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Abstract

Cyclodextrins (CDs) and their derivatives have attracted significant attention in the
pharmaceutical, food, and textile industries, which has led to an increased demand for their
production. CDs are typically produced by the action of cyclodextrin glycosyltransferase
(CGTase) on starch. Owing to the relatively high cost of enzymes, the economic feasibility
of the entire process strongly depends on the effective retention and recycling of CGTase
in the reaction system, while maintaining the enzyme’s activity and stability. Previous
supports used for this purpose such as silica and hydrogels, have numerous drawbacks,
including enzyme leaching, activity loss and significant mass transfer limitations. The aim
of this dissertation was to improve performance of immobilized CGTase by using metal—
organic frameworks (MOFs), possessing better properties than conventional supports, as
immobilization support. CGTase was immobilized on different synthesized MOFs,
namely MIL-101, Cu-BTC, using either surface, covalent attachment or entrapment and
compared to conventional support, namely Zeolite Y as well as Graphene nano-particles
(GNP). The use of a calcium-based two-dimensional MOF, namely Ca-TMA, and
modified Cu-BTC using N.N- dimethylcyclohexylamine to produce hierarchical H-Cu-
BTC were also tested for enhanced enzyme capacity and reduced diffusional limitations
of the large starch molecules. The adsorption capacity, the effect of immobilization on the
secondary structures of CGTase and on the characterization of the support as well as the
kinetic parameters of the free CGTase were assessed. The adsorption isotherms of CGTase
on the tested MOFs were best represented by the Langmuir isotherm, with maximum
adsorption capacities reaching 21, 30.6, 37.5, and 40 mg/g over Ca-TMA, Cu-BTC,
microporous MIL-101 and GNP, respectively. The adsorption capacity was improved to
49.5 mg/g over H-Cu-BTC. These capacities were significantly higher than that observed
using conventional Zeolite-Y, which did not exceed 6.1 mg/g, as well as other supports
reported in previous literature. Characterization of the free supports using combination of
X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Thermal Gravimetric
Analysis (TGA) revealed that the structures of the MOFs remained intact post-CGTase
immobilization. The deconvolution of the amide I band of the Fourier Transform Infrared
spectra indicated that free CGTase molecules predominantly contain B-sheets (56% -

sheets, 38.5% a-helix and 5.5 % B-turns), with its composition changing over MIL-101
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(84.1% B-sheets, no a-helix and 15.9 % B-turns), Ca-TMA (51.3% B-sheets, 37.5% a-helix
and 11.2 % B-turns), and GNP (41.9% B-sheets, 18,1% oa-helix and 40% B-turns. Lesser
conformational changes were also observed using Cu-BTC (44% B-sheets, 37.5% a-helix
and 11.2% pB-turns) and H-Cu-BTC (76.1% B-sheets, 23.9% a-helix and no B-turns)
supports. The immobilized CGTase on the different MOFs were tested for CDs production
from starch, and the relative activity, reusability and mass-transfer limitations were
investigated. The specific activity of the free CGTase used was 167 U/mg, which dropped
upon immobilization to 28, 38, 65.2 and 98.5 U/mg protein on GNP, Ca-TMA, Cu-BTC,
and H-CU-BTC, respectively. Reusability studies revealed that based on a-CD, MIL-101
showed 29% residual enzyme activity, which improved with covalent attachment via
glutaraldehyde to 40%, Ca-TMA gave 33%, and GNP showed 74% relative activity after
eight reaction cycles. Entrapment of CGTase within H-Cu-BTC led to residual CGTase
activity of 87% after ten reaction cycles, compared to microporous Cu-BTC which gave
70% and presence of macropores and mesopores enhanced substrate mass transfer from
0.68 min! over microporous MOFs to 0.89 min! on macroporous H-Cu-BTC, thus,
improved cyclodextrin production. This dissertation provides information on the effect of
MOFs properties on immobilized CGTase performance, which can be used in developing

robust CGTase-based biocatalysts for industrial application.

Keywords: Biocatalysis, Metal-organic framework, Enzymes, Cyclodextrin
glycosyltransferase, biomaterials, Enzyme immobilization, Food waste.
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Title and Abstract (in Arabic)
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Chapter 1: Introduction

1.1 Overview

Cyclodextrins (CDs) are valuable compounds, which have found applications in
numerous fields, including the pharmaceutical, medical, food, and cosmetic industries.
They are cyclic oligosaccharides consisting of 6 (a-CD), 7 (B-CD), or 8 (y-CD) D-glucose
units joined by glycosidic bonds to form a hollow truncated cone shape [1]. The
importance of CDs stems from the amphibious nature of their structure, which exhibits a
hydrophilic exterior that confers solubility in water and a hydrophobic interior cavity that
forms inclusion complexes with various hydrophobic compounds [2]. Also, the ease of

manipulating the hydroxyl groups in cyclodextrins to enhance the host-guest behavior.

CDs are produced by cyclization of dextrins or its derivatives obtained during
degradation of starch by cyclodextrin glycosyltransferase (CGTase). The product is a
mixture of different major types of CDs (i.e., a, B, and y) and negligible quantities of CDs
with more than eight D-glucose units. The application of natural enzymes in biochemical
reactions faces several limitations, such as recycling difficulty and denaturing as a result
of harsh operating conditions [3]. To overcome these disadvantages, enzymes are usually
immobilized on solid support. The support should be a porous material with large surface
area, void volume and the immobilization method should cause minimal loss in enzyme
activity. The properties of the support play an important role in determining the success of
the immobilization process; therefore, significant attention is paid to selecting a suitable
support for the desired enzyme. Nevertheless, despite numerous advantages over soluble
enzymes, the use of immobilized biocatalysts is associated with mass transfer limitations.
Thus, the support should preferably be a porous material with a large surface area and void

volume.

Materials that have been used for this purpose include mesoporous silica,
hydrogels, sol-gel matrices. Sol-gels have been used for CGTase immobilization but they
possess low immobilization efficiency and the bulkiness of the starch molecules limits
access into the pores [4, 5]. Also, the immobilization takes place during sol-gel synthesis
leading to loss of enzyme activity due to the harsh conditions. In hydrogels, the

immobilized enzymes are bound to leach once the matrix swells [6]. Mesoporous silica



displays a large surface area, theoretically making it an ideal immobilization material.
Nonetheless, the presence of surface charges often leads to enzyme deactivation.
Moreover, mesoporous silica also suffers from significant enzyme leaching [7]. In recent
years, metal-organic frameworks (MOFs) have found use as immobilization support for
several enzymes and we also hypothesize that it can be attractive alternatives to the
aforementioned supports for CGTase. Compared to other immobilizing matrices, MOFs
have shown to possess great promise due to their ease of pore size tuning and
functionalization, some possess favourable synthesis conditions with enzymes amongst

other physico-chemical properties [8].

1.2 Statement of the Problem

Cyclodextrins are gaining wide use as agents of drug delivery systems in
pharmaceutical companies since they can form inclusion complexes with therapeutic
substances which allows them to be suitable for time-controlled dosage. The use of CD in
the pharmaceutical industry has been limited due to the cost of production with a
significant part of it being accounted for by CD glycosyltransferase used in the process, as
appreciable amount of it are usually lost. In response to this challenge, this dissertation
investigated how CGTase can be immobilized on MOFs to offer the needed stability and
the factors that affect CGTase-MOFs’ functionality in the production of CD.

1.3 Research Objectives

The objectives of this research work are to;

1. Identify and synthesize suitable MOFs for CGTase immobilization based on functional

groups and pore size.
2. Modify and optimize the immobilization yield of CGTase on the MOFs

3. Compare the performance of immobilized CGTase on MOFs to those of previously

reported supports.

4. Develop an understanding of the effect of immobilization on the secondary structures

of CGTase by evaluation them before and after immobilization.



5. Investigate the kinetics of the immobilized CGTase and other thermodynamic variables

that can be used to improve CD production from immobilized CGTase.

1.4 Research Motivation

This dissertation seeks to develop a MOF-CGTase matrix for production of CD.
Several other supports have been used for CGTase but existence of significant mass
transfer limitations and limited reusability have not made them desirous especially for
industrial applications. This dissertation will explore usage of suitable two-dimensional
and three-dimensional MOFs with a view to reduce activity loss and improve diffusional
restraints in the products formed. The drive behind this research work is the need to retain
and reuse CGTase during CD production while ensuring that it can withstand industrial

conditions.



Chapter 2: Literature Review

2.1 Background

Highly useful substances known as cyclodextrins (CDs) have found use in a wide
range of sectors, including food, medicine, cosmetics, and pharmaceuticals. These are
glycosidic-bonded cyclic oligosaccharides that have a hollow, truncated cone shape and
are made up of six (a-CD), seven (B-CD), or eight (y-CD) D-glucose units [1]. The
chemical structures of CDs are shown in Figure 1. The structure of CDs is amphibious,
with a hydrophilic surface that allows for solubility in water and a hydrophobic internal
cavity that forms inclusion complexes with a variety of hydrophobic chemicals. This

amphibious nature accounts for the significance of CDs [2].
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Figure 1: Structures of Cyclodextrins [9]

CDs are produced by cyclization of dextrins or its derivatives obtained during
degradation of starch by cyclodextrin glycosyltransferase (CGTase). The product is a
mixture of different major types of CDs (i.e., a, B, and y) and negligible quantities of CDs
with more than eight D-glucose units. However, the involvement of enzymes limits the
production of CDs. One of the biggest challenges is the economic viability of the
production process and the high cost of CGTase. To solve this issue, the biocatalyst must
be effectively recovered and reused. Immobilization is the most common approach to
achieve this, while maintaining the activity and enhancing the stability of the enzyme [10].
Notably, immobilization refers to physical confinement of the enzyme in a defined space

[11]. In addition to increasing the enzyme recovery and reuse, immobilization of



biocatalysts on suitable supports may also enhance their thermal and shear stability.
Furthermore, immobilization enables efficient handling of the enzyme, adequate control

of the reaction, and prevents contamination of the products.

The effectiveness of the immobilization procedure is largely dependent on the
characteristics of the support, therefore choosing the best support for the target enzyme
receives a lot of consideration. Immobilized biocatalysts provide a number of benefits over
soluble enzymes, however there are mass transfer restrictions when using them. As a
result, a porous material with a big surface area and void volume should ideally serve as
the support. Enzymes can adhere to these porous materials by chemical or physical
adsorption. Physical adsorption is the most common immobilization technique owing to
its simplicity and maintenance of the enzyme activity. Nevertheless, leaching occurs often
with enzymes adsorbed by such methods, which over time reduces the immobilized
biocatalysts' activity. Furthermore, the chemical bonds that are established between the
enzyme and the support have an impact on the biocatalyst's activity, even though chemical
adsorption leads to a stronger attachment to the support and resistance to leaching. Other
immobilization matrices, such as sol-gel, hydrogels, and mesoporous silica, have recently
been suggested to overcome the leaching problem without affecting the enzyme activity
[4-7]. Nonetheless, the above materials exhibit low immobilization efficiency and high
mass transfer. In addition, they cannot be used for bulky substrates due to the restricted
access to the pores [4, 5]. It is also noteworthy that immobilization in sol-gel takes place
during the sol-gel synthesis and subjecting the enzyme to harsh curing conditions results
in reduced activity. These issues have been overcome by utilizing hydrogels instead of
sol-gel; however, enzymes immobilized in hydrogels are prone to leaching upon swelling
of the matrix [6]. Mesoporous silica displays a large surface area, theoretically making it
an ideal immobilization material. Nonetheless, the presence of surface charges often leads
to enzyme deactivation. Moreover, mesoporous silica also suffers from enzyme leaching
[7]. In recent years, metal-organic frameworks (MOFs) have found use as immobilization
support for several enzymes and it can as well be proposed as attractive alternatives to the
aforementioned supports for CGTase. Compared to other immobilizing matrices, MOFs
have been considered as promising materials due to the possibility of easy pore size

modification, mild synthesis conditions, and desirable physico-chemical properties [8].



This dissertation looks at the use of immobilized CGTase for enhanced
cyclodextrin production, and highlights the potential of MOFs as new immobilization
supports. Despite the clear evidence of the favorable characteristics of MOFs, to the best
of our knowledge; there is no report in the literature before commencement of this study
showing MOFs usage for CGTase immobilization, thus, this dissertation paves the way
for researchers to investigate the effectiveness of using MOF in this very important

application.

2.2 Cyclodextrin Glycosyltransferase

Based on their functions, enzymes are often divided into six groups: ligases,
transferases, hydrolases, lyases, isomerases, and oxidoreductases. The transfer of
functional groups between molecules is facilitated by transferases. This group includes
CGTases (EC 2.4.1.19), which are capable of catalyzing four distinct kinds of reactions:
cyclization, coupling, hydrolysis, and disproportionation [12]. Extracellular enzymes
known as CGTases are exclusively found in bacterial cells. Similar to amylases, which
hydrolyze starch or starch derivatives into linear products, they have several functional
characteristics. Therefore, CGTases that are thermally stable can be used to dissolve starch
[13]. These biocatalysts are classified into a-, B-, and y-CGTases based on the major CD

produced in the initial phase of the reaction between the enzyme and starch [14].

2.2.1 Sources and Properties

Examples of the many sources of enzymes and optimal cultivation conditions are
shown in Table 1. The desired type of CD is taken into consideration while choosing the
bacteria that will produce CGTase for CD synthesis. For example, it has been reported that
CGTase derived from Bacillus pseudalcaliphilus 8SB has no a-activity, strong B-activity,
and low y-activity [15].



Table 1: CGTase Sources and Optimum Growth Conditions

Bacteria Type of CGTase Optimum condition Reference
Bacillus licheniformis a-CGTase 40°C, pH 6.0-8.0 [16]
Bacillus circulans B-CGTase 56°C, pH 6.4 [1]
Bacillus sp. B-CGTase 55°C, pH 5.0 [17]
Bacillus agaradhaerens B-CGTase 55°C, pH 9.0 [18]
Bacillus megaterium B-CGTase 60°C, pH 7.2 [19]
Bacillus subtilis v-CGTase 65°C, pH 8.0 [20]
Bacillus firmus strain 290-3 B/y-CGTase 60°C, pH 6-8 [21]
Paenibacillus macerans a-CGTase 45°C, pH 6.0-10 [22]
Thermoanacrobacterium a-CGTase 80-85°C, pH 4.5-7.0  [23]
thermosulfurigenes

Geobacillus thermoglucosidans B-CGTase 65-70°C, pH 5.5 [12]
Brevibacillus brevis strain CD162  B/y-CGTase 55°C, pH 8.0 [24]
B. macorous strain WSH02-06 v-CGTase 50°C, pH 6.5 [25]
Brevibacterium sp. strain 9605 y-CGTase 45°C, pH 10 [26]

Based on the study of Uitdehaag et al. [27], the molecular weight of CGTase may be
assumed to be 77.24 kDa. This yields an estimated size of 5.62 nm based on the equation created
by Erickson [28]. The choice of matrix or immobilization technique must take into account the
sizes of both the substrate and CGTase. Making appropriate judgments about the kinds of MOFs
that might enhance CGTase immobilization can be aided by identifying the inefficiencies found

in the matrices that have been utilized thus far.

