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Abstract

Enzyme immobilization has been significant in applying polymer membranes to
prevent biofouling or to create catalytic reactions. So far, several modification
methods have been employed for modifying surface of membranes. Among
these methods, enzyme immobilization on polymeric membranes have gained
much attention. Enzymes can be immobilized either via physical or chemical
methods. This review summarizes the recent literature on modification of
polymer membranes using various immobilization techniques.
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1. INTRODUCTION

Membrane technologies have been widely used for reducing water consumption, reusing and recycling treated
water, and producing freshwater via desalination. Membrane treatment offers better water quality when compared
with other treatment methods. However, membranes can be used as reactors for achieving simultaneously catalytic
reactions and separation process. Membrane reactors, which benefit from collaboration of different disciplines
such as chemical reaction engineering, separation technology, materials science, also mathematical modelling
aspects. They couple chemical reactions with membrane separation and provide a cost effective and more system
design besides improved performance with regard to selectivity and/or yield [1]. Extensive research is still going
on to modify membrane surfaces and enzyme immobilization on polymeric membranes to obtain biocatalytic
membrane reactors.

In this review, recent developments, applications and future perspectives in enzyme activated membrane reactors
are discussed.

2. CATALYTIC MEMBRANE REACTORS

Membranes are semi-permeable thin layer of materials capable of separating contaminants as a function of their
physical or chemical properties and therefore they have been preference of choice in clean and valuable separation
processes as well as for removal of suspended particles and microorganisms [2]. There are different types of
membranes which can be classified according to their pore sizes and charge affinity. Therefore, they are utilized
in a wide range of applications such as microfiltration (MF), ultrafiltration (NF), nanofiltration (NF) and reverse
osmosis (RO) [3].
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When rejected macromolecules or other substance solutes are adsorbed in the pores of the membranes plugging
occurs which causes membrane fouling [4]. The factors, which are responsible for membrane fouling can be
grouped under three main categories [5,6]: (i) feed suspension properties such as particle size, particle
concentration, pH and ionic strength), (ii) membrane properties such as hydrophobicity, charge and pore size), and
(iii) hydrodynamics such as cross-flow velocity, transmembrane pressure.

There is an increasing interest in producing biocatalytical membrane surfaces by immobilizing enzymes on
membranes for to obtain catalytical membranes as well as for to minimize membrane fouling so that these
membrane systems can be employed as reactor. There are many reactor types currently in use today. Among many
reactors immobilized enzyme membrane reactor (IMEMR) is usually preferred as a suitable platform for
continuous reactor operation that does not require an additional step to recover the enzyme [7,8].

3. ENZYME DEFINITION

Catalysts are used for increasing reaction rates without being a part of the reaction products [9]. Enzymes, which
are the biological catalysts, have high specificity and catalyze or in other words increase the rate of one or few
closely related chemical reactions without altering the equilibrium state. Enzymes acting as catalyst lower the
activation energy and thus increase the rate of the reactions in the cells, which would not have occurred even over
time periods of years, and enable these reactions occur in fractions of seconds and finally attain the equilibrium
state (Figure 1). If enzymes had been absent most cellular reactions would not have even occurred and if cellular
reactions had not been fast it would be impossible to see life in its present form. As any other catalyst enzymes
themselves also undergo transient changes during the reactions. However, in the overall process, enzymes do not
undergo any net change [10]. Enzymes as catalysts take place in some vital processes such as:

1) regulating the structure and function of cells and organisms,

2) synthesizing and breaking down biochemical building blocks and macromolecules,

3) transmitting genetic information,

4) transporting compounds across membranes,

5) providing motility of organisms,

6) converting chemical energy,

7) enable biochemical reactions proceed at the necessary rate in physiological conditions.

One of the most basic and characteristic feature of enzymes is their specificity. To state it in other words, each
reaction in the cell is catalyzed by its own, specific enzyme. Specificity of enzymes depends both on the structure
of the enzyme and the active sites where the substrate molecule -the substances upon which enzymes act- binds
on the enzyme. Substrate do not necessarily have to be small molecules they can also be macromolecules like the
enzyme itself like trypsin which is the enzyme that uses polypeptides as substrates and acts on them by hydrolysing
the peptide bonds [10]. Enzymes function over the mechanism that proceeds through binding to the substrate at
the beginning via non-covalent interactions such as hydrogen bonds, ionic bonds and hydrophobic interactions.
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Figure 1. Activation energy versus reaction progress for a catalyst
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Enzyme Immobilization Techniques

Enzyme engineering, which heavily relies on enzyme applications and thus mostly benefits from enzyme
immobilization as a powerful tool, plays a vital role in the biotechnological processes [11,12]. Incorporation of
enzymes in artificial membranes perform bio-chemical transformation of substrates during filtration of feed
solution and doing this in a continuous mode with improved stability and activity has gained much importance
[13,14]. These bio hybrid systems, which can be considered micro or nano chemical reactors, have become a
breakthrough in membrane technology [15].

