sources and beca ey afe .Fﬂgbldydrophilic
23

zymes|(Miletic }t&b’.-?)?%;Z).

a o) rég,~ mostly
i, Y

paticilit ith the,éi?;mes. Due to
their hydrophilicity, they undergo onlw teraction h t)'@!zyme, leading to

a minimal inactivation, but unfort it also p@binding and therefore

S
the materials often have to be aIizeQi. Al ,ahe&(&c anical stability of these

materials is rather weak wlqim bj[' ea by@-linking. Agarose, cellulose
t e co

derivatives and cross-l% rans ?bnsbsed supports from natural source
’ &
(Miletic et al, 2012 \ | N Q

In 2010% Zh ted tE'ééﬁccessful immobilization of penicillin G
. S
acylase (PG he magneti CJI se“porous microspheres. Results have shown
NN
that th% al ndagneti :y-Fe£ nanoparticles were uniformly dispersed and
emb-&in the cellulose su@ and that the structure and nature of y-Fe,O3; were

pe? conserved. The immobilized PGA exhibited a highly effective catalytic
t

which provides a desirable microenvironment for ma
On the other hands, organic sup

polysaccharides, have the advantage of a

=l

Q ity, thermal stability and enhanced tolerance to pH variations. Furthermore, the
ellulose microspheres loaded with PGA could be removed and recovered easily by
introducing a magnetic field, leading to an acceptable reusability.
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Cellulose

Cellulose is one of the most abundant naturally occurring biopolymer anYis
commonly found in the cell walls of plants and certain algae (Ibrahim @}011).
Cellulose is a fibrous, insoluble and crystalline polysaccharide co of B-D-
glucopyranosyl units joined by 1,4-glycosidic bonds (Paljevac emom). It is
biocompatible and has excellent thermal and mechanical prop%ie.%. im et al., 2015).

Cellulose is an acceptable support which can be eaSiy,activated. However, the

binding capacity of cellulose for enzymes is generally ras OWO agarose

oy
but it is inexpensive and commercially available@us and granular 'or@ome

drawbacks of this support is the small particl its {sy'in rapid,

jity
[ robia@l:lases.

Cellulose having abundant hy: qayups can ed erare membranes

and hydrogels easily with fascinati ucturﬁ&p
%ell

high-pressure applications. Cellulose are alw pti

e ig& ellulose membranes

N
and hydrogels can be prepared ulose solution tl@gh physical crosslinking

&
and this is because has ma hox:/, up whi@ easily form from networks

via hydrogen bonds. of cellulo rhes@ane for the immobilization of
4 f &
Candida Rugosa;@wheri E\f‘rpa e wzgarer used as catalyst in the enzymatic
esterification ofw ate lted t@b%ﬂal et al (2006).
¢
Cellg:&)eriv ives c!ﬁdicgg)methyl cellulose (MC), hydroxylpropyl
),

ceIIqus% hydrox ';opyl \thyl cellulose (HPMC), and carboxymethyl
cellulosey (CMC) have been\a%d to fabricate cellulose-based hydrogels through
p \N cross-linking and chemical cross-linking (Ibrahim et al., 2013).

Q CMC (Figure 2.6) is one of the most important water-soluble derivatives of
ellulose that is formed by its reaction with sodium hydroxide and chloroacetic acid.
Among all the polysaccharides, CMC is easily available and it is widely used in many
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industrial sectors including food, textiles, paper, adhesives, paints, pharmaceutics,

cosmetics, detergents, mineral processing and oil well drilling operation (Paly?!\
tion,

al., 2007). CMC is water soluble cellulose derivatives. Due to ability of g@

the presence of CMC in gel products provides excellent water retenti erty (Mai
etal., 2013). ?
A a
H H H |
OR CH>
RO ©
H 0 H
0
/ RO
?HQ © OR
OR H H

Where R :-H,-CH>COONa

] Q—'
Figure’&;hTMre nL%f\/IC

N
Synthetic Organic Su rtsz J; §
Organic synthetic wo : bed'x yntﬁ'@polymers such as polystyrene,
polyacrylate, polM pol l i