2.2.2 Production

The aerobic alkalophilic strains of Bacillus sp. are the main producers of CGTases.
It has been found that other mesophilic, thermophilic, psychrophilic may also manufacture
CGTase enzymes, some are Klebsiella pneumonia, microorganisms, including
Brevibacterium sp., hyper thermophilic archaea-bacteria, and Bacillus stearothermophilus

[26, 29, 30].

The process of producing CGTase entails a number of processes, such as choosing
an appropriate microbial source, growing the microorganism under ideal circumstances,
and extracting the enzyme from the fermentation broth. The chosen microbe must be
cultivated in an appropriate growth medium in order to start the synthesis of CGTase. The
carbon, nitrogen, vitamin, and mineral sources that are essential for microbial development
and enzyme synthesis are usually present in the growth medium. In order to stimulate the

synthesis of CGTase, carbon sources such as starch or starch-containing substrates, such



as corn syrup or malt extract, are frequently used. In a typical medium, 2% (w/v) soluble
starch, 5% (w/v) yeast extract, 5% (w/v) peptone, 0.1% (w/v) KoHPO4, 0.02% (W/v)
MgS0O4-7H,0, and 1% (w/v) Na,COs can be used [31]. To maximize the production of
CGTase, the culture conditions—pH, temperature, agitation, and aeration—are tuned.
These variables change based on the particular microbe and fermentation technique being
utilized. For instance, mesophilic Bacillus strains may grow best at lower temperatures,
whereas thermophilic Bacillus strains usually produce CGTase at higher temperatures

(e.g., 50-65°C) [31, 32].

The bacterium is cultivated in a fermenter or bioreactor under carefully monitored
circumstances. Depending on the particular needs of producing CGTase, the fermentation
process can be carried out in a batch, fed-batch, or continuous manner [33-35]. The
microbe creates and secretes CGTase into the fermentation broth during fermentation,
where it catalyzes the transformation of starch into cyclodextrins. To retrieve the enzyme,
the fermentation broth is harvested when CGTase production reaches its maximum.
Usually, the broth is separated using methods like centrifugation or filtering to take out
solid particles and microorganisms, leaving behind the filtrate or supernatant that contains
enzymes. Next, contaminants are eliminated from the recovered enzyme to provide a
homogenous and highly concentrated formulation of CGTase using precipitation,

chromatography (such as affinity and ion exchange chromatography), ultrafiltration.

2.3 CGTase Immobilization

The necessity for appropriate enzyme handling, storage, and reuse is driving
research concerning immobilization of biocatalysts on different supports. For economic
viability of any biochemical process, the cost of enzymes should not be more than a few
percent of the total cost of the production; thus, the possibility of biocatalyst reuse is
important [6]. Traditionally, enzymes are lyophilized, i.e., freeze-dried; however, this may
lead to significant distortion of the enzyme structure [36]. Immobilization of enzymes on
supports enables better access for the substrates, as the biocatalysts are dispersed, thus
increases the available surface area. The support should preferably be inert to the enzyme

and possesses microbial resistance. Additionally, it should not pose diffusional problems



to the enzyme’s substrate. The desired properties for the enzyme and support are

summarized in Figure 2.

Immobilized Enzymes

Enzymes Carrier

Material
Binding Mechanical Stability
T Porosity ——=

Specific Activity
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Intrinsic Activity  Stability Enzyme Loading

Figure 2: Summary of Enzyme Immobilization and the Desired Enzyme and Support
Properties [37]

To efficiently utilize CGTase for the production of CD, different supports have
been used for its immobilization in literature. Table 2 summarizes the previously reported

supports for CGTase immobilization.



Table 2: Properties of CGTases Immobilized on Different Supports for CD Production

.. Max.
. Activity of .
Optimum , OPtmum o obilized Y1 Reusability
Support Source of CGTase P Temperature of o Ref.
pH °C) enzyme (U/ cD (%)
g-support) (%)
Physical Adsorption
Polyvinylidene .
difluoride f“";ll“s.f . 7.0 25 nr 03 nr [38]
hollow fiber incheniformis
Covalent attachment
Cellulose 69 68% after
nanofiber nr 70 159.34 (o) 10 cycles [39]
Trisoperl ~ N
(activated . 5.1 48 3.0 85 68%after 5
Bacillus macerans B) 20 cycles
porous glass)
Aminated o
polyvinylchlorid 6 75 121 156 Sveafter
e (PVC) 14 cycles
- 0,
Fe;O,@PEI Bacillus 6.0 55 300 889 19%after9 5,
PDA dalcalinhil B® cycles
Resin (FE 4611) PSCHAaicanpiiis 6-8 ~58 <2 14 nr. [42]
Glutaraldehyde-
p?e‘-actlvated Thermoanaerobact 4.0-8.0 n.r. 101.73 n.r. n.r. [43]
Silica
er sp. 85.4(
Glyoxyl-agarose 6.0 85 27.38 B.) [44]
Functionalized
1 0,
Magnetic double /1 citis sp. 8.5 55 nr. nr, OOvafter o
mesoporous 10 cycles
core-shell silica
Entrapment
V)
. Bacillus maceran 7.5 60 n.r. n.r. 75% after 7 [46]
Calcium cycles
alginate beads . 2760.4 57% after
Aspergillus oryzae 4.0 40 U/l 12 cycles [47]

2.3.1 Supports Used for CGTase Immobilization

Nanomaterials have been employed as support for CGTase. For example, cellulose

nanofibers (CNF) made from kenaf bast fiber was used for immobilization of CGTase

using chemical coupling with 1,12-diaminododecane as coupling agent [48]. The

immobilized enzyme was added to a 50 g/L soluble starch solution and incubated at an

optimum temperature of 70°C. HPLC analysis of the product revealed a gradual increase

in the yield of a-CD, which reached a maximum yield of 69%. The performance of the

immobilized CGTase prepared at higher microwave power levels led to CNF with smaller

diameter (higher surface area) resulting into better interaction between the coupling agent

and the ~OH group present on the cellulose, observed at 3400-3200 cm™!. The covalent
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attachment of CGTase to the ligand ensures that the enzymes gain rigidity by reducing the
chances of conformational changes, thus resulting in better stability. This could be
observed in the thermal stability, which shifted from 60°C for free CGTase to 70°C for
immobilized CGTase and the retained activity after 10 cycles was 68% [48]. The
maximum binding efficiency, after several modifications both on the process and CNF

synthesis parameters, was 72%.

In another study, FesOs nanoparticles functionalized with polydopamine (PDA)
was used [15]. It has been reported that PDA contains various surface functional groups
such as amino and catechol which influences enzyme immobilization [49, 50]. The
immobilized biocatalyst was mixed with 3 mL of'a 1% potato starch solution. The reaction
was conducted at 55 °C and maximum yield of B-CD was 88.9%. It is noteworthy that the
immobilized enzyme retained 19% of its initial activity after nine cycles which showed
that the attachment of CGTase to the functional groups present on PDA might not be

enough for use in industrial set-up.

Commercially available Eupergit C and Eupergit C 250L, which are epoxy-
activated acrylic beads, with difference in their pore sizes and oxirane groups was used for
CGTase immobilization [51]. The average pore size in Eupergit C is 10 nm, making it
mesoporous based on the classification of IUPAC and it has oxirane density of 600
pmol/g. Eupergit C 250L on the other hand is macroporous (average pore size 100 nm)
but with lesser oxirane density of 300 umol/g [52]. The immobilization mechanism of
enzymes on Eupergit beads have been proposed to follow two steps [53], firstly, there is
physisorption on the support by hydrophobic interaction which brings the amino and thiol
groups present on the enzyme’s surface close to the oxirane group. Lastly, these groups
then react with the oxirane group via nucleophilic attack to form very stable C-S and C-N
bonds. Therefore, it is expected that Eupergit beads should offer minimum enzyme loss
when used as immobilization support. The bound protein for Eupergit C 250L was 72%
compared to 81% observed on Eupergit C [51]. As Eupergit C contains more oxirane
groups, this leads to better retainment of CGTase and can also promote multipoint
attachment, to produce a more stable enzyme/support matrix. The reusability studies
showed that 40% of the initial CGTase activity was retained after 10 cycles of 24 h each.

Despite these advantages of Eupergit C over Eupergit C 250L, its mesopores will pose

11



diffusional limitations, especially for bulky substrate e.g. starch, in the production of CD

using CGTase.

In addition, Schoffer et al. described immobilization of B-CGTase on
glutaraldehyde pre-activated silica, functionalized with 3-aminopropyltrimethoxysilane
(APT) [43]. Although the immobilization yield was high (above 96%) as a result of
functionalization, the efficiencies were very low, between 3-5%. The possible cause of
this could be the mesoporous nature of the silica used, preventing the substrate from
accessing the active sites. At an optimal temperature, pH, and reaction time, the
immobilized enzyme resulted in the production of 4.9 mgmL™" of a-CD, 3.6 mgmL™! of
B-CD, and 3.5 mgmL! of y-CD. Moreover, porous glass beads (e.g., Trisoperl)
functionalized with APT has also been employed in the presence of glutaraldehyde as the
cross-linker. The catalytic activity of the immobilized enzyme was studied in the reaction
involving a 2.5% (w/v) starch solution. A maximum CD yield of 85% was obtained at a
temperature of 37 °C and pH of 6.0 [40]. A lag phase of 10 min was observed before the
reaction started using the immobilized CGTase, supporting the earlier assertion that

diffusional barriers exist.

Furthermore, CGTase was previously also immobilized by covalent attachment on
polyvinylchloride aminated with three different diakylamines using glutaraldehyde. The
enzymatic activity reached 121 U/g in the reaction involving a 5% (w/v) starch solution.
Stability studies showed that immobilized CGTase retained 85% of activity after 14 cycles
of batch operation. It was demonstrated that the amount of retained activity depended on

the length of the spacer, i.e., the dialkylamine group, and glutaraldehyde [41].

On the other hand, on a macroreticular hydrophilic resin (e.g., FE 4611) containing
a primary amine, the optimum pH of the immobilized enzyme was shown to range between
pH 6.0 and 8.0, with a maximum B-CD yield of 14% [42]. CGTase was also successfully
immobilized on calcium alginate beads [47]. Under optimized conditions, 43%
immobilization efficiency was achieved using starch concentration of 3.5% (w/v). The
immobilized enzyme exhibited good activity of 2760.4 U/mL. Notably, the CGTase
immobilization yield reached nearly 100% after 5 h at 25 °C when glyoxyl-agarose was

utilized as the support at pH 10. Using immobilized CGTase on a 1% soluble starch

12



solution at 85 °C, a B-CD yield of 85.4% was obtained at a 2-fold higher rate than that

observed for the free enzyme [44].

Since CGTase from different bacterial sources display various optimum
temperature as shown in Table 1, a number of ionic interactions and disulphide bonds
present in the structures of different sources of CGTase were examined [54]. All of the
studies exhibited a similar number of disulphide bonds; however, the thermally stable
enzymes displayed more ionic interactions. Hence, disulphide bonds are not responsible
for the thermal stability of CGTases [55]. The attachment of the CGTase to the support,
depending on the functional group on the support, could be responsible for this observed

phenomenon.

From the supports used in the literature for CGTase immobilization, it is evident
that apart from the differences in their physical characteristics, such as the pore diameter,
particle size, and mechanical strength, the performances of the CGTase/support depend on
the type and density of the functional group used, the length of the coupling agent (for
covalent bonding) and the pore network of the support. The surface area of the support,
which depends on the pore diameter and particle size, significantly affects the capacity for
CGTase binding. It is noteworthy that porous supports, such as agarose or Trisoperl,
displayed better immobilization yield (thus increased CD yield), particularly in the
presence of hydrophilic moieties. For example, utilizing agarose, a highly porous matrix
with hydrophilic properties, resulted in an 85.4% yield of B-CD, which was comparable to
that, achieved using Trisoperl and Fe;O4@PEI-PDA (Table 2). For more optimal
utilization of porous supports, better control of the pore size distribution, such as utilizing
supports with hierarchical pore networks, will likely give better results. This would

improve the diffusional limitation and enhance the production of CD.

2.3.2 Immobilization Techniques

The most commonly used enzyme immobilization approaches include surface
adsorption, covalent binding, encapsulation, and cross-linking. The selection of the
method depends on the properties of the enzyme and support as well as on the potential

application of the immobilized biocatalyst.
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Surface adsorption occurs through a physical interaction between the enzyme and
support. It is achieved by soaking the support in a buffered solution of the enzyme for a
suitable incubation time. Alternatively, the biocatalyst solution can be allowed to dry on
the support surface before washing away unattached enzymes [56, 57]. The reversible
nature of physical adsorption enables the removal of immobilized enzymes from the
supports under mild conditions upon the deterioration of the enzymatic activity [58].
Nevertheless, the weak forces holding the enzymes make them susceptible to leaching

from the support when subjected to industrial conditions.

Ionic and covalent binding of the enzyme to the support is stronger than the physical
adsorption described above. It offers enhanced enzyme stability; however, the presence of
chemical bonds may affect the activity of the attached biocatalyst, which is a major
disadvantage of this approach [6]. Generally, compared with a free enzyme, a reduction in
activity is observed when an enzyme is immobilized on a support due to several factors,
including protein crowding, biocatalyst inactivation, stearic hindrance, and enzyme

orientation.

Enzyme encapsulation is a method of immobilization whereby the enzyme is
confined within a porous support. The entrapped enzyme is not actually physically
attached to the support; however, its ability to diffuse out is restricted [59]. Enzyme
entrapment is fast and involves mild conditions. Moreover, the enzyme is not chemically
interacting with the support and the possibility of denaturing is lower. Nonetheless, this
approach suffers from mass transfer limitations, as the access of the substrate to all active

sites might be restricted [60].

More recent immobilization techniques include Cross-linked Enzyme Aggregates
(CLEAs) and Cross-linked Enzyme Crystals (CLECs). These methods are typically called
carrier-free immobilization approaches, as there is no requirement for any supports [6]. As
described above, immobilization of enzymes on supports involves attachment of
biocatalysts on the surface of suitable materials. On the other hand, in the case of cross-
linking, the enzyme exhibits greater stability because it is stabilized by links in a 3D
structure [61]. Consequently, cross-linked enzymes usually display enhanced mechanical

stability, ability to withstand shear stress, and improved high temperature tolerance
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compared to other immobilized enzymes.

The formation of CLEAs involves the generation of enzyme aggregates in the
presence of salts, non-ionic polymers, or organic solvents, followed by cross-linking using
bi-functional (e.g., glutaraldehyde) or poly-functional (e.g., aldehyde—pectin, aldehyde—
dextran, or aldehyde—starch) chemical agents without the need for a support [62]. This
approach offers various advantages over other immobilization methods, including
simplicity as well as thermal and operational stability of the aggregates. Importantly, it
can easily be applied to more than one enzyme at a time. The effects of cross-linking agents
on the activity of CGTase CLEAs have been previously investigated [63]. Nevertheless,
the cross-linking technique is also associated with several limitations. Even at an optimum
concentration of the cross-linking agent, i.e., glutaraldehyde, the activity of the recovered
enzyme was determined at < 10%, while the aggregate activity loss was established at >
80%. The observed low activity recovery was attributed to diffusional resistance of the
bulky starch substrate or inadequate enzyme cross-linking, leading to increased loss of the

enzyme, thus resulting in low activity recovery.