The success of enzyme applications is related to the success of enzyme immobilization which depends on the
following criteria: (i) resistance of enzyme to leaking, (ii) high enzyme activity which can be retained over a long-
term use and storage; (iii) no unfavorable alterations in kinetic properties; (iv) immobilization matrix should be
negligible diffusional limitation and fouling; (v) sustained operational stability under adverse environmental
conditions; (vi) fast catalytic activity exhibited by enzymes; (vii) proper enzyme immobilization density with
adequate orientation; (viii) reasonable operational costs and additional costs (i.e. career and fixing agents and
immobilization process), (ix) easy access to immobilized matrixes (or support materials) [11]. The last criteria
indicate that proper selection of the support materials (i.e. solid beads, porous particles or membranes) plays a key
role in enzyme immobilization. This selection can be made either according to the chemical (i.e. hydrophilicity,
hydrophobicity, ionic charges) or geometric properties (i.e. shape, size, porosity, pore size distribution) of the
support material [11,16,17].

The structural or the geometric properties of the support material such as the particle shape and size have profound
effect on the intrinsic activity of the enzyme-loaded particles [11,18]. For instance, the carriers with spherical
shape have large surface area and high enzyme loading capability. Particles with pore sizes in the 10 to 100 um
range — micro particles — have been preferred in food, pharmaceutical, biofuel cell production, and bioremediation
[9,11]. However, particles with pore sizes <0.1 um — nanoparticles — have mostly been preferred in medical
applications such as biological/chemical sensing, drug delivery and disease diagnostics [19].

Depending on their chemical properties carriers can be categorized as inorganic and polymeric materials. Due to
the favorable mechanical properties and facile tailorability of the latter category polymeric materials have become
preference of choice in most of the applications [20]. Moreover, chemical properties of the support material
determine the route of immobilization. That is to say whether immobilization will go through the route of binding
to the support (physical adsorption, ionic bonding and covalent bonding) or will be via entrapment as well as
encapsulation within the support, or cross-linked on the support. A schematic illustration of enzyme
immobilization methods is presented in Figure 2.
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Figure 2. Schematic explanation for enzyme immobilization techniques

A key factor in enzyme immobilization is choosing the appropriate support since to a great extent the nature of the
support and its bonding with the enzyme is the determining step regarding the efficiency of the enzyme. Therefore,
it is necessary that the support has high affinity or capacity for enzymes. Moreover, the chemical structure of the
support should enable the interaction between the enzyme and the substrate be maximum. Besides favorable
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chemical properties, an appropriate support should have thermal resistance, chemical durability and be resistant
against contamination and fouling and at the same time be cost effective [21]. Additionally, a preferred
immobilization technology should have the following features: (i) enzyme reuse; (ii) favorable working pH and
temperature; (iii) product separation should be easy; (iv) possibility of co-immobilizing different enzymes reactor
design should be simple; (v) wider choice of reactors [22-24].

When working with enzyme immobilized membranes it is a key factor to avoid deactivation of the enzyme. Since
the substrate is retained in the reactor for a much shorter time than the immobilized enzyme, immaobilized enzyme
membrane reactors is much more efficient than batch operations on the condition that the immobilized enzymes
are replaced with fresh enzymes for the purpose of cleaning the membrane when the membrane gets oversaturated
with the substrate [25,26]. Therefore, reactors play a key role in the success of the operation of the immobilization
technology.

4. DIFFERENT TECHNIQUES FOR ENZYME IMMOBILIZATION ON POLYMERIC MEMBRANES
FOR BIOCATALYTIC REACTORS

4.1. Physical Immaobilization on Polymeric Membranes
4.1.1. Adsorption

Adsorption is the method of preference for enzyme immobilization due to its simplicity. One of its main
disadvantages is its limited turn over number since the enzyme leaks from the matrix. In a research conducted by
Giorno et al. [27] a multiphase enzyme-loaded membrane system was used for investigating mass transfer
performance of naproxen acid and ester [27]. This system was preferred for preparing two-separate phase enzyme
membrane reactor (TSP-EMR). The experimental set-up is presented in Figure 3. The TSP-EMR was used for
converting racemic ester of naproxen into the corresponding S-naproxen acid in an enantioselective manner. Since
the transport kinetics of the system were investigated when there was no biochemical reaction, the overall mass
transfer coefficients of naproxen ester, which is the reactant, and S-naproxen acid, which is the product, through
the TSP-EMR was measured via loading a deactivated enzyme on the membrane. This loading was carried out
under two different conditions, which are either the enzyme was immobilized alone on the membrane or the
enzyme was immobilized in the presence of oil/water (o/w) emulsion, which constitutes the multiphase system,
where the organic and the aqueous phase are separated by a polymeric membrane. The transport rate of naproxen
acid, which is polar in nature, and naproxen ester, which is apolar in nature, through the polymer membrane (50
kDa molecular cut-off), hydrophilic in nature, and through the enzyme immobilized membrane systems in the
presence and absence of o/w emulsion were evaluated. The membrane was placed in upright position and no
pressure was applied from neither side of the membrane (TMP = 0) (Figure 3).