N o (O |
been mdely% s imniob a;lon(J ‘slzpports because they display the greatest

variabili %ﬁgarﬂ Dysi
b 4

be adapted t@ the requirements o(&.arly any enzymatic process because they are inert

onpK lene and polypeptide structures, have

| ane.chemical characteristics. In principle, they can

t Mbial attack. Such eco-friendly polymers have gained special importance not

for enzyme immobilization, but also for drug delivery system and tissue

Ogineering due to their easy recovery and reusability from the reaction mixture (Wu
etal., 2011).
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They are commercially available either as purely adsorptive resins,
exchangers with a variety of different basic and acidic groups, or as pre- awmd
supports carrying for instance epoxide or azlactone groups. \

Among those synthetic organic polymers, polyvinyl alcohol‘%) Figure
2.7, is one of the most promising type of synthetic polymer used sin(Ra.rTy 1930s in a
wide range of industrial, commercial, medical and food appl@’mcluding in the

fabrication of resins, lacquers and surgical thread.

H
|
C—
b

Figure 2.7: Cwatructure of BVA O

L
It is a polymer of grea b cause of its e@lent compatibility for the
preparation of miscible bI% pre features like excellent film
formation ability, higw c

strength, non-tox &Qodegrr : and t|aIIy resistant to organic solvents
mo

ial a'q esio ,‘jfe |ty, emulsification, high tensile

which make th idea e ar@n crobial immobilization (Badgujar et al.,
¢
2013). (JC—)
S
Iso afg gndld for the preparation of hydrogels, where it can be
cro d by using several\@\kfnlcal agents such as benzyol peroxide as well as

m? including the freeze-thaw cycles, electron beam and y-irradiation. The use of
i

n the fabrication of hydrogel for controlled drug release had been extensively

tudied by Bourke et al. (2003) while its use as membrane material for chemical
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separations, barrier membrane for different applications and as biomaterials have been
reported by Ibrahim et al. (2013). Yv
In a study by Dhake et al. (2011) a blend of hydroxylpropyl me \ulose
with PVA was successfully used to immobilize Rhizopus oryzae Ilﬂa&)r acetate
synthesis. Badgujar et al. (2013) also reported the success of usWdegradable
polymeric film prepared using ternary blend of polylactic acid, P nd chitosan for
lipase immobilization where the film showed better bioc my and stability as
compared to film prepared using binary blend Withoutt esen W
i
\’ &

Inorganic carriers (e.g. glass, silica mlmi bentonite roxyapatlte

2.6.2.2 Inorganic Supports

nickel/nickel oxide, titania, zirconia) N good nlc@‘mpertles thermal
stability and resistance against mi I attac %ga 'Q vents. On the other

N
hand, non-porous materials I| | an@ met emde@lly have small binding

44/

surfaces (Tisher & Wedeki 20 ) l
Among inorg Kports #I:'m ased and other oxide-based
er

g
materials are acco . Thesle \\u |dered the materials of choice for
enzyme insolubilization sin 'e en W|th all the features mentioned above.

For instanc %

general i KFtrov 2013).Furthermore, two main features

ther aI a ﬁec&y cal resistance of inorganic supports are

Y-v
dlstwg&rmg inorganic supp@dre rigidity and porosity. Organic materials can also

b ned with strictly controlled porosity, but they are usually very sensitive to

Q ure or pH, or in many cases to both. On the contrary, the typical stiffness of the
0

rganic supports ensures the invariance of pore diameter/pore volume, which



guarantees constant volume and shape to the support itself. Inorganic carriers showing

various pore diameters are commercially available (Tran et al., 2011). Yv

There are a number of advantages of attaching enzymes to a solid sugort. The major

)

advantages are: Y-
1) Multiple or repetitive use of a single batch of enzyme: '

2.6.3 Advantages of Immobilization

2) The ability to stop the reaction rapidly by remowing the e Jrom the
4
reaction solution or vice versa. ' _{'3