On the other hand, CLECs are solid crystalline particles, which are insoluble in
organic solvents and water. They are prepared by precipitating enzymes into
microcrystals, which is followed by a cross-linking step. The lattice interactions in the
microcrystals provide additional stability for the biocatalysts. The advantages and
disadvantages of various immobilization techniques are summarized in Table 3. From the
various methods used for CGTase immobilization, covalent attachment has shown to offer

the best immobilization yield with relatively higher activity retainment.
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Table 3: Summary of Conventional Immobilization Techniques

Immn(i‘:tllllljgtlon cha]fai?‘?elr?ftics Advantages Disadvantages References
e Simple/cheap [64, 65]
e Little or no
Weak bonds by confomational
Physical either van der change in the e High enzyme
adsorption Waals or ionic . g;zs}e]rg? desorption/leaching
interactions .
regeneration
e Wider selection
of support
;?;gﬁi;z; ¢ e Low enzyme o Difﬁculty in [66]
Covalent between leaching regenerating
binding functional groups * Enhanced enzyme/support
on support and enzyme * Reduped cenzyme
enzyme stabilization activity
e High enzyme [67, 68]
. loading e High mass transfer
Inclusion of e Low enzyme limitation
Entrapment/ enzyme within leaching e Inactivation of
Encapsulation  the supports e Little or no .
structure conformational enzyme dupng
. encapsulation
change in the
enzyme
e High mass transfer [69, 70]
Aggregate/cluster limitations
of enzyme cross- e Enzyme e Loss of enzyme
Cross-linking  linked by a stabilization activity
functional without support e Less useful in
reactant packed bed
reactors

2.4 Metal-Organic Frameworks (MOFs)

In recent years, MOFs have been utilized in various fields; therefore, their

application as supports for enzyme immobilization has attracted significant attention.

MOFs are formed by linking metal ions and organic linkers into well-defined three-

dimensional porous solids [71]. The surface area of these materials ranges from 1000 to

10000 m?/g, surpassing those of other known porous structures [72]. The stability of MOFs

depends on the strength of the metal-organic linker coordination bond [73, 74]. Notably,

nearly all metal atoms in their stable oxidation states can be used for the synthesis of
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MOFs. The coordination number of employed metals defines the possible molecular

geometry, e.g., linear, planar, pyramidal, or octahedral [75].

The commonly used organic linkers include carboxylates, sulfonates, imidazolate,
amines, and their derivatives. The functional groups on the organic linkers in MOFs must
be carefully selected as they provide the necessary interaction sites for the enzyme.
Appropriate functionalities minimize leaching and improve stability [76]. To investigate
this in more detail, the interactions between microperoxidase 11 (MP-11) and mesoporous
Tb-MOF were studied using Raman spectroscopy. The presence of a m-m interaction
between the organic component of the examined MOF and the heme unit of MP-11 was
established. However, this interaction was missing when mesoporous silica was used
instead of Tb-MOF [77]. Generally, a ligand is said to be flexible if it can rotate around a
single bond. It is noteworthy that during the selection of organic linkers, rigid organic
molecules are preferred over flexible ones. Rigid molecules aid the formation of
crystalline MOFs exhibiting good thermal and mechanical stability and specific topology
[78, 79]. Moreover, both charged and neutral compounds can be used as ligands for the
MOF synthesis; however, positively charged molecules are used less frequently. This is
predominantly due to the low affinity of positively charged moieties for the formation of
bonds with metal cations, i.e., the required charge balance cannot be achieved [80]. The
metal centers in the coordination spheres created by the metal ions in MOF structures are

usually protected from the reactants by bulkier organic linkers [81].

The availability of different metal ions and organic linkers results in the formation
of MOFs with different physicochemical properties. Examples of typical MOF structures
are demonstrated in Figure 3. A more recent subclass of MOFs is the biological MOFs
(bio-MOFs), which introduces biomolecules in the formation of the porous material. Apart
from the general properties offered by MOFs, bio-MOFs offer the much needed properties,
especially in biological application, where toxicity [82], efficacy and stability must be
critically controlled [83]. Most bio-MOFs are constructed using a biomolecule as the
ligand, such as proteins, amino acids, peptides and cyclodextrins or any other bio relevant
organic linker, which can bind to bioactive metal nodes[83-85]. Examples of successfully

synthesized bio-MOFs include Co-Cys, made from cobalt and cystine [86] and silver-
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based phosphadamantane (Ag-PTA) [87]. Silver is very useful in bio-MOFs synthesis due

to its recognized antimicrobial action.

= ¥
Y. L

HKUST-1 [CuSiF,{4,4'-bpy)] MOF-14

Cr-MIL-100 Cr-MiL-101 Ni-CPO-27

DO-MOF [Be,(OH).(BTB).]

IRMOF-74-XI1

Figure 3: Examples of typical MOF structures

2.4.1 Types and Properties

Various types of MOFs have been synthesized for application in enzyme
immobilization. The majority of the investigated MOFs can be synthesized at ambient
conditions. These include zeolite imidazolate frameworks (ZIFs), terbium benzene-1,4-
dicarboxylate (Tb-BDC), Materials of Institute Lavoisier (MILs), and Hong Kong
University of Science and Technology MOFs (HKUST). Synthesis at ambient conditions
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enables in-situ encapsulation of the enzyme, also known as co-precipitation. During the
process, the biocatalysts are not subjected to harsh conditions; therefore, their activity is

not affected.

Synthesis of MOFs is often conducted in liquid phase by mixing different solutions
containing the chosen metal and organic linkers, e.g., at room temperature. The available
synthesis methods include solvothermal [88], microwave-assisted [89], sonochemical
[90], mechanochemical [91], electrochemical [92, 93], and direct evaporation (also known
as slow diffusion) approaches [94-96]. A summary of different MOF preparation methods

as well as their advantages and disadvantages are demonstrated in Table 4.
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Table 4: Summary of MOF Synthesis Methods

Synthesis method Advantages Disadvantages Examples of MOFs
Ease of technology
transfer to the industry High operating cost  ZIF- 95 [97]
Solvothermal Crystal growth can be Long synthesis
controlled time ZIF- 78 [98]
Wide temperature range
Reduced crystallization
time Difficult to VSB-1, VSB-5 [99]
‘ Energy efﬁc1ent' %mplement in the IRMOF-1, IRMOF-2,
Microwave- Ease of controlling industry
. _ o . : IRMOF-3 [100]
assisted reaction conditions Isolation of single
Particle size can be crystals is nearly 7r-Ui0-66 [101]
controlled from impossible HEUIO-66
precursor concentration
. gj;g;}el;;‘fs crystal size Breakage of large
Sonochemical/ and moroholo single crystals TMU-46, TMU-47,
Ultrasonic rphology needed for TMU-48 [102]
Can be used to isolate . . .
diffraction studies
pure phase
. leﬁcglty n Copper isonicotinate
Only mechanical forces obtaining single Cu(INA), [103]
are needed crystals for Conper ?
Mechanochemical Extreme operating diffraction studies pper
" . benzenetricarboxylate
conditions are avoided Secondary phases Cus(BTC), [104]
Solvent-free usually present in Cd(IT)-based MOF's [91]
product
Ease of industrial
application Few MOFs have Ui0-66 [105]
Electrochemical Short synthesis time been synthesized
Uses current and voltage till date Cu3(BTC), [106]
to control morphology
Preparation of large Synthesis could
Slow diffusion single crystals take several days Zn3(BDC);.6CH;0OH

Ambient or low
temperature required

Minute quantity of
product

[107]

Solvothermal approaches are the most commonly employed methods for the

production of MOFs. In solvothermal synthesis, the reactants are subjected to temperatures

in the range of 100-240°C and pressures up to 105 kPa. In addition, polar solvents with

high boiling points are typically utilized and the reaction time ranges from 6 h to several

days. Sealed vessels or Teflon-lined autoclaves are used for the reaction [108].

Hydrothermal synthesis can be taken as a special class of solvothermal technique,

involving the use of aqueous solvents, usually water, at elevated temperature and pressure

[109]. Its advantages in MOFs synthesis include growth of microcrystalline phases during
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MOFs synthesis, utilization of a water, considered as a green solvent and high reactivity
of the reacting species [110, 111]. The hydrothermal route can also be used to obtain MOFs
with extended channel systems [112]. Due to the elevated synthesis conditions,
encapsulation of CGTase within the pores of MOFs in one-pot synthesis might not be
feasible as the harsh conditions might cause structural damage to the enzyme. A post-
synthesis modification of the MOFs remains the best immobilization route for these

synthesis approaches.

To accelerate the process, microwaves or ultrasound waves are utilized in
microwave-assisted and sonochemical methods, respectively. In microwave synthesis, the
reaction medium heats up due to the effect of the applied oscillating electric field on the
permanent dipole moment of the molecules present in the medium, resulting in molecular
rotations and rapid heating [113]. The usefulness of microwave synthesis largely depends
on the dipole moment of the solvent molecule. Solvents with large dipole moments, such
as DMF (dipole moment = 3.86 D), are preferred [114]. On the other hand, in
sonochemical synthesis, the increased heating rate is a consequence of acoustic cavitation,
which is the formation and collapse of bubbles by ultrasound waves, typically between 20
kHz and 1 MHz. This phenomenon results in an increased heating rate (> 1010 K/s),
temperature (as high as 5,000 K in gas-phase reaction zones), and pressure (up to 1000
bar) [115-117]. Nonetheless, both of the above accelerated methods lead to the formation
of MOFs exhibiting small crystal sizes, which range between 10 nm and 50 um. Unlike
other approaches, mechano-chemical synthesis is characterized by the absence of solvents.
In the process, the intramolecular bonds between the metal salts and organic linker
molecules are subjected to mechanical breakage using a ball mill, which results in a
chemical transformation and the formation of the desired MOFs [95, 118]. Furthermore,
electrochemical synthesis is similar to the solvothermal method. However, instead of using
metal salts, metal ions are supplied from the dissolution of the anode. The metal ions then
react with the dissolved linker molecule present in the reaction medium [118]. Direct
evaporation, or slow diffusion, is also comparable to the solvothermal approach. In this
case, however, no external energy is needed. The metal salts and organic linkers are mixed
and the solvent gradually evaporates from the reaction solution at room temperature [119].

When selecting a suitable method, considering the reaction time and the amount of solvent
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needed for the synthesis of MOFs is necessary. In all approaches, the structural units self-
assemble into ordered metal-organic coordination bonds to form the structural
frameworks of MOFs. The simplest method reported to date is direct evaporation, which
does not necessitate the use of any external energy sources. However, the approach

requires long synthesis times, which range from a few hours to several days.

The rate of reaction can be significantly increased using microwave synthesis,
which results in rapid achievement of high temperatures in localized zones. Examples of
MOFs that have been synthesized employing this method include IRMOF-1 [100],
HKUST-1 [120], and MIL-100-Cr [99]. To understand the mechanism of microwave
synthesis, the rate enhancement was studied during the preparation of HKUST-1 [120]. It
was found that the reaction rate enhancement was a result of an increase in the nucleation
rate and not the crystal growth rate. In contrast, the outcomes of the investigation involving
MIL-53 (Fe) demonstrated that both nucleation and growth rates contributed to the
observed enhancement in the rate of reaction [121]. Despite the increased rate of reaction,
using microwave-assisted heating results in significantly smaller crystals compared to
other methods. For instance, the synthesis of MOF-5 utilizing direct evaporation and
microwave-assisted methods resulted in similar cubic-shaped MOFs; however, the crystal
size of the microwave-heated material was approximately 20 times smaller (Figure 4)

[122].

Figure 4: Scanning Electron Microscopy (SEM) Images of MOF-5 Crystals Obtained
Using (a) Conventional and (b) Microwave-Assisted Approaches [122]
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Consequently, based on the promising results obtained by immobilizing CGTases
on functionalized supports as highlighted in Section 2.3.1, improvement in CGTase
immobilization is expected using MOFs based on the numerous advantages that have been
highlighted. The presence of both organic (i.e., the linker) and inorganic (i.e., metal nodes)
components in MOFs could promote several interactions between the support and various
functional groups in CGTase. The organic linker can be modified to generate interaction
sites for CGTase, thereby minimizing leaching and enhancing stability. In addition, the
ordered, crystalline, and multi-dimensional structure of MOFs could ensure a protective
environment for CGTase and prevent the activity loss due to denaturing factors. This
would further reduce the leaching of the biocatalyst and limit mass transfer problems.
Nevertheless, careful selection of appropriate MOFs is essential to ensure the presence of
suitable cavities capable of accommodating CGTase [123]. In this regard, MOFs
exhibiting hierarchical structures are promising. The large channels in these materials
could be used for immobilization of CGTase, while the smaller channels would remain

available for substrate and product diffusion, minimizing diffusional problems [123].

Different MOFs with hierarchical pore networks have already been synthesized by
various researchers that could be adapted for limiting the effect of diffusion in CGTase
immobilization. Mondloch et. al. [124] described the synthesis of hierarchical zirconium-
based MOFs (NU-1000) which contains windows connecting 3.1 nm hexagonal channels
with triangular channels having edge length of 1.5 nm. In making hierarchical MOFs, the

nucleation and growth processes must be well controlled [125, 126].

The large surface areas of MOFs could result in higher CGTase loading capacity,
providing more active sites for substrate transformation into CD. Lastly, the ability to tune
the properties of the MOF, most importantly the hydrophilic or hydrophobic nature of its
surface, would ensure that the free cysteine residue in the enzyme could be used for

binding to the support, leading to better biocatalyst stability.

2.5 Summary
In this literature review, CGTase immobilization on various functionalized supports
was discussed. Covalent attachment was identified as the best immobilization technique

for CGTase, with density of the functional group, length of the coupling agent and type of

23



pores present in the support affecting the reusability of the matrix and diffusion of both
reactant and product when used in CD production. MOFs have been shown as robust
supports for enzyme immobilization, exhibiting enhanced biocatalytic properties
compared to conventional supports. The increasing number of new MOF structures will
undoubtedly lead to utilization of these materials in various fields. Although MOFs have
been employed for immobilization of several different enzymes, their superior properties
have not been applied for CGTase immobilization to produce CD. To achieve this, the
interactions between CGTase and the MOF components must be investigated and
understood. Better knowledge of such interactions could lead to enhancement in enzyme
loading, stability, and reusability, particularly in industrial settings. As immobilized
enzymes display different activity trends from those of free biocatalysts, more research is
needed to determine the effects of CGTase immobilization on MOFs on the activity of the
enzyme. Moreover, the affinity of MOFs for CGTase requires evaluation. Among the
possible conventional immobilization techniques, covalent attachment of enzymes has
been shown to result in more stable and reusable biocatalysts. Nevertheless, the high cost
and difficult regeneration of the support currently limit the application of this technique.

Thus, improvements are needed to utilize this approach for industrial production of CD.

2.6 Research Hypotheses

Thus, based on the findings from the literature, we hypothesize that;

1. Carefully selecting MOFs with functional groups such as —-COOH or —NH> might
create strong bonding with the amide groups in CGTase. This will lead to a MOF-

CGTase matrix with higher enzyme uptake and reusability.

2. Protecting CGTase within the cavities of suitable MOFs might help reduce enzyme
conformational changes post-immobilization. Supports to be used for this should

POSSESS mesopores/ macropores.