The transport rate of naproxen acid from shell-to-lumen was measured at 30 °C with initial acid concentration of
2.53 mM in the reservoir of shell side. The shell and lumen sides were found to have Reynolds (Re) numbers of
17.0 and 122.1, respectively. The results revealed that the change in concentration of naproxen acid in the shell
and lumen sides would be asymptotic. The relationship between the change in the concentration of Naproxen acid
in the lumen side and the contact time between the solutions on the shell and the lumen sides was in direct and
linear proportion. It was found that after 22 h continuous operation the concentration of naproxen acid in the lumen
side was around 0.34 mM and under these experimental conditions the transfer rate of naproxen acid was about
4.21x10—6 mMs—1.

The transport of naproxen ester through the membrane from the shell to the lumen side at 30 °C was investigated
with (R,S)-naproxen ester with an initial concentration 2.50 mM in the reservoir of shell side was investigated.
The Reynolds numbers in the shell and lumen sides were found to be 30.6 and 157.0, respectively. The change in
the concentrations of naproxen acid and naproxen ester in the membrane were similar to each other. Under the
said experimental conditions, the transfer rate of naproxen ester was about 7.8x10—8 mMs . The transfer rate of
naproxen acid was two orders of magnitude more than the transfer rate of naproxen ester.

The transport kinetics (i.e. transport rate and the overall mass transfer coefficient of naproxen acid and naproxen
ester) as a function of fluid dynamic parameters (i.e. axial velocity) were investigated. It was observed that Koy
and the axial velocity was directly proportional with each other, but Ko, for naproxen acid (~1077) was higher than
that for naproxen ester (~107°). It was also observed that presence of emulsion during immobilization of the
enzyme improved the mass transfer of naproxen ester through the membrane. It was reported that knowing the
mass transfer properties of both naproxen acid and the ester that is of the reactant and the product enabled the
reactor to be used at the highest performance for the enantioselective hydrolysis of racemic mixtures of naproxen
methyl ester into S-naproxen acid.
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Figure 3. Schematic diagram of the TSP-EMR (V: stands for valve; S: for shell side; L: for lumen side; MST: for
magnetic stirrer with temperature controller and P: manometer. The arrows show the direction of the flow in the
system) [27].

Xu et al. have reported a method for fast protein digestion via stable microporous reactor prepared by a simple and
cost-effective method based on sequential adsorption of poly(styrene sulfonate) and trypsin in nylon membranes
[28]. Proteolysis was facilitated by the high local trypsin concentration and short radial diffusion distances in
membrane pores that occurred in a few seconds. Since the pressure drop across these thin membranes was small
these membranes were appropriate for use in syringe filters. After bovine serum albumin was digested via the
membranes and 84% sequence coverage was attained. This was higher than the coverage obtained with a 16 h in-
solution digestion, which was 71%, and that was obtained by other methods utilizing immobilized trypsin, which
was less than 50%. Protein digestion in membranes modified with trypsin occurs when 0.05 wt% sodium dodecyl
sulfate (SDS) is present. However, at the end of in-solution digestion under similar conditions no peptide signal is
observed in the MS spectra. It was observed that presence of SDS had no effect in this. This study reports that the
shelf life of these membrane reactors is not less than several months and these membranes can digest protein
continuously for more than 33 h while maintaining their activity considerably.

As presented in Figure 4, the solution, which pass through the commercially available polymer membranes,
separates into many streams. The micrometer-size pores of these membranes cause the radial diffusion distances
between the solution and the wall of these membranes to be short (~1 pm). Therefore, these membranes are
considered to be similar to monoliths.

“we” peptide

Serum albumin

Figure 4. Schematic presentation of a membrane reactor for tryptic digestion [28].

As can be seen in Figure 5, a 4 mm disk was cut from a 25 mm-diameter membrane modified with trypsin and
inserted in an Upchurch low-pressure in-line filter system where a frit was placed between the membrane and the
downstream tubing for samples of a few microliters.
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Figure 5. Schematic presentation of the miniaturized membrane holder (top), the Swinnex Holder (bottom left),
and a photograph (bottom right) of the 25 mm membrane disk and a miniaturized membrane [28]

Trypsin concentration in the membrane pores was found to be high when PSS and trypsin were sequentially
adsorbed in nylon supports. This provided proteolysis to ocur in short residence times of a few second. MALDI-
MS results revealed that the protein sequence coverage achieved in digestion of R-casein by membranes was
similar or higher than that obtained in in-solution digestion. It was observed that the MS detectable peptides
obtained in BSA digestion, in-solution digestion and other digestion techniques such as those using trypsin
immobilized monoliths was at least 1.4 times less than that obtained via digestion in membranes. Miniaturized
membranes provide several advantages such as low sample consumption (i.e. a few microliters) and short
processing times (1,7 pL solution/min). Moreover, if the conditions are optimized this time may decrease
significantly. On the other side, when immobilized trypsin is used digestion may even take place in solutions
containing 0.05% SDS. However, no. MALDI-MS signal was observed for solution digestion under similar
conditions even when SDS was removed from the solution by cation-exchange before the analysis. It is expected
that trypsin-modified membranes would facilitate protein analysis due to the advantages they offer such as long-
term stability and simple fabrication and those mentioned above [28].