3) Immobilization has a significant effe?stab' 'Zﬁl enz)q:yxv activity

T
against the denaturing effects. N “\ %

4) The product is not contaminateN e enzym ich @pecially useful in

the food and pharmaceutic ‘mjtries. \T z\&j\
5) Helping in easy reco %he ﬂzym f‘ror@g reaction solutions and
separation of the enéomtl%jts;@ucts (Ghiaci et al., 2009).
In addition, imm% enzy bJf‘“r‘néi‘?‘lp'benefits over free and soluble
o

enzymes in Iabﬂl@ andli ial ap tions. In large-scale, commercial

&
ti , th i ized li in batch ti
enzymatic prow e‘ ‘Jmm@vze ipases in batch operations were
compared peraons mploy gsolQl_n)eIipases for the production of food flavours.
The re ained’

=
]hat,‘%_high efficiency per unit volume of reactor
corraAiing to the high (@ of return of capital costs was achieved using

im\?ized lipases (Sarmah et al., 2018).
Q n terms of promoting easy separation of immobilized enzymes from the product,
he use of insoluble immobilized lipases leads to decrease in possibilities for

contamination of the product via residual lipases, thus avoiding the need for extra cost
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for downstream treatments. The reusability of the isolated immobilized enzymes also
leads to multiple cost reduction in enzyme-catalyzed processes (Pospiskova & ?ﬁ(
2013). For example, the costs of using immobilized enzymes in continuo(y}esses
are more than 20 times lower than using free enzymes, arising primari the cost

of the relatively large amount of non-reusable enzyme required by latter process

(Murty et al., 2002). : \)
2.6.4 Properties of immobilized enzymes .\d

oy
In general, the properties of immobilized enzymes verned by t dro es of
both the enzymes and the support materials. rac% en them provide
immobilized enzymes with specific bw I ﬁnd inetic ,@g‘p;rties. The
biochemical properties of the enzymt,,%ﬁ a its mole ma@ﬁunctional groups

present on the surface and its W are s\(-:-\$c g(‘fmportant factors for
immobilization (Muhamad et a%. é q 43%
The functional gro hﬁthe aceyof t@zyme for instance, provide

I

information on the Ki interactio takeﬁe between the enzyme and the

4 $ &
support. The purity ‘of, the en@ e otgband, determines if interference with

the substrates would take er progerties of the immobilized enzymes that

!
¢
determine t e%ame rs_a tfé r@%aon type and the kinetics of the reaction

NN
catalyz% enzymes ?mper e, pH, solvents and impurities are some of the

maq&ditions that may c@activation or inhibition, which would then affect

S %of the immobilized enzymes. Most often, immobilized or modified enzymes

& nstrate better activity, selectivity and stability (Abdul Rahman et al., 2012).

The ways enzymes are distributed on supports play important role in

determining their properties. If enzymes are attached on supports with smaller pore
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sizes, structural rearrangement of the enzymes and their subsequent activity will
occur, besides diffusion limitation of the substrates and/or products. Howe

supports with very large pore sizes, a large amount of enzymes can acco@ the

pores of the support causing enzymes to cluster together and lose y due to
saturation. Y'

The diffusion limitation and mechanical properties e immobilized
enzymes (due to the support material they are attached k.cn'mal criteria for

consideration in their applications. For example, when obili e |s to be

applied in a stirred tank reactor, it has to be resista abrasian. n'vr@/vhen

immobilized enzyme is to be applied in a c r fed4l5e tor, |N1'as to be
resistant to flow (Miletic et al., 2012). o\ g
When the characteristics of eaymes an pp e combined in

immobilization, other conditions wi 0 influe (%pr Q@es of the immobilized

enzyme. This depends on obllﬁatlo meth pplled and optimized
conditions during immobq;zatl t pH, perature and duration of
immobilization, which studied t unbe dthe properties of immobilized

enzymes (Zhang etwm) l \ é./

For example, zyrr@tlalyzed reaction is greatly influenced by
mass-transfe ts, where asé t@ er to, from and inside the immobilized
enzyme% icroja -envirdnments that are sensitive towards changes in pH

o

% the support and has a deliberate restricted mobility. This will affect the
i

lity of the solutes as well, where the solutes can be adsorbed to the support,
sulting in a reduced diffusion of the solutes, which in turn causes a decreased

reaction rate compared to the use of soluble enzymes (Buchholz et al., 2005).
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2.7 Industrial Applications of Lipases YV