3. Due to the bulkiness of the substrate molecules i.e. starch, surface attachment of
CGTase might limit diffusional restraints, reduce activity loss since there will be less
stress on the active sites and result in better yield of cyclodextrins. Surface attachment

should also result in minimal changes in the secondary structures of CGTase.
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4. Using a non-porous support with high external surface area might improve CGTase
uptake and eliminate diffusional limitations encountered by starch molecules and the

products entirely.
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Chapter 3: Materials and Methodology

3.1 Reagents and Chemicals

CGTase Toruzyme® 3.0 L (Thermoanaerobacter sp.) was provided by Novozymes
A/S (Bagsvaerd, Denmark), containing 23.0 mg of protein/mL, with specific activity of
167 U/mg protein. a-CD, B-CD, y-CD, chromium nitrate nonahydrate (Cr(NO3)3.9H>0,
99%), methanol, 1,3,5-benzenetricarboxylic acid (H;:BTC or TMA), glutaraldehyde
solution  (25%), copper nitrate  trihydrate = (Cu(NOs3):.3H20), N, N-
dimethylcyclohexylamine, acetonitrile, Bradford reagent were procured from Sigma-
Aldrich (St Louis, MO, USA). Zeolite Y was obtained from TOSOH, Japan. Soluble starch
(extra pure), methyl orange, phenolphthalein, sodium carbonate (Anhydrous, 99.9%) were
purchased from Sisco research laboratory (Maharashtra, India). Graphene nanoplatelets
(GNP) (purity: 99%, size: 3 nm, 530 m?/g) was purchased from Nanografil Nano
Technology (Ankara, Turkey). Ethanol was obtained from J.T. Baker (Deventer,
Netherlands). Starch soluble (extrapure), phenolphthalein, methyl orange, bromocresol
green, terephthalic acid, and sodium carbonate (anhydrous, 99.9%) were obtained from
Sisco research laboratory (SRLCHEM), (Mumbai, India). Deionized water was purchased
from Fisher Scientific (Loughborough, United Kingdom). The corn flour waste was
collected domestically. All other used chemicals were of analytical grade and were utilized

as purchased.

3.2 Experimental Section
3.2.1 Syntheses of Supports

3.2.1.1 MIL-101 Synthesis (Paper 1)

MIL-101 was synthesized based on the process described elsewhere [127]. 2.0 g (5
mmol) of Cr(NO3)3-9H>0 and 0.83 g (5 mmol) of H,BDC (terephthalic acid) were added
to 20 mL of deionized water and sonicated to produce a dark blue suspension with pH of
1.4. The mixture was then put into a 50-mL hydrothermal Teflon-lined autoclave (Aoshi,
China), which was heated in an oven (DAIHAN OFS5, Korea) at 218°C without stirring.
After 18 h, the suspension was left to equilibrate at ambient temperature and then

centrifuged (OHAUS FC5816, USA) at 5,000 rpm for 10 min to separate the MOF
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particles. The collected MOFs were washed with distilled water, methanol, and acetone
respectively. The MOF particles were placed in N, N-dimethylformamide (DMF),
sonicated for 10 min, and then kept overnight at 70°C. The solids were washed with
methanol and acetone multiple times. Then, they were dried at 75°C for 12 h. The MOF
was activated by vacuum drying (DAIHAN SOV-30, Korea) at 140°C for two days.

3.2.1.2 Ca-TMA Synthesis (Paper II)

In a typical experiment, Ca-TMA was prepared using the following procedure. Two
solutions (A and B) containing 100 mL of an H>O: ethanol (1:1) mixed solvents were
prepared and heated at 50°C. A total of 7.875 g TMA was dissolved in solution A, and 5.9
g of calcium nitrate tetrahydrate was dissolved in solution B. The two homogeneous
solutions were thoroughly mixed using a magnetic stirrer at 1000 rpm for three hours at
50°C, then allowed to cool in air to room temperature for 12 hours. The mixed solution
was centrifuged, and washed twice with the H,O-ethanol mixed solvent. The Ca-TMA
precipitate was filtered, dried in air to be used for the adsorption experiments and for

characterization.

3.2.1.3 Synthesis of Hierarchical Copper-based Metal-Organic Framework (H-Cu-BTC)
(Paper I11)

The H-Cu-BTC was synthesized according to a previously described method, with
some modifications [128]. Solution A was prepared by dissolving 2.5 mmol of 1,3,5-
benzenetricarboxylic acid (H3BTC) in 15 mL of anhydrous methanol. Solution B was
prepared by dissolving 4.5 mmol of Cu(NOs)2:3H20 in 15 mL of deionized water. To
ensure homogeneity, solution B was mixed with solution A and stirred (150 rpm at 25°C)
for 30 minutes. Subsequently, 6.75 mmol of N, N-dimethylcyclohexylamine was added to
the mixture, with the immediate formation of glaucous floccules, showing that the organic
amine expedited the synthesis of the MOFs. The glaucous suspension was stirred
continuously for 24 h, after which it was filtered, rinsed twice with ethanol, and dried for
12 h at 120°C in a vacuum oven (DAIHAN SOV-30, Korea). The final product was
designated as H-Cu-BTC. In contrast, conventional Cu-BTC (microporous) was prepared
using the solvothermal method at 120°C described elsewhere [129]. Then, 15 mL of

ethanol was mixed with 2.5 mmol of H3BTC to obtain solution C, and 15 mL of deionized
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water was mixed with 4.5 mmol of Cu(NOs)>-3H>0 to obtain solution D. Each solution
was stirred for 30 min, and the two solutions were added together and mixed for an
additional 30 min. The mixture was then placed in a 100 mL stainless-steel autoclave
vessel, coated with Teflon, and heated in an oven (DATHAN OFS5, Korea) at 120°C for 12
h. The solid product was filtered, washed with ethanol, and dried at 120°C for 12 h.

3.2.2 Protein Assay

CGTase concentration was determined using the Bradford method by preparing
various concentrations of bovine serum albumin (BSA) used as standard, ranging from 0
to 1.2 mg/mL [130]. To prepare the calibration curve, 20 pL of BSA solutions with
different known concentrations was added to 180 pL of a Bradford solution and then left
for 5 min for color development. The absorbance of each solution was then measured at
595 nm (SPECTROstar"®™® BMG LABTECH, Ortenberg, Germany) to produce a
calibration curve. For the measurement of CGTase, the same procedure was followed, and

the reading at 495 nm was compared with that of the calibration curve.

3.2.3 Support Characterization
3.2.3.1 Fourier Transform Infrared Spectroscopic (FTIR) Analysis

The FTIR analyses of the functional groups on the supports, when empty, with
adsorbed enzyme and after the reaction were performed using a Fourier transform infrared
spectrometer (Jasco Corporation FT/IR-6300, Japan). The samples were prepared prior to
the analysis by mixing with potassium bromide (KBr; Sigma-Aldrich) and previously
dried at 105°C to remove any interference by water molecules. The spectra were captured

between 400 and 4000 cm ™.

3.2.3.2 X-Ray Diffraction (XRD) Studies

XRD patterns for empty support and with the adsorbed enzyme were obtained using
an X-ray diffractometer (PANalytical Instrument, X Pert> Powder, Philips, Holland)
equipped with Cu Ka with a wavelength A = 1.540598 nm and operated at 40 mA.

Scanning was performed within a 20 range of 5°-80° with a step size of 0.026°/min.
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3.2.3.3 Thermogravimetric Analysis (TGA)

To determine the thermal stability of the samples, thermogravimetric analysis
(TGA) was conducted using a TGA Q50 V20.10 Build 36 analyzer (TA Instruments,
Haan, Germany) in the temperature range of 0°C—700°C. The used heating rate was

20°C/min under a continuous flow of nitrogen.

3.2.3.4 Brunauer—Emmett—Teller (BET) Analysis

An N, adsorption—desorption experiment was conducted using Quantachrome
Instruments (NOVAtouch NT 2LX-1, USA) to determine the supports’ total pore volume,
surface area, and average pore size. The analysis was performed for the empty support and
with the adsorbed enzyme before the reaction. The immobilization supports were
outgassed to remove moisture at 300°C. Then, liquid nitrogen (N2) was used to obtain the
surface area at a temperature of —196°C with a partial pressure (P/P,) range of 0.05-0.35
[131]. The average pore size and its distribution were determined using the Barrett—

Joyner—Halenda (BJH) technique [132].

3.2.3.5 Scanning Electron Microscopy (SEM) Analysis

The morphology of the supports, when empty, after enzyme adsorption and reuse
were observed using a scanning electron microscope (JEOL JSM 6010 PLUS/LA) coupled
with an energy-dispersive spectroscope to conduct surface characterization and elemental

analysis. The samples were coated with gold particles before analysis.
3.2.3.6 Zeta Potential Measurement

Zeta potential is one of the fundamental characteristics that is known to determine
stability. It measures the strength of the electrostatic or charge repulsion/attraction
between particles. Zeta potentials were measured using a NanoPlus zeta/nanoparticle
analyzer (NanoPlus, Japan). Here, 0.1 g of each solid sample or 1 mL of the enzyme
solution was diluted in 5 mL of buffer solution (pH 7.4). Then, 1 mL of the resulting
solution was injected into the high-concentration flow cell of the analyzer for

measurement.
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3.2.3.7 Fluorescence Spectroscopy

Fluorescence spectroscopy (FS) analysis of the free and immobilized CGTase were
conducted to study changes in CGTase tertiary structure by measuring formation of N-
formylkynurenine (N-FK), a photo-oxidation product of tryptophan, using Edinburgh
Instruments’ spectrofluorophotometer FS5 (United Kingdom) [133, 134]. The emission

spectra were scanned between 400 — 650 nm, using an excitation wavelength of 375 nm.
3.2.4 CGTase Adsorption Isotherm

To obtain the adsorption isotherm, 1 mL of deionized water was combined with 0.1
g of activated MOFs (or 0.5 g of zeolite) and the mixture was sonicated for 5 min to create
a well-dispersed suspension. Then, the suspension was added to 9 mL of phosphate buffer
(0.05 M, pH 6.0), followed by the addition of 10 mL of CGTase solution with different
concentrations (0 — 0.65 mg/mL). The resulting mixture was incubated for 24 h at 25°C in
a water bath shaker (Labtech LSB-015S, KOREA) while stirring at 100 rpm to attain
equilibrium. The immobilized enzyme was separated, thoroughly rinsed with phosphate
buffer to remove the loosely attached enzyme, and immediately stored at 4°C. The protein
amount in the remaining buffer solution and the washing solution were measured to
evaluate protein uptake (qe) using Equation 1 as follows:

_ (Cinitial'Vinitial)_ [(Cfinal'Vfinal) +(Cwash'Vwash)] 1
e =
m

where g (mg/g) is the equilibrium protein uptake, Cinitial, Cinal, and Cwash (mg/mL)
are the protein concentrations in the initial CGTase solution, remaining buffer solution at
the end of the adsorption test, and washing solution, respectively; Vinitial, Vfinal, and Vwash
(mL) are the volumes of the initial, remaining buffer, and washing solutions, respectively;
and m (g) is the mass of the support. The data obtained were fitted to the Langmuir and
Freundlich models, Equations (2) and (3), respectively

o = dmbCe o)
1+bC,
e = KFCel/n 3
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where qe is the protein uptake at equilibrium (mg/g), gm is the maximum protein
uptake (mg/g), Ce is the equilibrium concentration of CGTase (mg/mL), b is a parameter
related to the interaction between protein and support surfaces (mL/mg), 1/n is the
adsorption intensity, which indicates energy distribution on adsorbate surfaces, and Kr is

the Freundlich adsorption capacity [135].
3.2.5 CGTase Adsorption kinetics

For the adsorption kinetics study, 0.02 g of MIL-101 (0.5 g of zeolite Y) was
introduced into 5 mL of CGTase solution (0.57 mg/mL) at 25°C under stirring for different
times (0-16 hrs.). After each time, the solids were separate by centrifuge (OHAUS
FC5816, USA) at 5000 x g for 5 min and the protein concentration in the supernatant was
measured, then used to determine the protein uptake at each time. Data from the adsorption
kinetics study were fitted to the pseudo 1%t and 2" order, Elovich and intraparticle diffusion

models, shown in Equations (4), (5), (6) and (7), respectively;

qe = qe(1 —e™) 4
_ qékat

qt - 1+q€k2 5
Inabt

q: = nz 6

qt - kdtO'S + 9 7

where q, qe are the protein uptake (mg/g) at any time t and at equilibrium, k; (hr!),
k> (gmg'hr!) are the pseudo first and second order kinetic constants, b (mgg'hr!) is the
desorption rate constant, a (mgg 'hr!) is the initial adsorption rate, kq (mg/g.hr''?) is the

intra-particle rate constant, 0 is the layer thickness [136, 137].
3.2.6 Kinetic Study for Free and Immobilized CGTase

The enzymatically produced CDs were spectrophotometrically determined using
different indicators for each CD, as described by Vikmon (1982), with slight modifications
[138]. The method is based on the change in the absorbance of the indicator solutions at
certain wavelengths due to the formation of a colorless complex with CD, which was

measured using a SPECTROstar Nano spectrophotometer (BMG Labtech, Germany). For
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the free enzyme, 1 mL of the substrate solution, consisting of different starch
concentrations (in the range of 1-10 g/L) in 0.01 M phosphate buffer at pH 7.4, was mixed
with 100 pL enzyme solution (8.93 mg protein/mL) and incubated at 70°C while mixing
at 100 rpm. For the immobilized CGTase, an equivalent mass containing the same protein
amount as that of the free enzyme was used instead (0.893 mg protein) of the 100 puL
enzyme solution. At regular intervals, the reaction was stopped by placing the mixture in
boiling water and was centrifuged at 5000 xg for 5 min to separate the precipitate. Then,
the concentration of a-CD in the supernatant was measured by adding 1 mL of 0.01 M
methyl orange to 0.5 mL of the reaction mixture, and absorbance was measured at 507 nm.
a-CD was determined by comparing the absorbance against a calibration curve prepared
using several dilutions of standard o-CD. For B-CD determination, 2 mL of
phenolphthalein solution (0.04 mM phenolphthalein dissolved in 125 mM Na>COz3) was
added to 0.5 mL of the reaction mixture, and absorbance was measured at 550 nm. y-CD
was measured by adding 1 mL of 0.005 M bromocresol green indicator to 0.5 mL of the
reaction mixture, using 630 nm for absorbance determination. The concentrations
measured for the CD at different substrate concentration was used to calculate the reaction
rate. The resulting reaction rate versus starch concentration was used for kinetic parameter
evaluation by non-linear fitting of the experimental data to the Michaelis-Menten model

(Equation 8) using OriginPro® software.