4.1.2. Entrapment

Amounas et al. [15] used entrapment method to immobilize glucose oxidase (GOD) and peroxidase (POD)
enzymes in a polypyrrole matrix by an avidin—biotin molecular recognition process. The mechanism is given as
follow:

Glucose + O, — . GOD + H;0; + gluconolactone
H202 + PODox pODred + HZO

PODyeq + pyrogallol ’ purpurogallin + PODy

The enzymes were immobilized in electro-polymerized polymer using a biotin labeled pyrrole precursor. The
amount of enzyme entrapped in the polymeric matrix was 60% and 83% for GOD and POD, respectively. The
fabricated enzyme activated membranes showed a good performance during the permeation of the substrates which
were glucose and hydrogen peroxide for GOD and POD enzymes, respectively. The reactive membranes catalyzed
the oxidation of glucose in the presence of oxygen by GOD activated membrane whereas the reduction of hydrogen
peroxide in the presence of the oxidant pyrrogallo by POD activated membrane. The enzyme activated POD
membrane exhibited excellent stability with less than 6% decrease of activity when stored for 80-day. They
concluded that enzymatic membranes can be used for the treatment of aqueous media due to high enzyme
immobilization and stability [15].

Giorno et al. [27] immobilized in a polyamide capillary polymeric membrane by entrapment method using the
lipase from Candida rugosa to develop a multiphase enzyme membrane reactor. The reactor was designed to have
a configuration of a two separate phase emulsion enzyme membrane reactor (TSP-E-EMR) and two separate phase
enzyme membrane reactor (TSP-EMR) (Figure 6).
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Figure 6. Schematic representation of the membrane reactors used: (a) the two separate phase emulsion enzyme
membrane reactor (TSP-E-EMR) and (b) the two separate phase enzyme membrane reactor (TSP-EMR) [27].

A stable and uniform oil-in-water emulsion was prepared by membrane emulsification. The enzyme was used in
free form and it was performed using triglycerides as substrate in a stirred tank reactor. The results indicated that
the specific activity of the enzyme in the presence and absence of emulsion was the same and organic phase did
not hinder enzyme performance. TSP-E-EMR and TSP-EMR reactors were also tested with triglycerides present
in olive oil as substrate. It was observed that productivity increased from 5.2x10™* mmol/min to 4.94x1073
mmol/min. The results showed that the presence of the emulsion had significantly improved the catalytic activity
in the reactor. The presence of emulsion increased the mass transport of the hydrophobic substrate through the
membrane and immobilization improved enzyme stability [27].

In a study by Bohdziewicz [29], the possibility of phenol biodegradation in coke wastewater by enzymes isolated
from a bacterial strain of Pseudomonas sp. was investigated. The enzyme was immobilized in the porous structure
of an asymmetric polyacrylonitrile ultrafiltration membrane. The influence of process parameters such as
transmembrane pressure (AP), stirring rate, and feed concentration of phenol on the effectiveness of ultrafiltration
enzymatic membranes was systematically investigated.

When the transmembrane pressure was increased from 0.5x10° to 1.0x10° Pa the permeate flux increased at a 49%
ratio. Further increasing in AP from 1.0x10° to 2.0x10° Pa and from 2x10° to 3.0x10° Pa increased the permeate
flux by 57% and 23%, respectively. Nevertheless, it cannot be said that there is a linear relationship between the
flux and the pressure for the enzymatic membranes examined. An increase in pressure does not always mean an
increase in the flux. However, as the pressure increased in the range from 0.5x10° to 1.0x10° Pa the degree of
phenol biodegradation also increased (from 23 to 33%). The stirring rate also affected both the permeate flux and
the phenol biodegradation. An increase-in the stirring rate up to 500 rpm caused an 8% increase in the permeate
flux. However, the degree of phenol biodegradation reached the maximum value (27%) at 400 rpm and did not
change for stirring rate between 400 and 500 rpm. Feed concentration of phenol was tested for the range from 1 to
7 g/L. The permeate flux decreased by 6% when the phenol concentration was increased up to 7 g/L. Moreover,
high degree of phenol biodegradation (from 10% to 38%) was achieved when phenol concentration was increased
in the range from 1 to 7 g/L. The enzymatic membrane was also tested using coke wastewater. It was reported that
the rate of filtration did not change over 18 h in the filtration process. The degree of phenol biodegradation
increased from 36 to 57% during the first 3 h and then decreased and attained stability at 40% after 7 h.
Deterioration in the enzymatic properties of the membrane was explained by the destructive influence of coke
wastewater on the immobilized enzyme complex [29].