The industrial applications of biocatalysts depend on the development of \ and
stable immobilized enzymes (Asgher et al., 2014). Lipases constltuﬂxymportam
group of biotechnologically valuable enzymes, mainly because of E versatility of

their applied properties and ease of mass production. re also valued
biocatalysts in industry because they are able to act un cordltlons highly
stable in extreme conditions and various organic so S, an uce Waste

production.
Lipases, especially those of micro gln eat Q/Xntlal in
duction of fo

commercial applications, such as in the w addm%b (for flavour

modification), fine chemicals (synt ster), de s ronS|s of fats),

waste water treatment (decompos and re $f |1Q stances) cosmetics

S
(removal of lipids), pharmac |ge§hon «wil ‘f}d fats in foods), leather
(removal of lipids from %skl di &'&roducts (blood triglyceride

assay). For the contro% tion, li ;9 arl d to accelerate the degradation
uale

of fatty wastes ano\q\yurett]a Gessesse, 2012). The following

section descrlbe{ ilt ' dus@‘épphcaﬂons of lipase.

One e most significant i@ial applications of lipases have been mainly found

|% ent sector (Houde et al., 2004). Their use in detergents was reported to be
S

Q t 32% of the total lipase sales in 1994. Thermostability and ability to remain
ctive in the alkaline environment are necessary for lipases to be use in detergents

formulation.



Lipases are added to detergents such as household and industrial laundry and
in household dishwashers, where their function is in the removal of fatty resid
cleaning clogged drains (Abhijit, 2012). Other enzymes such as proteas@ases,
cellulases are added together with lipases, to the detergents to improv fficiency
The greater consumption of lipases and other enzymes in detergenty@rises from the
increasing preference for greener detergents arising fr \th’concerns over
persistence of detergent chemicals in the environment an %

ibI'e contamination

S
of ground water, other fresh sources and their subseque alth related isSties (Hasan

oy
etal., 2010). % [ _\b}
In the development of commercial en sed il nt @ulations,

in in]@:{;ng the first

Novo Nordisk, a Danish multinational cowg re

Thermomyces lanuginosus express%sper@;&xa p'\[}le following year, two

more bacterial lipases were in%i ers ]ZQ q

USA. The lipases were Lu %ro eu n@ndocina and Lipomax from
]

Pseudomonas alcalige Ikalin

4
well suited in remowvi fattyr \un erc tons of modern machine wash was
then reported b)& et \v& E@ﬁve and continued research is still going
on to dev@ses, i
remove% et al,

l
hich i‘ V(?C;? under various suitable conditions as fat
N
N\ S

% \ood industry
sters play important roles in the food industry as flavour and aroma constituents. In

sterification, the position of the fatty acid in the glycerol backbone, the chain length

of the fatty acid, and its degree of unsaturation are important in determining the
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physical properties of a triglyceride with desired nutritional and sensory values

(Rahman et al., 2006). Y~

In food industry involving palm oil, lipases are used in upgradin \nally
less desirable and relatively inexpensive fats to cocoa butter sub@ through
transesterification reaction that transforms palmitic acid in palm OQO stearic acid

(Pinyaphong P & Phutrakul S, 2009).

In dairy and confectionery processing, lipases are Kydrrlyze milk fat to

dairy products, particularly cheeses with desired specific fla ou result of
different carbon chain length of the resulting free fa ids. In addi I‘@s are
also used for development of particular flavou beverfg ba@products

(Jooyandeh et al., 2009). u\ g
2.7.3 Pulp and Paper Industry Y
\
In pulp and paper industry, re%of th@ pulpawith I<|</ leads to a considerable

improvement in productivi SI igh quality with less frequent

clearing of the drying% s. Lipases :dse-ﬁm)'m removing the pitch from the
s
. \& "

pulp during pape;& ess &1992). Pitch control is important in
paper and pulp, ma

mechanical :&@ F i asﬁn, both microbial based on colorless strains of

ere d'r-)%(ycerides cause deposits in softwood

N

sapstai i ,orod s from improved lipases, including thermostable

arm&om directed evquU@\/e been commercialized to be applied on wood and

p \pectlvely These enzymes are among the additives of choice in pulping of
6 resin-content softwoods (Gutiérrez et al., 2009).