_ VmaxS g
0 Km+S

where Vo, Vimax are the initial and maximum reaction rate (gL-'min™') respectively,

S is the substrate concentration (gL!) and K is the Michaelis-Menten constant (gL!).
3.2.7 Reusability Studies

For the reusability studies, the immobilized enzyme was separated from the
reaction mixture before boiling, and the CD production steps described in Section 3.2.6
were repeated for 10 cycles. The reusability with the surface attachment as described under
CGTase immobilization was compared with that of the covalent attachment via

glutaraldehyde. The immobilization procedure was the same as the surface attachment but
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with the addition of 0.5 mL glutaraldehyde before enzyme addition. The residual activity

after each cycle was calculated using Equation (9),

) __activitty at a cycle

Residual Activity(% X 100% 9

activity in cycle 1
3.2.8 Data Analysis

All experiments were conducted in triplicates, with reported values being the mean,
and standard deviation shown as error bars on the respective plots. The models used in this
work were non-linearly fitted using Levenberg-Marquardt (L-M) method available on
OriginPro 2021® software, using adjusted R? and reduced chi-square (y,*) as validation
parameters [139]. Statistical analysis was performed using the one-way analysis of

variance (ANOVA) with Minitab 21 (Minitab LLC, Chicago, USA).
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Chapter 4: Results and Discussion

4.1 Bioconversion of Starch to Cyclodextrin using Cyclodextrin glycosyltransferase
Immobilized on Metal Organic Framework (Paper I)

The aims of this work are to investigate the enzymatic production of CD using
CGTase immobilized on a 3-D MOF support, that is, MIL-101, and to compare this
method with the use of a conventional support (zeolite). MOF was selected as a support
because of its numerous favorable properties. To the best of our knowledge, there have
not been any reports on CGTase immobilization on MOFs for CD production. The effect
of the support properties on enzyme adsorption and the changes in the secondary structures
after immobilization were investigated. Moreover, the catalytic performances of both free
and immobilized CGTases were studied to understand how immobilization on MIL-101
affects the activity of CGTase. This study also examined the immobilized CGTase’s

kinetics and reusability, which are crucial components for industrial application.

4.1.1 Summary of the Main Findings

The superiority of a metal organic framework, namely, MIL-101 (Cr) over
conventional support, zeolite Y, as immobilization support for Cyclodextrin
glycosyltransferase (CGTase) was investigated. The adsorption capacity, stability, and
secondary structures of CGTase upon immobilization were investigated. CGTase
adsorption on MIL-101 and zeolite Y was best represented by the Langmuir isotherm with
optimum adsorption capacities of 37.5 and 6.1 mg/g on two supports, respectively. The
deconvolution of the amide I band of the FTIR spectrum indicated that free CGTase
molecules predominantly contain B-sheets, which increased with the immobilization on
MIL-101 and zeolite Y from 56% to 84.1% and 69.7%, respectively, suggesting the
existence of CGTase agglomerates on the supports. The CGTase immobilized on MIL-
101 showed relative activity of about 50% at a substrate concentration of up to 4 g/L
(compared with free enzymes) and above 3 times higher selectivity towards the more
valuable a-CD. A diffusion-reaction model was used to predict the behavior of the
immobilized system, and reusability studies revealed that immobilized CGTase may be
utilized for numerous reaction cycles, with possible improvements via covalent attachment

using glutaraldehyde. Overall, the obtained results in this study provide insights into the
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usefulness of MIL-101 as a suitable support for CGTase immobilization.

4.1.2 CGTase Adsorption Isotherms

Figure 5 shows the results of the CGTase adsorption on MIL-101 and zeolite Y.
The equilibrium capacity for both supports increased with the increase in the CGTase
concentration, which reached 31.6 and 1.3 mg/g for MIL-101 and zeolite Y, respectively.
The experimental values taken at the same conditions for both supports show that MIL-
101 has a greater adsorption capacity than zeolite Y. This result can be attributed to the
combined effect of the larger surface area and more enzyme-compatible functional groups,
mainly the -COOH groups offered by MIL-101 compared with zeolite Y. These results
were fitted to the Langmuir and Freundlich models to identify the one that better correlates
to the experimental results, as shown in Figure 5. Table 5 shows the fitting parameters of
the supports under study. Both models provided good predictions of the experimental
values for MIL-101 (Figure 5a). However, the Langmuir prediction appeared closer to the
experimental data with the model having higher R? and lower reduced chi-square value,
with maximum adsorption uptakes of 37.1 and 6.1 mg/g for MIL-101 and zeolite Y,
respectively. The Langmuir isotherm also showed to be preferred for the adsorption of
CGTase on zeolite. The Langmuir isotherm assumed that there was uniform adsorption of
CGTase on the support surface with only monolayer coverage. The value of b in the
Langmuir isotherm indicated a better interaction between CGTase and the surface, thus
explaining the higher qm observed for MIL-101. MIL-101 conferred high affinity for the
enzymes, partly due to its high porosity and mainly due to the presence of functional
carboxyl groups, and it has been identified as a good host for enzymes [140]. Under
optimized conditions, 42 mg/g was reported as qm in the CGTase immobilization via
adsorption and crosslinking on a melamine—epoxy resin composite sponge [141], 8.1 mg/g
over Eupergit C via covalent binding with glutaraldehyde [51], and 4.1 mg/g over activated
silica using covalent binding [142]. The maximum adsorption uptake via the surface
attachment on MIL-101 in this work (37.1 mg/g) stands comparably higher than that of

most of the supports previously reported.
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Figure 5: Langmuir and Freundlich Isotherms Fitting for the CGTase Adsorption at 25°C
on (a) MIL-101 and (b) zeolite

Table 5: Adsorption Isotherm Parameters of CGTase on MIL-101 and Zeolite

Langmuir model Freundlich model
Kr
Support (m b 2 2 2 2
R xv (mg/g n R A
MIL-101 37.5 16.8 0.98 3.9 42.9 39 097 49
Zeolite Y 6.1 0.69 0.99 0.0003 2.89 1.16 0.99 0.0008
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4.1.3 CGTase Adsorption Kinetics

Figures 6a and 6b show the adsorption kinetics of CGTase on MIL-101 and zeolite
Y at 25°C, respectively. The amount of the adsorbed CGTase per gram of MIL-101
increased gradually from 0 to 28 mg/g with the increase in time up to 8 h. The gradual
increment could be due to the high surface area offered by MIL-101. The CGTase uptake
kinetics on zeolite showed an initial gradual uptake, followed by a sharp increase of up to
4 h and then by a less steep uptake as time increased. The initial lag in the uptake on zeolite
could be a result of the bulkiness of CGTase, which needs time for adequate attachment
to the zeolite surface. Once the attachment of CGTase occurred, the number of vacant sites
decreased, resulting in a decrease in the uptake slope. This was not observed with MIL-
101, indicating that it offers better attractive forces for CGTase molecules. This result was
verified by conducting a zeta potential analysis on both surfaces. The zeta potentials of
CGTase and the supports were measured at pH of 7.4. CGTase, MIL-101, and zeolite
provided zeta potentials of —0.06, 0.53, and —0.47 mV, respectively. These results show
that the surface of MIL-101 was positively charged at the operating condition. Hence,
CGTase, which is negatively charged, showed more affinity toward MIL-101 because of
the electrostatic attraction compared with the zeolite surface. Another possible reason can
be the affinity of the carboxylic group on MIL-101 to the numerous amine groups found
on the enzyme. Moreover, the adsorption rate of CGTase on MIL-101 was faster (up to 12
mg/g in 4 h) than that on zeolite (1.3 mg/g in 4 h) under the same conditions, which can
be vital for CGTase stabilization during immobilization as enzymes might be inactivated

if they remain in an unsuitable storage condition for a long time.

The pseudo-first-order, second order, Elovich and intraparticle diffusion models
were used in fitting the results for the kinetics study, and the results are presented in Table
6. Using R? and > for model discrimination, the pseudo-first-order model provided a
better prediction for MIL-101 while Elovich model showed better performance for
Zeolite-Y, especially at higher times, which is typical of multilayer adsorption, although,
it does not allow for prediction at smaller time values due to the presence of a natural

logarithmic function.
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Figure 6: Adsorption Kinetics of CGTase at 25°C on (a) MIL-101 and (b) Zeolite-Y
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Table 6: Adsorption Kinetic Parameters of CGTase on MIL-101 and Zeolite

Model/Support MIL-101 Zeolite-Y
Qe 95.72 3.19
ki= 0.04 0.09
st
Pseudo 1% order R2= 0.97 0.90
W= 7.9 0.075
ko= 1.34 0.0086
Pseudo 2" order R?= 0.97 0.90
W= 8.2 0.076
a= 11.1 0.69
) b= 0.05 0.98
Elovich R>= 0.96 0.94
W= 11.4 0.035
ka= 10.16 0.54
) ) . = 10.0 10.0
Intraparticle diffusion R2= 0.97 0.82
W= 8.2 0.133

4.1.4 Secondary Structure Analysis

During immobilization, the forces involve in enzyme adsorption on surfaces are
mostly due to the electrostatic attraction between charged amino acids on the enzyme and
the surface of the support, which could lead to structural deformation or alteration of the
arrangement of the polypeptide chain at the secondary structure level [143]. This structure
can be identified using the amide bands on the FTIR spectra. Among the several amide
bands, the amide I band (1600-1700 cm™'), which originates from the C=O stretching
vibration of the amide group, is widely used and accepted as a better predictor for the
quantitation of protein secondary structures due to the correlation of its vibrational
frequencies to secondary structure elements [144]. The peaks found at 1620-1641 cm™!
are generally assigned to B-sheets. This phenomenon can also occur below 1620 cm™! in
some proteins at 1600—-1620 cm™!, as in intermolecular B-sheets [145, 146]. The bands at
1648-1660 and 1665—-1688 cm ™! are assigned to a-helices and B-turns, respectively [147].

The FTIR deconvolution of the amide I band in the free CGTase, CGTase@MIL-
101, and CGTase@Zeolite-Y after baseline correction and the subtraction of the support

FTIR spectrum from that of the immobilized enzyme is shown in Figure 7. The assignment
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of the secondary structures, which were quantified using the corresponding areas as
percentages of the total area in the amide I band, is shown in Table 7. The values show a
maximum amide I vibration centered at 1626-1643 cm™!, suggesting that CGTase had a

signature of B-sheets before and after immobilization.
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Figure 7: FTIR Deconvolution for the Secondary Structure Analysis of CGTase: (a) Free
CGTase, (b) CGTase@MIL-101, and (c) CGTase@zeolite-Y
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Table 7: Deconvolution of Amide I Band in FTIR Spectrum for Secondary Structure
Analysis

Wavenumber range' Percentage (%)

(cm™) Free CGTase CGTase@MIL-101 CGTaseg{@ zeolite-
B-sheets 1620-1644 56.0 84.1 69.7
o-helix 16481660 38.5 - -
B-turns 1660—1688 5.5 15.9 30.3

T144]

To determine the changes in the secondary structures in CGTase after
immobilization on various supports, the peak deconvolution of the amide I band in the
FTIR spectrum of the immobilized CGTase was conducted using the peak deconvolution
app in Origin® 2021. The free CGTase predominantly contains B-sheets in phosphate
buffer, which increased from 56% to 84.1% and 69.7% after immobilization on MIL-101
and zeolite, respectively. The increment in the observed B-sheets after immobilization
suggests that CGTase tended to form aggregates on the surfaces of MIL-101 and zeolite,
resulting in protein—protein interactions and in the increase in intermolecular B-sheet

structures [ 148]. This finding is also strengthened by the SEM micrographs.

After immobilization, there was no observable peak for a-helix compared with the
free CGTase, suggesting that there might have been an a-helix to B-sheet transition due to
the interaction of nonspecific hydrogen bonds in the amino acid sequence of CGTase
[149]. It could be observed that there was a decrease in the intensity of the amide I band
for all immobilized CGTase when compared with the free CGTase, indicating that

immobilization affected the secondary structure.

4.1.5 Kinetics of Enzymatic CD Production

To evaluate the performance of the free and immobilized CGTases, kinetic studies
were conducted, with the displayed data being the mean values of triplicate experiments.
Owing to the higher adsorption capacity of MIL-101 over that of zeolite Y, a reaction
kinetics study was performed on CGTase@MIL-101, with the error bars providing
evidence of the results’ reproducibility. The initial analysis of the product showed a very
minute quantity of y-CD; hence, it was not considered in this study. Figure 8 shows the

concentration—time profile of a-CD, which is the dominant product of the starch
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conversion using free and immobilized CGTases at different substrate concentrations. To
avoid congestion, only three concentrations were demonstrated, as shown in Figure 8.
However, the experiment was conducted at smaller intervals of concentration changes. As
time increased, the concentration of a-CD increased, reaching values of 6 and 3 g/L after
20 min for both free and immobilized CGTases, respectively, at a starch concentration of
10 g/L. The reduction in the CD production rate after 20 min might be attributed to the
enzyme activity loss due to product inhibition. Because equivalent protein amounts were
used for the free and immobilized CGTases, the lower production using the immobilized
enzyme is attributed to the substrate diffusion limitation. The conformational changes in
the CGTase secondary structure discussed in Section 4.1.4 could also contribute to the
activity drop. A similar trend was also observed for B-CD (not shown here), but the
amounts produced were smaller than those of a-CD. This observation agrees with that
obtained for the CD production using Toruzyme [150], which showed that the buffer type
can affect the ratio of CDs produced. Using phosphate buffer, as used in this study, a-CD
production was slightly greater than that of -CD.

42



a-CD concentration, g/L

——10g/L
——5¢g/L.

a-CD concentration, g/L
.

0 T T

0 10 _. . 20
Time, mins

Figure 8: Time Effect on a-CD Production at Different Substrate Concentrations, pH 7.4,
and 70°C for (a) Free CGTase and (b) CGTase@MIL-101

The initial reaction rate was determined for each substrate concentration based on
the curves shown in Figure 9. This step was performed for all substrate concentrations and
both a -CD and B -CD, and the results were demonstrated, as shown in Figure 9. The initial
reaction rate gradually increased with the increase in the substrate concentration up to 10
gL', with o -CD reaching a value of 0.31 gL 'min!, which is significantly higher than the
0.17 gL 'min™! value observed for B -CD. The same trend was observed for the

immobilized CGTase but with a reduced reaction rate. Substrate inhibition was not
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observed in both graphs in the substrate concentration range used in this work, although it
was reported at concentrations higher than 20 gL' [151], which were not considered in
this work. As shown in the Figure, the production rates of both CDs using the free CGTase
were higher than those obtained using the immobilized CGTase at the same protein
amounts. As explained earlier, this phenomenon is largely attributed to the diffusion
limitations encountered by the substrate when the enzyme was used in the immobilized
form. It was also observed that the production rate of a-CD was higher than that of -CD
for both free and immobilized CGTases, as evidenced in the kinetic parameter obtained,
using Michaelis Menten (MM) model in Table 8, with Vimax being 0.64 and 0.42 gL 'min™!
for a-CD and B-CD, respectively, using the free CGTase. As mentioned earlier, this result

is due to the used pH, which favors the production of a-CD [150].
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Table 8: Michaelis—Menten Kinetics Parameters of CGTase for a -CD and 3 —CD