4.2. Chemically Immobilization on Polymeric Membranes

4.2.1. Covalent Attachment

Gupta et al. [30] have immobilized Lipase on polyvinyl alcohol photo modified polysulfone (PS—PVA)
membranes. The maximum loading capacity for PS-PVA membranes was 1.48 mg/cm?. It was observed that there
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was a direct correlation between the amount of lipase, which can be immobilized on the membrane, and the PVA
content in the PS-PVVA membrane. The hydrolytic performance of both the lipase immobilized PS (lipase-PS) and
lipase immobilized PS-PVA-glu (lipase- PS-PVA—glu) membranes were determined against olive oil and the free
fatty acid (FFA %) and acid value (AV) for PS—-PVA-glu, which were determined by titrimetric analysis, were
found to be 1.53 and 3.04, respectively. The Kn and Vmax Values were found to be 105 mM and 0.9 mM/min for
lipase-PS—-PVA—glu and 153.8 mM and 0.51 mM/min for lipase-PS. Lipase-PS—-PVA—glu membranes were found
to be more stable than lipase-PS membranes. It was observed that after five cycles of use there was only 10.7%
decrease in reusability of Lipase-PS—-PVA-glu membranes whereas there was 33.3% decrease in reusability of
Lipase-PS membranes. The reaction mechanism with PVA and glutaraldehyde is presented in Figure 7.
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Figure 7. Reaction mechanism for immobilization of lipase on PS—PVA using glutaraldehyde [30].

It was reported that the amount of PVA on PS increases when dipping time increases and the efficiency of
immobilization depends on the PVA content. Maximum amount of saturation, which was 2%, was observed to
occur in 30 min. It was also observed that both for unmodified PS and PS-PVA membranes, glutaraldehyde
concentration affects immobilization concentration which was found to be 2% for 30 min dipping time. It is
expected that for other PS-PVA membranes it would be very similar. In this study, membrane surfaces were
modified via photo-irradiation technique which was verified via FTIR, contact angle and pure water permeability
measurements. It was observed that the longer the period the membranes were dipped in PVA solution the more
PVA content was on the membranes [30].

The XRD and SEM results showed that lipase was successfully immobilized on the membranes. The change in
the amount of immobilization was as follows: PS-PVA-glu[PS—glu[PS-PVA]. Covalent binding of
glutaraldehyde in PS-PVA—-glu membrane provided better immobilization efficiency than adsorption. As the
amount of lipase on PS-PVA—glu membrane was more than that on the PS the total hydrolytic activity of lipase
was found to be higher for PS—-PVA—glu membranes. Among the factors of the hydrolytic reaction that influenced
the hydrolytic activity pH, temperature and substrate concentration were investigated. Maximum hydrolytic
activity was achieved at pH 8 and at 37 °C and at a concentration of 150 mM. As the acid values obtained via the
titrimetric and GC methods indicate, the amount of free fatty acid (FFA) liberated by PS—PVA immobilized

European Journal of Engineering and Natural Sciences

33



34 Dizge et al.

membrane was more than that liberated by PS. The data obtained fit the two linear equations: Lineweaver—Burk
and Hanes plot. When compared with PS membranes, higher hydrolytic reaction rate (Vmax) was achieved with
PS—PVA-glu membrane and the lower Km values obtained with Lipase-PS—PVA-glu membrane compared to that
obtained with lipase-PS membrane indicates the greater affinity to olive oil. Upon investigating the reusability
feature, it was found that Lipase-PS—PVA—glu was —lipase membrane had better stability [30].

Gulec et al. [31] investigated how surface characteristics, chemical and physical structure of the CA membrane
surfaces affected the immobilization yield and the enzyme activity of unmodified and plasma modified cellulose
acetate (CA) membranes affected efficiency of immobilization of —galactosidases obtained from Kluyveromyces
lactic (KLG), which is an essential enzyme in food industry, and its galacto-oligosaccharide (GOS). Surfaces of
CA membranes were modified via low pressure plasma treatments involving oxygen plasma activation, plasma
polymerization (PIsP) of ethylenediamine (EDA) and PIsP of 2-mercaptoethanol. Through plasma polymerization
the NH. and SH groups from EDA and 2-mercaptoethanol precursors could be incorporated onto the surface of
CA membranes. Moreover, PEI could succefully be used to coat enzyme layers on EDA modified CA membrane
surface upon plasma polymerization of the surface.

KLG enzyme was immobilized on unmodified and oxygen plasma treated membranes via physical binding. It was
observed that CA membranes modified via oxygen plasma activation had higher hydrophylicity and
immobilization efficiency increased by a factor of 42%. The enzyme, KGL, was covalently immobilized on CA
membranes via amino groups created by PIsP of EDA. Activating the membrane via plasma at 60 W plasma power
for 15 min. increased the amount of enzyme immobilized by 3.5-fold. When the amount of amino groups were
enriched via polyethyleneimine (PEI) addition this 3.5-fold increase was observed to be 4.5-fold. Probably due to
the adverse effect of the active amino groups although enzyme loading efficiency (65-83%) was high the enzyme
activity and GOS yield dramatically decreased (11-12%). It was observed that CA membrane surfaces modified
with thiol groups created by PIsP of 2-mercaptoethanol provided more effective immobilization of KLG enzyme
with immobilization yield of 70% as well as high enzyme activity of 46%. Enzyme immobilized CA membranes
treated by PIsP could be successively used for 58 cycles at 25 °C and the enzymatic derivatives could retain 75—
80% of their initial activites after the cycles. Low temperature plasma is an important technique for modifying
several polymeric membranes effectively [31].