However, lipases are not useful when pitch originates from other lipids, such

as steroids and terpenes, where the sapstain inocula are only partially effective. In
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order to degrade recalcitrant lipids, the inocula of white-rot fungi and their enzymes
were tested while wood treatment was controlled to avoid cellulose degradatlwme
efficiency and selectivity of the laccase-mediator system was found t t its
integration with lipase, where a double benefit can be obtained from lﬂ&eatments
As a result, pitch is controlled at the same time where residual Wls removed

facilitating the implementation of totally chlorine free pulp bleaching/(Gutiérrez et al.,
2009). z '

4.

2.7.4 Biodiesel Production { _\0}
Biodiesel (fatty acid methyl/ethyl esters), w trig.@.rides by
erabl ntlon during

transesterification with methanol/ethanol, w

the past decade as a renewable, @d

transesterification using lipase h(decome $ttr c}a\ for biodiesel fuel

production, since the glycerol as d by- duct(:}iﬁ)be easily recovered and

the purification of fatty me I esters |l pletto acc lish by the use of whole cell

or biocatalysts mmob%/ hin biomass u“b rtlcles (Fukuda et al., 2001).
4

\& Ponn | (2017), waste sardine oil was

In a study Aru

employed as & ost
3 ‘

Aspergillus immobiliz Gnec vated carbon as the catalyst for the
Y

fo dlesel production using lipase from

.é‘ﬁ

Ph m ol. Variable Compression Engine performance

transest‘an n regétion
fuel the produced b|o®4 was studied and the results confirm that waste

g il is a potential alternate and low-cost feedstock for biodiesel production.

N


https://www.sciencedirect.com/science/article/pii/S2405844017313634#!
https://www.sciencedirect.com/science/article/pii/S2405844017313634#!
https://www.sciencedirect.com/topics/materials-science/feedstocks
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biodiesel
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aspergillus
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/activated-carbon
https://www.sciencedirect.com/topics/neuroscience/catalysis
https://www.sciencedirect.com/topics/chemistry/transesterification

In 2015, Kimtun et al. extracted and characterized lipase from post harvested
oil palm for application as catalyst in biodiesel production. The lipase in purifi
was utilized in the transesterification reaction between vegetable oil a@nol;
and the partial properties of the biodiesel were compared with commﬂ&biodiesel.

Interestingly, the acid value and free fatty acid content of the biodieSel from lipase

were not significantly different from commercial biodiegelWit also passed

I'\d.v,

2.7.5 Crude Oil Refining Processes % '_\(,}
Oil degumming process plays a critical role .in_the“physicdl refiping ({/Yﬂible oil.

c :
Traditional degumming processes, includiw r h}g, s@egumming,
total degumming, ultrafiltration proc\gcb treatm c., @‘mt guarantee the

achievement of low phosphorus c@s requi Th i efining, and are not
N

always optimally suited for al%litieﬁ (Yang &t al. 6). The yield loss, the
apparatus requirement and thhhrgy’ ure ot‘\éese processes are also great

(Gibon & Tirtiaux, 20@)z W} i §
4 2
i i \9g ores ﬁéé‘fe process for the physical refining,

Enzymatic o&@umml r é
in which a phgspholipase '\& co@ﬁ the nonhydratable phosphatides into
¢
hydratable fo(ﬂ)&par fro g ré@tion in the amount of acid, alkali and

%v y i N _ .
wastewater ng the're }ng p@ss, an enhancement in product yield and a

red%n operating costs ca 0 be observed (Klaus, 1998). In crude oil refining
a3k

XS, lipases from thermophiles are expected to play increasingly important roles
d hey are thermostable and resistant to chemical denaturation. Inherently
ermostable biocatalysts are well appreciated and hence systematic screening on

potential new organisms is necessary. Alternatively, molecular cloning incorporated

Thailand's fuel standards.
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with site-directed mutagenesis is being performed to produce recombinant enzymes

with desired characteristics (Salihu & Alam, 2014). Yv
In a study by Yang et al. (2006), Lecitase® Ultra, a new mm@pase
developed by Novozymes was applied in degumming of the rapeseed bean oil.