Parameter a-CD B-CD
Viax (g/L - min) 0.64 0.42
Ky (g/L) 9.44 12.00
R? 0.97 0.98

Figure 10 shows the total yield of CD as the total amount of a-CD and B-CD
produced over the initial substrate amount used using both free and immobilized CGTases.
The CD yield was higher at a low substrate concentration of up to 2 gL', reaching over
90% in 10 min. Then, it gradually decreased at higher concentrations. The drop in the
observed yield as the substrate concentration increased should not be understood as
substrate inhibition, which was not encountered within the substrate concentration used in
this work, as shown in Figure 5. However, this drop was mainly because the produced
total CDs did not linearly increase with the substrate concentration. Hence, the yield drop
was observed at a higher substrate concentration as the yield was obtained by dividing the

produced CD by the initial amount of the used substrate.
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Figure 10: Effect of Initial Substrate Concentration on Total CD Yield after 10 min at pH
7.4 and 70°C
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As mentioned earlier, a-CD is almost 10 times more expensive than B-CD [13, 16].
Therefore, the selectivity of a-CD over B-CD is an essential factor for the economic
feasibility of the production process. Higher selectivity also simplifies the purification of
the designed product. Figure 11 shows the selectivity of a-CD over B-CD using free and
immobilized CGTases at various substrate concentrations. With the free enzyme,
relatively higher selectivity was observed toward a -CD. Besides the effect of the used pH,
the source of CGTase also had an influence on the type of the produced CD. Using the
enzyme in the immobilized form, a much higher selectivity was obtained, especially at
lower substrate concentrations, which is a very interesting finding as it adds an important
advantage to using the enzyme in the immobilized form, besides the other advantages
mentioned earlier. This higher selectivity is attributed to the diffusion limitations
encountered with the immobilized enzyme, and as a -CD is a smaller molecule, it is
expected to diffuse faster. At higher concentrations, the diffusion rate increased. Thus, a
selectivity drop was observed. The conformational changes that CGTase underwent after
immobilization could also play a part, suggesting that the increase in the B-sheets in the
secondary structure of CGTase aided the production of a-CD, a less bulky product,
compared with B-CD.
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Figure 11: Selectivity of a-CD to B-CD using Free CGTase and Immobilized
CGTase@MIL-101 at Different Substrate Concentrations
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4.1.6 Immobilized Enzyme Reusability

As mentioned earlier, one of the main advantages of using enzymes in the
immobilized form is their easy separation from reaction mediums, allowing their repeated
reuse. However, for this process to be effective, an immobilized enzyme has to maintain
its activity. To evaluate the recovery of the immobilized CGTase from the reaction
medium, the residual enzyme activity, defined as the activity of the enzyme in a cycle
divided by its activity in the first cycle as determined. Figure 19 shows the residual activity
after a number of repeated cycles for the immobilized MIL-101. The relative
CGTase@MIL-101 activity values in the second cycle were 81% and 88% of the initial
activity for a-CD and B-CD, respectively. The relative activity continued to drop from one
cycle to the next, until reaching 29% and 14% for the two products, respectively. The
reusability of CGTase on MIL-101 found in this work was lower than that reported by
Suhaimi et. al [152] for the immobilization of the same enzyme on polyvinylidene
difluoride (PVDF) hollow fiber membranes. However, it should be noted that the
immobilization protocol was different from the surface attachment method used in this

work.

48



100 B a.

%0 Owith glutaraldehyde

B Without glutaraldehyde

60 r

Relative activity (%)

20 r

100 r b.
O With glutaraldehyde
80 r B Without glutaraldehyde

60

40

Relative activity (%)

1 2 3 4 5 6 7 8 9 10
Repeated Cycles

Figure 12: Reusability of the Immobilized CGTase on MIL-101 for the Production of (a)
a-CD and (b) B-CD

This study, for the first time, demonstrated the possibility of utilizing MOFs in
CGTase immobilization. The loss of CGTase activity observed after 10 cycles of usage
could be attributed to the gradual detachment arising from the washing step conducted
after each cycle. Therefore, the covalent attachment of CGTase onto MIL-101 was
suggested to improve reusability. The attachment of CGTase to MIL-101 via covalent
attachment was achieved using 1 mL of glutaraldehyde. The result showed an

improvement over that obtained for surface attachment, as shown in Figure 9. However,

49



the stability of the immobilized enzyme was still not high, and more investigations can be

performed to further improve its stability.

4.2 Immobilization of Cyclodextrin glycosyltransferase onto Three Dimensional-
Hydrophobic and Two Dimensional- Hydrophilic Supports: A Comparative
Study (Paper II)

In this work, CGTase from Thermoanaerobacter sp. was immobilized by
adsorption on Graphene Nanoplatelets (GNP), as a 3D model and calcium-based 2D MOF,
both with different surface properties. The effect of CGTase immobilization using
different surfaces on the enzyme’s secondary structures, uptake, specific activity and
operational stability of CGTase were analyzed. To the best of our knowledge, this is the
first study of its type on the use of 2-D support, in comparison to 3D materials used by
previous studies. The results obtained in this study will open the door to further works on

enzymatic production of CDs using a more efficient bio-catalyst.
4.2.1 Summary of Main Findings

Cyclodextrin glycosyltransferase (CGTase) degrades starch into cyclodextrin via
enzymatic activity. In this study, CGTase from Thermoanaerobacter sp. was immobilized
on two supports, namely Graphene Nanoplatelets (GNP) consisting of short stacks of
graphene nanoparticles and a calcium-based two-dimensional metal organic framework
(Ca-TMA). The uptakes of CGTase on GNP and Ca-TMA reached 40 and 21 mg/g
respectively, but immobilized CGTase on Ca-TMA showed a higher specific activity (38
U/mg) than that on GNP (28 U/mg). Analysis of secondary structures of CGTase, shows
that immobilization reduces the proportion of B-sheets in CGTase from 56% in the free to
49% and 51.3% for GNP and Ca-TMA respectively, a-helix from 38.5% to 18.1 and
37.5%, but led to increased B-turns from 5.5 to 40% and 11.2% for GNP and Ca-TMA,
respectively. Lower levels of conformational changes were observed over the more
hydrophilic Ca-TMA compared to hydrophobic GNP, resulting in its better activity.
Increased B-turns were found to correlate with lower B-CD production, while more [-
sheets and a-helix favored more B-CD. Reusability studies revealed that GNP retains up
to 74% of initial CGTase activity, while Ca-TMA dropped to 33% after eight consecutive
uses. The results obtained in this work provide insight on the effect of support’s surface

properties on CGTase performance and can assist in developing robust CGTase-based
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biocatalysts for industrial application.
4.2.2 Secondary Structure Analysis

For an in-depth examination of the effect of immobilization on protein structure,
FTIR was employed to study possible conformational alterations in the secondary
structures of CGTase resulting from immobilization. The amide I region (1600—1700 cm"
1) was subjected to peak deconvolution to reveal the numerous overlapping peaks (Figure
13) as it provides information on the changes caused by immobilization to CGTase
secondary structures, and the results are shown in Table 9. The stretching vibrations of
carbonyl groups (C=0) in proteins are responsible for the amide I, and each deconvoluted

peak stores data about a-helix, B-sheets, and B-turns [153-156].
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Table 9: Results of Peak Deconvolution of Amide I Band

Percentage (%)

[B-sheets a-helix B-turns
CGTase 56.0 38.5 5.5
CGTase@graphene 41.9 18.1 40.0
CGTase@Ca-TMA 51.3 37.5 11.2

After deconvolution, free CGTase (Figure 13a) showed five peaks assigned to -
sheets (1610, 1621, 1636 cm™!, indicated in dark blue), a-helix (1659 cm™, in brown) and
B-turns (1682 cm™!, in green) with each of the secondary structure accounting for 56, 38.5,
and 5.5% respectively. Thus, B-sheets and the a-helix are the major structural components
of CGTase. B-turns are found at locations of directional change on a polypeptide chain and
make up around one-fourth of the residues in proteins, forming the smallest secondary
structure. Nevertheless, these turns could have a significant effect on enzyme stability

[157-159].

The amide I spectrum of immobilized CGTase on GNP is shown in Figure 13b.
Deconvolution reveals five peaks, similar to free CGTase at 1610, 1621, 1643, 1663, and
1685 cm™!, with a reduction in the B-sheets (41.9%) and a-helix (18.1%), but enhanced P-
turns (40.0%). Ca-TMA (Figure 13c) also showed a similar trend to that of GNP, with
peaks at 1610, 1618, 1640, 1669, and 1686 cm! and B-sheets, a-helix and B-turns contents
of 51.3, 37.5, and 11.2%, respectively. Changes in B-sheets and the a-helix are usually
attributed to the distortion of hydrogen bonds present in an enzyme [158], and in this case,
it appeared that GNP showed more loss of both -sheets and a-helix structures and a higher

increment in B-turns, compared to Ca-TMA.

The two key factors that affect the enzymes’ secondary structures during adsorption
are the operating conditions (such as temperature, pH, surface polarity [i.e., hydrophilic or
hydrophobic], and others) and the amino acid sequence [160]. Apart from the surface
polarity of the supports, all other factors were the same. As shown in Table 12, GNP,
which is the support with higher hydrophobicity, displayed larger changes in the CGTase
secondary structure, compared to Ca-TMA, which is more hydrophilic. This was expected,
as hydrophobic surfaces usually cause loss of the protein ordered structure [160]. Thus,

secondary structure of CGTase could be preserved by using a hydrophilic support.
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4.2.3 CGTase Immobilization

The CGTase used in this study is very stable at the immobilization conditions up to
24 h, maintaining good stability up to 36 h, other authors have also reported similar
findings about Toruzyme’s (the source of CGTase used in this work) stability during use
for over 24 h. It was reported that the activity of the CGTase used was unaffected after 24
h even up to 70°C [51, 161]. The specific activity of the free CGTase used was 167 U/mg
protein, and upon immobilization on GNP and Ca-TMA, the specific activity was 28 and
38 U/mg protein, resulting in activity yields of 16.8 and 22.8% for the two supports
respectively. Ca-TMA displayed better residual activity when used as the support, due to
lesser loss of protein ordered structure as discussed in Section 4.2.2. These results also

confirms that immobilization affects the activity of CGTase as already reported [162].

Figure 14 shows the equilibrium relationship between CGTase concentration and
the quantity of CGTase adsorbed per gram of GNP and Ca-TMA. To confirm the
reproducibility of the results, the analysis was performed in triplicate, and the presented
results denote the average values. The uptake on GNP increased to around 40 mg/g,
whereas on Ca-TMA, it increased to about 21.1 mg/g at CGTase concentration of 0.12
mg/mL, before showing a form of curvature. As shown in Figure 28, GNP offered better
adsorption for CGTase than Ca-TMA owing to better hydrophobic interactions, as Ca-
TMA contains more hydrophilic functional groups, as confirmed by the hydrophobicity
measurement [163]. This is similar to the result obtained for bovine serum albumin (BSA)
adsorption on supports with different hydrophobicities. It was shown that increase in
surface hydrophobicity led to higher adsorbed protein [160, 164] due to a decreased effect

of competitive interactions with water molecules [165].
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Although, GNP had better uptake of CGTase, its lower residual activity compared
to Ca-TMA could be attributed to the larger changes in secondary structures, as discussed
in Section 4.2.2. Also, it is possible that some of the CGTase could be attached within the
stacks of graphene layer or its micropores, thus, reducing the active sites available for

starch degradation.

Another interesting finding is the steeper slope at lower protein concentration for
GNP compared to Ca-TMA, which can be attributed to CGTase binding to the GNP
surface, as well as diffusing into the short stacks of graphene sheets found in the used
GNP. The amount of CGTase adsorbed in this study was higher than most reported values
in the literature. For example, using Eupergit C as the support, 8.1 mg/g was reported using
covalent binding of CGTase [51]. Lower capacities of 4.1 and 0.73 mg/g were reported
using activated silica X030 [142] and controlled pore silica [166]. In contrast, a higher

capacity of 42 mg/g was reported using a melamine—polyethylene glycol composite [141].
4.2.4 Enzymatic Production of CDs

The kinetic test results, carried out to assess the performance of CGTases@GNP

on CDs production, are shown in Figure 15. Similar graphs were obtained for free CGTase
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and CGTase@Ca-TMA. Only a-CD and B-CD were considered, as minute amount of y-
CD was detected after the reaction, similar to a previous report [150]. No CD was detected
in the blank runs using the empty GNP and Ca-TMA, which confirms that the activity was
solely owing to the attached enzyme. With time, the amount of CD produced increased up
to 10 mins before reaching a plateau. The highest concentration using free CGTase for a-
CD and B-CD were 2.3 and 1.5 gL! respectively after 30 mins, (a: B ratio of 1.5:1),
corresponding to yield of 76% using a starch solution of 5 gL"!. For CGTase@GNP, the
concentrations of a-CD and B-CD were 1.9 and 0.2 gL' (a: B ratio of 9.5:1), respectively,
which corresponds to 42% yield with total CDs productivity of 18.1 mg.min™! per gram of
support. Additionally, for CGTase@Ca-TMA, a-CD and B-CD concentrations were 1.7
and 0.6 gL (a: B ratio of 2.8:1), respectively, corresponding to a yield of 46%, with total
CDs productivity of 18.0 mg.min™! per gram of support. Because the same amount of
attached enzyme was used in the experiment, the amount of Ca-TMA used was higher
than that of GNP, due to its lower capacity. However, the higher yield obtained using the
CGTase@Ca-TMA therefore resulted in a similar total CDs productivity per gram of
support.
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The changes in the initial rate of CDs production with respect to starch
concentration are shown in Figures 15C, 15D and Figure 16, obtained from the slope at
time zero of concentration vs. time graphs of the free and immobilized CGTase at different
starch concentrations (1— 10 gL™"). As the substrate concentration increases, there is a
gradual rise in the initial CDs production rate. The increase in the CDs production rate as
the starch concentration increases could be attributed to the increase in amylopectin
availability, a highly branched structure with more a-1,4-glycosidic bonds, which are
cleaved by CGTase to form CDs [167]. The effect of increasing starch concentration is
reduced at higher concentrations, when the active site on CGTase becomes saturated with
the starch molecules [168]. The total CDs production rate using CGTase@Ca-TMA was
higher than that of CGTase@GNP, which could be due to the combined effect of enzyme
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clustering that might be present on GNP (high protein uptake), thus, negatively affecting
its activity and planar 2-D shape of Ca-TMA compared to GNP, leading to less diffusional
limitations and easier access of substrate molecules on CGTase@Ca-TMA [169]. These
results support the hypothesis that 2-D structures would be more favorable supports for
this type of reaction provided it possesses high external surface area. The difference in the
enzyme conformational changes on the two supports could likewise have an effect.
Relating the observed trend in CD production to the secondary structures analyzed in
Section 4.2.2, the higher number of B-turns observed for CGTase@GNP therefore

suggests less activity towards B-CD production.
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Figure 16: Overall Initial CD Production Rate for Various Substrate Concentration at
70°C, pH 7.4

Comparing the results in the current work to those reported in literature using
CGTase immobilized on other supports, for example, using covalently immobilized
CGTase (from Thermoanaerobacter sp.) on both amine- and thiol-functionalized silica
(Si-NH and Si-SH), protein uptake of 9.7 and 8.5 mg/g was achieved respectively, leading
to starch conversion of 14% and 22% at 60°C after 200 h of reaction in a continuous packed
bed reactor, using 4% (w/v) soluble starch solution as substrate. The total CDs
productivities per gram of support were 1.22 mg.min™! for Si-SH (a:f:y ratio 1.4:1.5:1) and
1.56 mg.min! for Si-NH (a:B:y ratio 3.3:3:1) [170]. The lower productivity using
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immobilized CGTase on 3-D structures is mainly attributed to the mass transfer
limitations. In 2-D structures, these limitations are limited to only external mass transfer
from the substrate bulk solution to the surface of the support. In contrast, in 3-D structures,
additional internal diffusion limitations, that are significantly higher, become more
significant. Also, in order to facilitate unrestrained access to the active site on immobilized
CGTase, covalent attachment via inclusion of 3-aminopropyltrimethoxysilane (APTMS)
as a spacer arm was studied, which led to an activity recovery of 73% [Matte, 2012]. In
another study, CDs yield of 40% CD was achieved after 1.2 h retention time, using
CGTase from B. macerans immobilized on Amberite IRA 900 with 10% (w/w) partially
cyclized starch at 50°C [171]. Furthermore, improved yield of CDs (43%) was obtained
after 3 h with an a:f:y mass ratio of 1.5:2:1 at enzyme loading of 5.0 U/g starch, using
post-modified CGTase to form crosslinked enzyme aggregates (CLEAs) [63]. Despite
achieving a relatively similar yield to the one reported in this study, the time needed to
achieve this yield was longer, resulting in a lower productivity of 0.12 and 1.4 mgmin’!
per gram of support, using CGTase@Amberite IRA and CLEAs, respectively [63, 171].
These comparisons show that the use of Ca-TMA could provide better support for CGTase

in CDs production.