It was observed that the techniques employed for immobilizing enzyme KLG had great impact on the apparent
parameters of the enzyme-catalyzed reactions. The presence of KLG on membranes significantly changed the
kinetics of GOS production. The GOS vyield for separating monosaccharides from reaction mixture, selectively,
was improved via PIsP of EDA modified CA membranes. High reactor productivity could be achieved via the
combined system based on simultaneous production and separation with high enzyme loading. However, this
system is still under development.

In a study by Hilal et al. [32] physical and chemical immobilization methods were used for immobilizing lipase
enzyme on ultrafiltration membranes which were namely the regenerated cellulose (CO30F) and polyethersulphone
(PM30) membranes. In these methods, the lipase enzyme was either immobilized on the membrane via non-
covalent method that is adsorption (Figure 8a), or it was incorporated in the membrane structure by filtration which
was another noncovalent method or the enzyme was incorporated in the structure of the membrane via chemical
method which was covalent attachment of lipase to the membrane (Figure 8b). These membranes were investigated
for their catalytic properties in the reaction of butyloleate synthesis where the oleic acid was esterified with n-
butanol in isooctane. The results showed that highly effective bio-catalytic membranes were prepared by inclusion
of lipase in the wide pores of the supporting layer of the membrane. These lipase-immobilized bio-catalytic
membranes provided oleic acid conversion at a degree of about 70-72% in a reaction time of 8 h. However, under
the same experimental conditions, the bio-catalytic membranes obtained via adsorption or covalent immobilization
of lipase could give substrate conversion of only 22-28 and 18-21%, respectively. The substrate conversion values
were higher for membranes with filtration-immobilized lipase than those for membranes with adsorbed lipases
since more lipase could be loaded on the membranes.

The study revealed that the distribution profile of the lipase in the membrane is an important factor in achieving
effective enzyme utilization. Atomic Force Microscopy (AFM) was used for the profile imaging and the direct
measurement of the interaction force between the lipase-coated tip and membrane surfaces. It was found that the
direct measurement method is a useful and practical approach for choosing the right membranes as porous
polymeric support for immobilizing lipase via adsorption [32].

The data on mass and area reaction rates indicate that at high enzyme loadings achieved in the filtration technique
essential mass transfer is limited. The catalytic activity achieved in enzyme immobilization by filtration in the
sponge layer of the asymmetric membranes provided higher catalytic activity compared to that obtained with the
enzyme immobilized on the active membrane layer. In other words, the distribution profile of the lipase in the
membrane has significant role on the effectiveness of immobilized enzyme. In a wide range of concentration, such
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as 0.034-0.68 g protein/m?, for enzyme loading a very small change of 63-72 and 43-48%, was achieved in the
substrate conversion degree via the membranes with lipase immobilized in sponge or in active PM30 membrane
layers, respectively. This indicates that not all the enzyme in the membrane is involved in the reaction. Hence,
excessive loading of the enzyme in the membrane would not necessarily be beneficial.

C030F membrane on which the enzyme was adsorbed were more active in esterification reaction than the
membrane on which the enzyme was covalently immobilized (Figure 8b). This may be due to conformational
changes in the tertiary structure of the enzyme during its covalent immobilization on the membrane leading to
some loss in the activity of the enzyme. In situations when a HMD spacer exists between the surface of the
membrane and the chemically bound enzyme, negative effect of covalent immobilization decreases while the
reaction rate of esterification increases.
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Figure 8. Schematic presentation of chemical binding of the enzyme lipase on the cellulose CO30F membrane
without (a) and with (b) a HMD spacer [32].

Vitola et al. [33] investigated the catalytic performance of a mutant, namely, SsoPoxW263F of the thermophilic
Phosphotriesterase-like lactonase (PLL) isolated from Sulfolobus solfataricus (SsoPox). Lactonase was both
introduced on free and immobilized membrane systems by using pesticide paraoxon as substrate. Bio-catalytic
membrane systems which were obtained by immobilizing the single mutant on/into hydrophilic (Nonstandard
grade Polyethersulphone, NGS-PES) and hydrophobic (Polyvinylidenefluoride, PVDF) membranes, could be used
in the liquid and in the vapor phase for decontamination of water and air, respectively. stability of the developed
systems was determined by investigating the vapor and water permeability, catalytic activity of the free and
immobilized enzyme as well as enzyme stability of the membranes for a period of more than 5 months. The results
showed that the free mutant showed a higher performance up to 30 days, but after two months’ period it lost its
activity completely. However, although the bio-catalytic membranes lost their activity in the first days almost no
instability in a period more than 5 months. For instance, when the mutant was immobilized on/into NSG-PES, the
residual specific activity was about 54% and when it was immobilized on/into PVVDF the residual specific activity
was about 5%. The residual specific activity could be enhanced by changing the amount of mutant immobilized
on the PVDF membrane. A trade off was found between the amount of immobilized enzyme and the catalytic
performance. While the residual specific activity could be improved for both bio-catalytic membranes sat least 5
months, the free system almost lost all its activity after two months. On the other hand, both bio-catalytic
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membranes provided the same results in terms of vapor flux when water vapor was fed to them. This result may
render this application the choice of preference in vapor phase decontamination applications [33].