Lecitase® Ultra is a protein-engineered carboxylic ester hydrolase fmermomyces

lanuginosus/Fusarium oxysporum produced by submer d entation of a
genetically modified Aspergillus oryzae. Therefore, it |n the activity
towards both phospholipid and triglyceride structu Intefest When the

temperature is over 40 °C, the phospholipase acti

redominates, Jand ‘t@npase

gu\ egejje oil, and
m‘ert y en@;{ ic catalyzed

hydrolysis to less than 10 mg/kg withi h at 50 °C. O

In another study, the phos ase A, %d y(f}re archae Pyrococcus

activity is partly suppressed. It its application f

the phosphatides in the oil were found to

horikoshii) had been used in cr fmlﬁb Th eazy(lQ acted optimally at 95 °C

and pH 7.0 was found tq%bett’r g mergon refineries, reducing the
276 Other /(\&m'

[
'3
@
Lipases are e(ﬁ?

enzyme%kquenﬂiﬁ)pdust | 'usage of lipases is expected to increase rapidly

in t)gﬁre (Momsia & Mon%\}(;l‘?)

\ome examples of lipase applications include the synthesis wax esters from
G chain carboxylic acid and alcohol, which have wide applications as lubricants
nd additives in cosmetics formulation (Khan & Rathod, 2015). Lipases have also

been widely used to obtain fatty acids and glycerol for soap production (Cherif et al.,

<“</
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2014). All these are due to the ability of lipase to hydrolyze lipids (Zimmermann et
al., 2004). Y-

For environmental sustainability, lipases are used in the process \udes
and skins, where removal of residual fats and protein debris assomatm the hide
and the skin/hair are being carried out by enzymatic process instead of chemical
process. This is due to the inefficiency and environmental M caused by the
latter process. Likewise, in leather industry, lipases help t YI l)f subcutaneous
fat for easily processing of leather. In textile industry, their applic clude the
digestion of non-cellulosic impurities from raw cott fore furthe ro}e@ with
dyes into finished products take place. Besidesyli are i

ed
other aerobic waste processing for the re% f fa&i fr the @e of aerated

tanks to permit oxygen transport.

In green synthesis of fin mmalf%ﬁ;s?ar ,k@'ng used to produce
N,

glucoside esters that are dlfflc.étam'bsmg onve al chemical means. The

environm ‘,Aand are more acceptable due

udge and

glucoside esters are safer to_cons ers[
X

to their rapid biodegra dlo ici
4 .'
and offer attractive rnatlve io \exr ing &Anvrronmental surfactants in various
areas, ranging m user@"detergents, to industrial de-greasing of
metals, elec EE nd | ther oc@ss
ields” rmacs&\cals cosmetics, agrochemicals and medical

S s, Ilpases are empl@“due to their enantioselectivity. In the synthesis of

fheblso exhibit surfactant properties

eutical products for example, the chirality of a compound produced
e mines the inhibition effects against tumor and bacterial agents. Likewise, lipases
ave been employed for efficient production of enantiopure (S)-indanofan, a novel

herbicide used against grass weeds in the paddy fields.
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The remarkable application of immobilized lipases is in biosensors, where
lipases serve as recognition and signalling elements for the detection of i
molecular analyte of interest. Interestingly, the performance of biosensor(%&d on
the extent of enzymatic activity after surface immobilization governe&f&e binding
procedure and interactions between enzymes (detector) to substrates (molecular
analyte of interest) (Abel & Aslan, 2014). \)

X
l
2.8 Enzymatic Synthesis of Esters .\d‘

| o 9
Synthetic esters of carboxylic acids and alcohols h eat commer |a' |Ké&tance
because of their wide applications in industries fo% rag@asmetics,

). In,@:gular, short-

emulsifiers, flavours and fragrances (Var% adra?,
chain aliphatic esters are mainly us %ours an ran QOmpounds in the
food, cosmetic and pharmaceutical %ries. T \ﬁ‘uWy ;Q ake them suitable as
additives in fruit juices, chee d &)ds, ndies @rages and ice creams.