A significant factor that must be considered for the feasible application of
immobilized enzymes at the industrial scale is their reusability. This property refers to how
rapidly an immobilized enzyme loses its activity with multiple recycling uses.
Immobilized CGTase on GNP and Ca-TMA were examined up to eight successive cycles,
and the residual activity, relative to the activity of the first cycle, is shown in Figure 17.
After eight cycles, CGTase@GNP retained 74% of its activity, while Ca-TMA retained
only 33%. The drop in the activity of the immobilized CGTase can be attributed to
detachment of CGTase from the support surface during washing. Ca-TMA showed a lower
retained activity compared to GNP, which suggests that a higher leaching of the enzyme
occurred. This is attributed to its higher hydrophilicity, as it has been reported that
enzymes adsorbed on hydrophilic surfaces are easier to remove, as compared to
hydrophobic surfaces [164]. This could be further confirmed by studying the adsorption
isotherms at different temperature, which yields information of the type of the attachment.

The stability of GNP was higher than that reported using melanine epoxy sponge as
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support, which dropped to 54% after 10 cycles [141]. Other supports tested resulted in
even lower stability; for example, 19.1% retained activity was observed after nine cycles
using polydopamine coated Fe3O4 [15], and 7.19 and 3.89% retained activity was reported
after only five cycles, using controlled pore silica with surface anchoring and covalent
bonding, respectively [166]. A higher stability of 91.9% retained activity after 20 cycles
was reported using gelatin as support for CGTase obtained from Bacillus circulans [162].
Notably, however, the highest total CDs yield, obtained after 36 h reaction time, was
smaller (8.7%), compared to the present work. Also, CGTase covalently attached on silica
microspheres gave a residual activity of 60% after 15 reuse cycles, but data on total CD
produced is not available for effective comparison. The reusability studies showed that
GNP could also serve as a good support for CGTase immobilization, but more studies are

needed in order to minimize significant conformational changes observed using it.
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Figure 17: Reusability test for immobilized CGTase on different supports

4.3 Enhanced Performance of Cyclodextrin glycosyltransferase by Immobilization
on Amine-Induced Macroporous Metal Organic Framework (Paper III)

In this study, a hierarchical copper-based MOF was synthesized by employing an
organic amine to support CGTase immobilization and utilizing the immobilized enzyme
in the conversion of corn flour waste without the need for pretreatment. The presence of

mesopores and macropores within the MOF framework is expected to enhance enzyme
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loading, stability, and accessibility. The outcome of this study could drastically minimize
the diffusional limitations previously encountered during starch degradation to CD using
immobilized CGTase and open up economic benefits that can be derived from waste

products.
4.3.1 Summary of Main Findings

This study examined the effectiveness of a hierarchical copper-based metal—
organic framework (H-Cu-BTC) in comparison with its microporous counterpart (Cu-
BTC) for the immobilization of cyclodextrin glycosyltransferase (CGTase) for use in
cyclodextrin production. The adsorption capacity, conformational changes, and
operational stability of the immobilized enzymes were examined. The presence of both
macropores and micropores in the proposed H-Cu-BTC resulted in an enhanced maximum
adsorption capacity of 49.5 mg/g for CGTase as compared to 30.6 mg/g for Cu-BTC,
which contains only micropores. The presence of macropores in H-Cu-BTC was also
shown to more favorably affect the secondary structure of the immobilized enzyme. Using
H-Cu-BTC, the proportion of B-sheets, which form the major structure in the protein and
are responsible for the enzyme’s stability, was shown to increase from 56% in free CGTase
to 76.1% after immobilization. However, when using the microporous Cu-BTC, the
proportion of B-sheets decreased to 44.1%. The favorable surface attachment of CGTase
to H-Cu-BTC reflected its better reusability, wherein the activity was preserved up to 87%
of the original CGTase activity after ten repeated cycles of reuse, compared to only 70%
using Cu-BTC. The successful immobilization of CGTase on H-Cu-BTC demonstrated
that it could be used as a robust biocatalyst for the conversion of starchy waste into

cyclodextrins.
4.3.2 Characterization

Figure 18A shows the XRD patterns of the MOF samples compared with the
simulated patterns. The diffraction peaks of the synthesized samples are located at 20 =
6.8°,9.6°, 11.7°, 13.5°, and 16.6°, corresponding to (200), (220), (222), (400), and (333)
crystal planes, respectively, which are typical for the Cu-BTC cubic crystal structure
[172]. They also agreed well with those of the simulated patterns obtained from the
Crystallography Open Database CIF file 2300380 [173], indicating that the samples were
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well-crystalized Cu-BTC MOFs. MOF formation under ambient conditions is aided by
organic amines via deprotonation of the organic ligands [128]. Both Cu-BTC and H-Cu-
BTC exhibited identical patterns, indicating that the prepared MOFs had similar

frameworks.

The FTIR spectra of Cu-BTC and H-Cu-BTC are shown in Figure 18B. The Cu-
BTC spectrum agreed well with that of H-Cu-BTC, and both matched the reported patterns
in the literature [108, 174]. Key peaks were observed at 1443 and 1378 cm™!, belonging to
the symmetric vibrations of the carboxylate group, 1638 and 1569 cm™', owing to
asymmetric stretching vibrations, and 1715 cm™!, due to the presence of at least one
partially deprotonated carboxylic acid group on the trimesic acid [175]. The peak at 1715
cm! for H-Cu-BTC was less intense than that for Cu-BTC because of better deprotonation
of the carboxylic group. Figure 18B shows the FTIR spectra of both supports containing
the immobilized enzyme. After enzyme immobilization, the peak within the amide I region
(1600-1690 cm™) for the supports became more intense, confirming the presence of

CGTase.

The pore size distributions and surface areas of the studied supports, Cu-BTC and
H-Cu-BTC, were determined using N> adsorption—desorption isotherms, displayed in
Figure 18C and 18D. The Cu-BTC curve shows a typical Type I isotherm with an HI
hysteresis loop, which is typical of microporous structures. However, H-Cu-BTC
exhibited a Type IV isotherm, with strong uptake at low relative pressures (P/P, < 0.02)
and hysteresis loops at high relative pressures (P/P, > 0.45), indicating the presence of
mesopores [176]. Indeed, Figure 1D shows that H-Cu-BTC had mesopores (pore sizes of
2-50 nm) and macropores (pore sizes > 50 nm), which were not present in Cu-BTC, in
addition to inherent micropores. This gave rise to the observed higher surface area of H-

Cu-BTC compared to Cu-BTC, as shown in Table 10. These findings confirmed that the
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organic amine used as a template introduced a hierarchical porous structure within the Cu-

BTC framework.
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Table 10: N> Adsorption—Desorption Measurements for Samples

Sample BET surface area (m?/g)  Pore volume (cm®/g)  Average pore width? (nm)
Cu-BTC 58.0 0.17 1.2
H-Cu-BTC 622.7 0.67 10.8

dAverage pore width calculated from the adsorption branch of the N2 isotherm with P/P° = 0.99.

The TGA and derivative temperature gradient (DTG) curves of the Cu-BTC and H-
Cu-BTC supports with and without enzyme immobilization are shown in Figure 18E and
18F, respectively. Three regions of weight loss can be observed for the empty and CGTase
immobilized supports between 30-100°C, 100-200°C, and 200-360°C. The weight loss
for each support is presented in Table 11. The first region could be attributed to the loss
of water from the support surface, the second was due to the loss of trapped solvent
molecules, such as water, methanol, or amine, and the third was related to the breakdown
of the Cu-BTC structures [128]. The temperatures at which the structures of the Cu-BTC
and H-Cu-BTC crystals collapsed were very similar (Figure 18F), indicating that the
introduction of hierarchical pores did not affect their thermal stability. The difference in
organic weight loss between each empty sample and its immobilized counterpart was used
to calculate the amount of CGTase present within the sample. H-Cu-BTC had over three
times the amount of CGTase on microporous Cu-BTC, which can be attributed to its higher

surface area.

Table 11: Weight Loss Analysis and Estimate of Organic Content

Weight loss (%) Total organic mass CGTase amount/g
Sample )
<200°C  200-360°C lost (g/g sample) of sample
Cu-BTC 29.8 33.9 3.5 -
CGTase@Cu-BTC 28.6 33.7 3.8 4.2 umol CGTase
H-Cu-BTC 27.5 38.7 3.3 -
CGTase@H-Cu- 14 55.7 43 14.2 umol CGTase

BTC
! Determined from the TGA result from 200-360°C

4.3.3 CGTase Immobilization

CGTase immobilization was conducted for up to 24 h to attain equilibrium, as the
enzyme maintained good stability [177]. The specific activity of the free CGTase was 167
U/mg of protein. Upon immobilization on Cu-BTC and H-Cu-BTC, the residual activity
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dropped to 65.2 and 98.5 U/mg protein, respectively. This decrease was mainly due to
additional diffusional limitations inevitably encountered by the immobilized enzyme. The
enzyme immobilized on H-Cu-BTC showed greater residual activity, mainly because of
its larger pore size, which resulted in reduced diffusional resistance. The lesser
conformational changes experienced by CGTase upon immobilization on H-Cu-BTC
compared to microporous Cu-BTC could also contribute to the larger residual activity on

the former support.

The results of CGTase adsorption on Cu-BTC and H-Cu-BTC are displayed in
Figure 19. Within the tested experimental range, as the CGTase concentration increased,
the equilibrium capacities of the supports increased to 25 and 37.3 mg/g for Cu-BTC and
H-Cu-BTC, respectively. The data were fitted to the Langmuir and Freundlich models to
determine the best fit, as shown in Figure 19, and the results of the fitting are listed in
Table 12. Due to its higher R? and lower y,” values, the Langmuir isotherm was selected
as the better model for both supports, which agrees with previous results reported for
CGTase immobilization on MIL-101 and Ca-MOF [177, 178]. The maximum capacity of
H-Cu-BTC was determined to be 49.5 mg/g, which is almost 62% higher than that of
microporous Cu-BTC (30.6 mg/g).
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Figure 19: CGTase Uptake at Equilibrium (25°C) vs. Equilibrium Concentration with
Isotherm Predictions
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Table 12: Adsorption Isotherm Parameters of CGTase on Supports

Langmuir model Freundlich model
Support gm b ) ) Kr (mg/g ) )
R Y I n R Y%
(mg/z)  (mL/mg) X (mL/mg)") .
Cu-BTC 30.6£2.1 6.0£1.4 098 0.92 28.0+0.9 29402 098 145
g:l%u_ 495422  4.5+0.5 099 146 46.8+2.3 2.140.2 098 4.64

The observed higher CGTase uptake by H-Cu-BTC indicates that the presence of
mesopores and macropores promotes the uptake of CGTase by offering a greater surface
area for immobilization. However, with microporous Cu-BTC, only the external surface
area and limited available mesopores were utilized, as the CGTase molecule size was
larger than that of the micropores. This explanation is supported by the pore size
distribution shown in Figure 18D, with most pore sizes in Cu-BTC being less than 3.6 nm
(the size of CGTase). Thus, most of the CGTase was expected to be on the external surface,
and the introduction of macropores into the structure of the MOFs led to enhanced CGTase
immobilization. In addition, the uptake observed for H-Cu-BTC was higher than that

reported in the literature for other supports, as shown in Table 13.

Table 13: Comparison of Reported CGTase Uptake on Different Supports

Maximum
Method of CGTase Surface  Average
Support A area pore Ref.
Immobilization uptake, qm (m?/g) size
(mg/g)
MIL-101 Surface 37.5 1428 34nm  [178]
attachment
) Surface
Zeolite Y attachment 6.1 - 0.8 nm [178]
Melamine-epoxy Cross-linking 42 46 100 um  [141]
resin
. Covalent
Eupergit C attachment 8.1 - - [S1]
Activated silica Covalent 4.1 50 60nm  [142]
attachment
Hierarchical Cu- Physical This
BTC adsorption 49.5 622.7 10.8 nm work
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4.3.4 Secondary Structure Analysis

The electrostatic attraction between the charged amino acids on the enzyme and the
support surface, which drives the forces involved in enzyme adsorption on the surfaces
during immobilization, may cause structural deformation or changes in the secondary
structure of the polypeptide chain. The amide bands in the FTIR spectra were used to
identify the structure. Because of the correlation between its vibrational frequencies and
secondary structure elements, the amide I band (1600-1700 cm™"), which arises primarily
from the C=0 stretching vibration of the amide group (80%), coupled with in-plane NH
bending (contributes less than 20%), is widely used and accepted as a predictor for the
quantitation of protein secondary structures among several amide bands [179]. Peaks
located between 1620-1641 cm™ (1600-1620 cm™! in some proteins) are often attributed
to B-sheets, whereas peaks located at 16481660 and 1665—1688 cm™! are attributed to a-
helices and B-turns, respectively [144].