Water and vapor permeance and flux through the native NSG-PES and functionalized NSG-PES-GA-SsoPox
membranes and the relationship between these parameters and the pore size measurements before and after enzyme
immobilization were measured. There was no considerable change in pore size, membrane wettability, water
permeance and vapor flux after membrane biofunctionalization. Hence, it can be said that biofuctionalization
process do not change the membrane properties [33].

4.2.2. Cross-linking

Atia et al. [21] investigated application of immobilized lipase enzyme on different radiation grafted polymeric
films such as polypropylene (PP) and poly(tetrafluoroethylene-perfluroro-propyl vinyl ether) (PFA) using
glutaraldehyde as cross linker. The polymeric membranes were modified by direct radiation grafting method and
were grafted via Co60 y-rays at a dose rate of 1.85 Gy/s. The modified membrane was activated by glutaraldehyde
and lipase enzyme immobilized on the glutaraldehyde-activated membrane. The factors, which have pronounced
effect on lipase activity such as graft yield, enzyme concentration, y-irradiation, temperature, and pH, were
systematically investigated. Activity of the immobilized lipase increased up to 178.5% upon grafting for PP, but
it decreased when grafting was increased. This decrease in activity is attributed to the formation of multi bonds
between lipase molecule and the PP-g-P(MAAc) membrane leading to increased AAc concentration. The
immobilized lipase activity on PFA membrane increased with the percentage of grafting. Besides this increasing
the amount of added protein resulted in a decrease in the activity of the retained enzyme. A study on the effect of
y-irradiation revealed that the free lipase lost about 50% of its relative activity when exposed to a dose of 2 Mrad
and lost the rest of its activity upon exposure to a dose of about 5 Mrad. The results showed that irradiation at a
dose of 5 Mrad caused no significant loss in the relative activity of the immobilized lipase. Immobilization of
lipase on polymeric membranes had a shielding and stabilizing effect for the enzyme against radiation and the
produced free radicals. The experimental results showed that the optimum temperature and pH were 40°C and 8.0,
respectively, for free and immobilized lipase. The kinetic studies showed that the K, value, which is a measure of
the rate of reaction, decreased for immobilized lipase [21].

Gebreyohannes et al. [34] investigated the performance of an innovative magnetic responsive bio-catalytic
membrane reactor (BMRSP) under various operational parameters. The effect of feed flow rate, temperature, feed
concentration, and enzyme concentration were investigated via cross-linking of the pectinase enzyme (Figure 9).
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Figure 9. Schematic illustration of the filtration set-up consisting of a syringe pump with two heads, two
syringes each having 100 mL capacities, dead end filtration cell containing dynamic layer of pectinase activated
magnetic nanoparticles (EnzSP), parallel control filtration cell containing dynamic layer of neutral magnetic
nanoparticles (NPSP) and two parallel permeate tanks and digital manometers [34].
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It was observed that the feed flow rate affected the average degrees of conversion at 5, 15, 30 and 45 L/m? h as 28,
31, 28 and 34%, respectively. When the thermal stability of the BMRSP were tested in the temperature range
between 25-40 °C, it was found 40 °C was the optimum temperature at which the enzyme pectinase provided the
best efficiency. At 40 °C, the reaction rate was fast and accumulation of unreacted pectin was lower than that at
25 °C. At the lower temperature additional hydraulic resistance occurred and this induced a constant raise in the
TMP.

Penicillin G acylase was immobilized on highly porous cellulose-based polymeric membrane in the presence of
different ionic molecules/compounds which were used as ligand. The buffer flux at a pressure of 0.5 bars was
1,746 LMH (L m™2 h™1). Activity of the immobilized enzyme was found to be around 250 UApp in the presence
of a ligand such as proline, tryptophan, casein acid hydrolysate, and brilliant green. Different ligands provided
different percentage immobilization yield (IMY%) and percentage of activity retention (RTA%). For instance,
while the IMY % for proline was found to be less IMY % (—58) and the RTA% (— 71) higher, the specific activity
was observed to be 145 UApp g% However, when the brilliant green was prepared via crosslinking it via
glutaraldehyde, activity of the immobilized enzyme was found to be 82+2.7% after a using it for successive five
cycles. On the other side, when free enzyme was compared with the enzyme immobilized on the brilliant green
coupled membrane it was observed that at there was 2.4-fold increase in Ky, value (47.4 mM) and they had similar
optimum pH, which was 7.2, and temperature, which was 40°C. The results showed that the immobilized enzyme
retained almost 50% of its activity even being used for 50 cycles and after 107 days. However, after the enzyme
immobilization the buffer flux decreased by almost 50%.