Likewise, esters produced }&ng] y acie’s%nd short-chain alcohols are
used in the food, co% h

plasticizers for PVC; olvents,l g
in hydraulic fluids (Loprest '14).(5'9

armaceuti I’!andbetergent industries; as well as
g <Q
\el\a ditiv (water-resisting agents, lubricants and
¢

Interes ipase+catal d{Jreeebr tion of liquid wax ester has also grown in

NN
the Iast% s asd es ?f the+possibility to obtain a wide variety of high-quality

| L -
productsy under mild cond|® by utilizing the substrate selectivity of such

b sts. Liquid wax esters have been obtained in high yields by esterification of
-chain fatty acids and long chain fatty alcohols and in moderate to good yields by
teresterification (alcoholysis) of triacylglycerols or natural fats and oils with long-

chain alcohols.
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A range of fatty acid esters are being produced using immobilized lipase in

non-aqueous solvents. They are esters produced from long chain fatty acids (12-20

AN

carbon atoms) as well as short-chain fatty chains (2-8 carbons atoms) with various

\

applications in industries (Kraai et al.,, 2008). Recently, fatty acid esters with

.
surfactant and combustible properties, have also received widespread attention from

oY
scientists due to their similar wide applications in various industries, including

A
chemical industry. This include the biodiesels, the mono-alkyl esters of long chain

1V !
i y
fatty acids, which is receiving increasing attention from researchers due to the global
& VI o7 X
shortage of fossil fuels, the increasing price of crude oil and environmental pollution
¥ e

4
concerns (Shah et al., 2018). v' \\ A g

The production of biodiesel using base-catalyst in the transesterification of

LY o L2

edible oils with methanol have several drawbacks such as the co;nplication of the
y o/

= - N ﬂ“ 4 .
procedure, more methanol needed for the process, products are hard to reclaim, and

_ N Ty A N
environmental pollution. Lipase-catalyzed synthesis has therefore become a promising

N N W

method to synthesize biodiesels owing to the ad’vantage§ of the biocatalysis (Ghamgui

et al., 2004). Q)T , ‘_' §

’ &
2.8.1 Butyl OI%ESters' ' O

The esterifi aGUrDof oleic_a a'ndél?ohols, catalyzed by lipases, leads to the
% NN
product% longZChai Pate es&s with properties suitable for use in cosmetics,
e e

pha ticals, lubricants, oa@ﬂes, polishers and protective coating agents. In
N

a x butyl oleate, an ester produced from the combination of oleic acid and
ol (short chain alcohol) is useful as a diesel additive, a polyvinyl chloride
lasticizer, as water resistant agent and as hydraulic fluids. The syntheses of oleate
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esters via enzymatic processes have been reported by many researchers, over the

years. Y'
| | —

Among the various forms of enzymatic oleates syntheses reported include

canola phytosterols oleate as cholesterol lowering agent by plant lip m Carica

papaya, Ricinus communis (castor bean lipase) and microbiR lipases from

Rhizomucor miehei, Candida antarctica lipase B and Candidew (Villeneuve et
O

al., 2005), fructose oleate by Candida antarctica lipase B 135) (Sabeder et
al., 2006), ascorbyl oleate by Candida antarctica lipase dam zwnscheuer,

@
zym 435) lm@Yzed
I_Q ang{’&'l., 2007)

2009), propyl oleate by Candida antarctica lipase B
Aspergillus oryzae (Lipozyme TL IM and Li

and butyl oleate by Lipozyme® (Kwon et
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