After baseline correction and the removal of the support FTIR spectrum from that
of the immobilized enzyme, the FTIR deconvolution of the amide I band in the free
CGTase, CGTase@Cu-BTC, and CGTase@H-Cu-BTC was carried out using the peak
deconvolution program in Origin® 2021 in order to ascertain the changes in the secondary
structures, and the result is displayed in Figure 20. Table 14 displays the secondary
structure assignments, which were calculated as percentages of the total area of the amide
I band based on the matching areas. When comparing the amide I band intensity of all
immobilized CGTases with that of free CGTase, a reduction was observed, suggesting that
immobilization affected the secondary structure. The results indicate that free CGTase
exhibited a B-sheet signature both before and after immobilization, with a maximal amide
I vibration centered at 1626-1644 cm™!, as shown in Figure 20A. After immobilization,
the percentage of B-sheets decreased from 56% to 44.1% on Cu-BTC but increased to
76.1% on H-Cu-BTC. In most proteins, B-sheets perform a stabilizing cross-link via
hydrogen bonding or van der Waals interactions; thus, the increase in B-sheets observed
following immobilization over H-Cu-BTC could suggest a better stability as compared to
Cu-BTC [180]. Compared to the free form of CGTase, there was no discernible peak for
the PB-turns after immobilization on H-Cu-BTC. The a-helices also decreased post-

immobilization from 38.5% in free form to 26.5% and 23.9% on Cu-BTC and H-Cu-BTC,
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respectively. The deformation of the a-helix plays a key role in protein function, as it
maintains the protein’s tertiary structure and affects its stability and folding. The
abundance of P-sheets and a-helices, generally considered as ‘“ordered” secondary
structures, over H-Cu-BTC and the presence of significant B-turns, considered as
“unordered” secondary structures, over Cu-BTC indicated that the introduction of

hierarchical structures led to reduced conformational changes in the immobilized CGTase

[181].
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Figure 20: Peak Deconvolution of FTIR Spectra for (a) Free CGTase, (b) CGTase@Cu-
BTC, and (¢) CGTase@H-Cu-BTC
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Table 14: Deconvolution of the Amide I Band in the FTIR Spectrum for Secondary

Structure Analysis
Wavenumber Percentage (%)
range' (cm™) Free CGTase CGTase@Cu-BTC CGTase@H-Cu-BTC
B-sheets 1620-1644 56.0 44.1 76.1
o-helices 1648-1660 38.5 26.5 23.9
B-turns 16601688 5.5 29.7 -

[144]
4.3.5 Catalytic Performance of Immobilized CGTase

The effect of the initial substrate concentration on the initial rate of the CD reaction
at different substrate concentrations is shown in Figure 21. The initial reaction rate slowly
increased with an increase in the substrate concentration for free CGTase up to 10 gL,
with a-CD production reaching a value of 0.31 gL.-'min~!. The enzyme was more selective
towards a-CD, with a production rate almost double that found for B-CD, which was 0.17
gL !min"!. Only trace amount of y-CD was observed in the products and it wasn’t
considered in this study. The Michaelis—Menten model was used to study the enzymatic
kinetics of free CGTase, based on the main product, a-CD. The Ky and Vmax of the free
CGTase CGTase were calculated to be 9.44 gL' and 0.64 gL 'min!, respectively.
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Immobilized enzymes exhibit catalytic activities that differ from those of unbound
enzymes. One of the complexities introduced by immobilization is that substrate
molecules must first diffuse through the surrounding layers to reach the catalytic sites,
which serve as a form of resistance before reactions can occur and must be addressed
alongside enzyme kinetics. Furthermore, the immobilization process and surface features
of the supports may cause conformational changes in the enzymes, which may also affect

enzyme activity.

The immobilized CGTase showed a lower rate compared to the free enzyme, with
CGTase@H-Cu-BTC showing better performance than CGTase@Cu-BTC. This was

attributed to the lower diffusion resistance of H-Cu-BTC. To confirm this explanation, the
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mass transfer coefficient (ki) over each support was estimated using the initial slope from
the plot of dimensionless activity (v/Vmax) against dimensionless bulk substrate
concentration o (So/Km), as shown in Figure 22. The microenvironment substrate
concentration was determined at the points of intersection (denoted by % on the graph)
where lines with negative values of ki (-kr) as slope intersected various lines drawn from
the bulk concentration along the x-axis, corresponding to the horizontally drawn
experimental reaction rate. The mass transfer coefficient, ki, for Cu-BTC was 0.68 min™!,
which is comparable to another microporous MOF, MIL-101 (0.68 min™!), which was
utilized in our previous studies [178]. When H-Cu-BTC was used, ki increased to 0.89
min~'. This confirms that the hierarchical nature of H-Cu-BTC enhances the mass transfer
of the substrate, providing bulky starch molecules with better access to the active sites of
the enzyme and easy diffusion of the product. This result supports the hypotheses of this
study.
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(A) Cu-BTC and (B) H-Cu-BTC

Operational stability of biocatalysts is an important feature that must be considered
for the practical use of immobilized enzymes on an industrial scale. Reusability is the rate
at which an immobilized enzyme loses its activity after being recycled several times.
Figure 23 illustrates the relative activity of the biocatalyst after each cycle, which shows
that after ten cycles, CGTase@H-Cu-BTC maintained a higher stability with a residual
activity of 87%. The stability of CGTase@Cu-BTC was low, with 70% residual activity.

The decrease in immobilized CGTase activity can be attributed to the loss of CGTase after
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each cycle. Hierarchical Cu-BTC showed a higher relative activity compared to other
reported systems, including CGTase over graphene nanoplatelets, melanine epoxy
sponges, and polydopamine-coated Fe3Os4, which retained 74% activity after eight
successive cycles [177], 54% after ten cycles [141], and 19.1% after nine cycles [15],
respectively. Using controlled pore silica, a lower stability of 7.19 and 3.89% retained
activity after only five cycles were observed with surface anchoring and covalent bonding,
respectively [166]. On the other hand, a higher stability of 91.9% retained activity was
achieved after 20 cycles using gelatin as a support for CGTase derived from Bacillus
circulans [162]. Nevertheless, the results clearly demonstrated that H-Cu-BTC provided

good stability and served as a good support for CGTase immobilization.

B ®m CGTase@Cu-BTC
100

® CGTase@H-Cu-BTC

80
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40
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20
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Figure 23: Reusability Studies using a Substrate Concentration of 10 gL™!

To validate the use of immobilized CGTase for starchy waste materials, corn flour
waste that had been used to produce ‘pap’, a custard-like delicacy common in West Africa,
was tested as a substrate. The total amount of CD produced using this food waste material
is shown in Figure 24 and is compared with that produced using commercial soluble starch.
The relative amount of CD produced using raw corn flour was lower than that produced
using commercially available soluble starch. This is mainly attributed to the low purity
and presence of impurities in the waste material. In addition, a significant portion of the

starch component had been extracted from the corn flour to produce pap, leaving the corn
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flour waste with only a fraction of the original starch. Nevertheless, the feasibility of
obtaining CD directly from corn flour waste without any pretreatment, which otherwise
would have been discarded, could drastically reduce the costs associated with CD

production.

® Pure soluble starch

6 m Com flour waste

Total CD concentration (g/L)
=N

2 4 6 8 10
Concentration (gL1)

Figure 24: Total CD Production at Various Substrate Concentrations at 70°C and 10 min
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Chapter 5: General Discussion

This dissertation seeks to present MOFs as a viable alternative to other materials as
supports in CGTase immobilization for cyclodextrin production. Six different supports
with varying properties were utilized in this dissertation in order to understand how the
properties of the support, which were studied using various characterization techniques,
could impact the uptake of CGTase, secondary structures of the enzyme, diffusional

restraints and kinetics.

The supports used in this dissertation were two microporous materials, zeolite-Y
and MIL-101, three-dimensional GNP with higher external surface area compared to
internal area, two-dimensional Ca-TMA, and both microporous and hierarchical
counterpart of Cu-BTC/H-Cu-BTC. Zeolite-Y was used as a representative of
conventional supports and it was compared to microporous MIL-101. It was expected that
CGTase immobilization on both support will be primarily on the external surface, as the
size of CGTase (3.6 nm) is bigger than the pore size of zeolite-Y (~0.8 nm) and closer to
that of MIL-101 (2 -3 nm), although thermal vibrations within the structure of MIL-101
could still allow some of the CGTase to be trapped within the pores. MIL-101 showed an
optimum CGTase uptake of 37.5 mg/g, six-fold higher than the uptake over zeolite-Y.
This result can be attributed to the combined effect of the larger surface area and more
enzyme-compatible functional groups, mainly the -COOH groups offered by MIL-101
compared with zeolite Y. CGTase uptake was improved upon with the use of GNP to 40
mg/g, as the support provides more external area, coupled with better hydrophobic
interactions it offered CGTase. Ca-TMA, a non-porous MOF could have resulted in higher
CGTase uptake except for its low specific surface area and presence of more hydrophilic
functional groups. The optimum CGTase uptake was further improved using hierarchical
MOFs which allows for complete usage of both internal and external surface area of the
support. H-Cu-BTC gave an optimum uptake of 49.5 mg/g compared to 30.6 mg/g using
Cu-BTC. The uptake observed over H-Cu-BTC was higher than that reported in the
literature for other supports. Immobilization of CGTase on the supports was modelled
using the Langmuir and Freundlich models, with R? and y,2 used as validation parameters.

Langmuir isotherm was selected as the better model for MIL-101, zeolite-Y, Cu-BTC and
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H-Cu-BTC supports, which agrees with previous results reported for CGTase
immobilization. The Langmuir isotherm is predicated on the homogeneous adsorption of

CGTase with monolayer coverage on the support surface.

Peptide bonds hold strands of amino acids together, forming proteins. The rotation
of the main chain about the two torsion angles allows for a wide range of conformations
for this chain. Deconvolution of the amide I band was used to study conformational
changes that occur to CGTase after immobilization on the supports. Free CGTase showed
a composition of 56% [B-sheets, 38.5% a-helices and 5.5% B-turns. Post-immobilization,
the composition varied for all the supports studied; MIL-101 (84.1% B-sheets, no a-helices
and 15.9% B-turns), GNP (41.9% B-sheets, 18.1% a-helices and 40% B-turns), Ca-TMA
(51.3% B-sheets, 37.5% a-helices and 40% B-turns), Cu-BTC (44.1% B-sheets, 26.5% a-
helices and 29.7% B-turns) and H-Cu-BTC (76.1% B-sheets, 23.9% a-helices and no -
turns). Protein function is significantly impacted by the -sheets and a-helix's deformation,
which preserves the protein's tertiary structure and influences folding and stability as they
are considered as “ordered” secondary structures. Hence, increase in their proportion could
signify that the enzyme’s overall catalytic performance might not be negatively affected.
B-turns are classified to be "unordered" secondary structures. GNP and Cu-BTC showed
reduced B-sheets compared to free CGTase while MIL-101, Ca-TMA and H-Cu-BTC gave
better B-sheets. Increment in B-sheets after immobilization suggests that CGTase could
have form aggregates on the support surfaces, resulting in protein—protein interactions
[148]. All supports except H-Cu-BTC showed increased B-turns suggesting that the
introduction of hierarchical pores reduced conformational changes in the immobilized

CGTase [181].

Kinetic studies were used to study the performance of free and immobilized
CGTases, Analysis of the product showed a very minute quantity of y-CD; hence, it was
not considered in this dissertation. Based on o-CD, the maximum initial reaction rate for
free CGTase, CGTase@MIL-101, CGTase@GNP, CGTase@Ca-TMA, CGTase@Cu-
BTC and CGTase@H-Cu-BTC were 0.31. 0.19, 0.11, 0.12, 0.19 and 0.21 gL-'min,
respectively. Since equivalent protein amounts were used for the free and immobilized
CGTases, the lower production using the immobilized CGTase could be attributed to the

combination of substrate diffusion limitation and conformational changes in the CGTase
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secondary structure. Due to the bulkiness of starch molecules, their diffusion into the pores
of the MOF matrix was expected to be limited except with MOFs with macroporous
structure. The external mass transfer coefficient from the bulk fluid to the MOF surface
(k.) was evaluated to be 0.68 min’! for all macroporous MOFs studied (MIL-101, Cu-
BTC) while H-Cu-BTC, which was the only macroporous MOF showed an improvement,
with a value of 0.89 min'!, thus, confirming the hypotheses made in this dissertation that

introduction of mesopores/macropores enhance the mass transfer of starch molecules.

Operational stability of the biocatalysts is an important feature that was evaluated
using the residual activity of CGTase after repeated use in the reaction. MIL-101 gave a
29% residual activity based on a-CD production after 10 cycles, which was improved to
40% by introduction of glutaraldehyde before CGTase immobilization (covalent
immobilization). CGTase@GNP and CGTase@Ca-TMA showed 74 and 33% residual
activity after eight reaction cycles respectively. In comparison between Cu-BTC and H-
Cu-BTC, a residual activity of 87% was observed on the more stable H-Cu-BTC, higher
than 70% obtained for Cu-BTC. Detachment of CGTase from the supports during washing
contributed to the drop in activity of the immobilized enzyme. Also, it has been reported
that enzyme leaching occurs more on surfaces with higher hydrophilicity compared to

hydrophobic surfaces [164].
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Chapter 6: Conclusion, Future Perspectives and Limitations

6.1 Conclusions

This dissertation aimed at immobilizing CGTase on MOFs for enhanced performance

in terms of protein uptake, specific activity, secondary structures, CD production and

reusability, with comparison to conventional supports that have been reported in the

literature. The following conclusions could be derived from the studies:
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The results indicate that presence of high surface area, enzyme compatible groups and
macroporous structure in the support contribute to better CGTase uptake. In the
comparison between microporous MOFs and zeolite, MIL-101 showed a maximum
CGTase uptake of 37.5 mg/g compared with the value obtained for zeolite (6.1 mg/g).
GNP and Ca-TMA yielded CGTase uptakes up to 40 and 21 mg/g respectively with
GNP possessing higher external surface area. The uptake reached 49.5 mg/g over H-
Cu-BTC with macropores, which was significantly higher than previously reported

values.

Using CGTase in the immobilized form, a much higher a-CD selectivity could be
obtained, especially at lower substrate concentrations, which is a very interesting
finding as it could simplify the purification of the product when o -CD is much more

desired.

Investigation into the secondary structures of the immobilized CGTase showed that
transition from a-helix to B-sheets occurred after immobilization, thus, affecting the
specific activity observed over each support. H-Cu-BTC, Cu-BTC and Ca-TMA
showed the best specific activity of 98.5, 65.2 and 38 U/mg, depicting an interplay

between the proportions of ordered to unordered secondary structures.

Reusability studies showed that 87% of the CGTase initial activity can be retained after
ten successive reaction cycles using H-Cu-BTC and the immobilized CGTase can be
used to convert waste materials containing starch into cyclodextrin without any form

of pre-treatment.



6.2 Future Perspectives and Limitations

Based on the results obtained in this dissertation, further studies will need to be
conducted on H-Cu-BTC, which was identified as a better support for CGTase
immobilization in terms of CGTase uptake, CD production and operational stability. The
performance of H-Cu-BTC needs to be subjected to optimization studies using
temperature, pH, agitation rate, to mention a few, as parameters. After identifying the

optimum conditions, the support can be utilized in continuous CD production.

The diversification of the feedstock used for CD production also needs to be
investigated further. Studies should highlight the factors that led to lesser production of

CD and how it can be improved.
6.3 Research Implications

This dissertation opens up intriguing possibilities for the development of efficient
and sustainable biocatalyst for cyclodextrin synthesis utilizing cyclodextrin
glycosyltransferase immobilized in metal organic frameworks (MOFs). In addition to
improving the enzyme's stability and reusability, the effective immobilization of
cyclodextrin glycosyltransferase within MOFs offers a framework for definite control over
reaction conditions and substrate specificity. This accomplishment has substantial
implications for a number of industrial uses, such as food processing, medicines, and

environmental cleanup.

The dissertation also highlights the potential of MOFs as adaptable hosts for
enzyme immobilization, adding to the increasing body of research on utilizing these
materials' special qualities for biocatalysis. Thus, this study paves way for more research
into improving the efficiency, selectivity, and scalability of MOF-based biocatalytic
systems in cyclodextrin production. The studies embarked on in this dissertation will
improve the utilization of CGTase during CD production while ensuring that it can
withstand industrial conditions. This dissertation opens up a pathway for waste materials
containing starch to be processed into cyclodextrin without any form of pre-treatment.
Nevertheless, further research is necessary to evaluate the performance of immobilized
enzymes in waste valorization under various conditions and to optimize the process before

scaling up.
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Figure A1: XRD Patterns of (a) GNP (b) Ca-TMA, with and without Enzyme
Immobilization
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Figure A2: Projection View Showing Extended Packing of Ca-TMA 2D Crystal Structure
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Figure A3: Thermogravimetric Analysis of Free and Immobilized Supports (a) GNP and
(b) Ca-TMA
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(C) Pore Size Distribution of GNP
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obtained showed that metal organic frameworks performed better when compared
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