However, although after 30 cycles buffer flux decreased by 38%, this decrease reached a steady state after 16
cycles. The flux pattern is of great importance as this would be an important parameter in assessing the operation
life of the membrane that hosts the enzyme. Almost a 50% decrease was observed in the buffer flux after the
enzyme was immobilized. This shows that immobilization procedure affects pore size of the membrane. The results
for 30 cycles of operation were studied. Although the average buffer flux observed after the first 1-15 cycles of
operation was 655+83 LMH, it was 54515 LMH for 16-30 cycles of operation. The studies showed that the
average sample flux for the first 1- 15 cycles was 43694 LMH; but for 16 to 30 cycles it was 310+11 LMH. These
results indicate that the change in the flux value becomes less at higher numbers of cycles of operation and at even
higher values it approaches a steady state. After 30 cycles of operation, the buffer flux pattern decreases by almost
38%. This indicates that around 60% active flux of the membrane remains intact and this value can be interpreted
as the membrane has good operation life. In this study, it was observed that Proline selectively adsorbs penicillin
G acylase, but the stability is less. The results indicate that stability may be enhanced if the binding chemistry is
improved. The significant activity retention of Penicillin G acylase immobilized on the brilliant green coupled
membrane and its storage and operational stability besides the flux pattern rendered it successful. This technology
would be of preference of choice in industrial applications if an enzyme obtained from the modified microbial
strain is used in immobilization [34].

Present work primarily deals with an exhaustive investigation on the effect of -galactosidase (EC 3.2.1.23)
immobilization on polymeric polyether sulfone, cellulose triacetate and thin film composite polyamide membrane
to produce galacto-oligosaccharides from lactose. Fouling is one of the key issues that control any membrane
separation process to obtain the desired product. Especially, this issue with membrane becomes multiplied after
making any attachment of immobilization chemicals on its surface, i.e. in case of enzymatic membrane reactor.
Present work thus aims to identify the insights of carbohydrate interactions with the membrane surface after
immobilization and how far it controls the production of galacto-oligosaccharides in this membrane reactor. Figure
10 shows the schematic representation of the membrane module used in this study.
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PI: Pressure Indicator
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Figure 10. Schematic representation of the experimental setup.

Figure 11 shows the crosslinking of enzyme on polyamide NF membrane after immobilization.
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Figure 11. Immobilized TFC®-SR2 membrane with -galactosidase
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Glu259 amino acid residue acts as a nucleophile for f-galactosidase (EC 3.2.1.23; Uniprot A/C Number: 031341)
from B. circulans. This catalytically active amino acid residue forms a hydrogen bond with the galactosyl moiety

leading to a formation of enzyme-galactosyl complex (Figure 12).
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Anomeric carbon

Galactosyl moiety

Figure 12. Glu259 amino acid residue acts as a nucleophile for -galactosidase

Present study was an in-depth investigation on the reaction and separation of sugars with an enzyme immobilized
membrane. Now from the observations it was seen that immobilization of enzyme on the polymeric membrane
modifies the functional group presents on the surface and thus making some notable changes in the permeation
characteristics of the membrane for carbohydrates. Especially immobilized CTA membrane shows more
conversion compared to

the PES membrane, probably because of higher retention of lactose on the immobilized side. However, in any case
the retention of monosaccharides was more with either PES or CTA, which is imparting an inhibitory effect on the
enzymatic production of GOS. In comparison with the others, these immobilized NF membranes showed more
convenient observations during GOS production. Although the requirement of high pressure with immobilized NF
was one of the concerns, but in any way it shows good results with high separation for GOS and other sugars
produced during the hydrolysis of lactose.

5. FUTURE PERSPECTIVE OF ENZYMATIC MEMBRANE REACTOR

Enzyme immobilization confers distinct advantages in bio-catalysis which provide more consistent performance
and eco-friendliness. Among these advantages can be named

1) possibility of increasing control over reaction by separating the catalyst from the reagents and products,

2) reuse of the catalyst,

3) minimization or elimination of contamination of the products by the enzyme as well as of undesirable side
reactions,

4) miniaturization, which brings along the advantage of improving the kinetic performance of enzymes, render
these devices particularly preferable in analytical and biotechnological applications.

Although there are many different methods, materials, and enzymes which can provide this end, bio-micro reactors
can be categorized under four main types:

1) Surface-immobilized enzymes: In this type, enzymes are bound to the surface of a pre-constituted micro reactor
for instance by activating the inner channels of a capillary and then they are exposed to the reagent flow;

2) Enzyme activated beads: This type of bioreactors is prepared by functionalizing porous beads with enzymes
and then filing them into the chamber of a micro reactor;

3) Enzyme-containing monoliths: meso- or macro porous monoliths are either previously coated with a resistant
layer or are directly prepared in a microchannel. Then they are functionalized with enzymes; and

4)_Membranes: In this type, the bioreactor is the selective ultrafiltration membrane onto which enzymes are
immobilized [35].

6. CONCLUSIONS

As is presented in this review, enzymatic membrane reactors represent a very interesting and diverse area of
research. They offer many different solutions for chemical and biochemical problems, with the underlying goal to
enhance the selectivity and yield of complex reactions and separation. In particular, the development of selective
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and reversible enzyme immobilization may allow for more versatile systems permitting potential reuse of the unit
after the loss of enzymatic activity in enzymatic membrane reactors.
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