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Abstract

It has been discovered that metal-organic frameworks (MOFs) have desirable qualities for the immobilization of enzymes,
including a high surface area, significant interior pore volumes, and easily changeable pore size. Herein, the xylanase (Xyl)
enzyme was immobilized for the first time to two different carrier supports, zeolitic imidazolate framework-67 (ZIF-67)
and manganese-doped ZIF-67 (Mn/ZIF-67) by in situ method. The physicochemical characterizations of MOFs with and
without Xyl were performed by FT-IR, XRD, SEM, and EDAX techniques. Xyl @ZIF-67 and Xyl @Mn/ZIF-67 were evalu-
ated in terms of optimum temperature, optimum pH, kinetic parameters, thermal stability, reusability as well as juice clari-
fication and compared with free Xyl. Optimum temperature values were 50 °C for Xyl@ZIF-67 and 70 °C for free Xyl and
Xyl@Mn/ZIF-67. Optimum pH values for free Xyl, Xyl @ZIF-67, and Xyl@Mn/ZIF-67 were recorded as 6.0, 8.0, and 7.0,
respectively. K, values for free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 were calculated as 3.139, 5.430, and 0.799 mg/mL,
respectively, while V. values were calculated as 0.167, 0.226, and 0.062 pmol/min/mL, respectively. The results revealed
that in comparison to the free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 exhibited more thermal resistance. After incubation
at 70 °C for 120 min, the free Xyl remained at 28.7% of the activity, while the Xyl@ZIF-67 and Xyl @Mn/ZIF-67 remained
at 85.7% and 40.0%, respectively. Moreover, after eight cycles, the Xyl@ZIF-67 and Xyl@Mn/ZIF-67 retained more than
70% of their initial activity. Further, the transmittance of apple juice was increased from 65.61 to 94.73% and from 77.80 to
84.13%, respectively, when Xyl@ZIF-67 and Xyl@Mn/ZIF-67 were used as biocatalysts. Overall, these findings indicated
that the suggested Xyl @ZIF-67 and Xyl@Mn/ZIF-67 have a high potential for juice clarification as an efficient heterogene-
ous biocatalyst.
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1 Introduction

Metal-organic frameworks (MOFs) are formed by the com-
bination of organic ligands and metal ions with coordination
bonds. Different metal cations (Cu*?, Zn*?, and Co*?) and
organic ligands (imidazolates, carboxylates, phosphonates,
and phenolates) have been used in the formation of MOFs.
The differentiation of the properties and structures of MOFs
depending on the varying organic and inorganic components
offers them a wide range of applications. MOFs are gain-
ing increasing popularity in gas storage/separation, cataly-
sis, bioimaging, enzyme immobilization, and drug release
applications due to the advantages provided by both organic
and inorganic components [1, 2]. In addition, MOFs have
superior properties such as crystallographic structure and
morphology, high surface area, tunable porosity, and particle
size [3, 4].

Zeolitic imidazolate frameworks (ZIFs), a class of MOFs,
are formed by bridging transition metal cations by imida-
zole, 2-methylimidazole, or functionalized imidazole ligands
[5]. ZIFs show high porosity and thermal/mechanical stabil-
ity, tunable surface properties, as well as resistance to alka-
line environments and organic solvents, with the advantage
of strong metal-nitrogen bonds [6]. They are also porous
materials with low toxicity, which can be obtained with

fast and easy synthesis steps [7]. Moreover, organic ligands
and metal ions with functional groups such as the imida-
zole group in the ZIFs structure tend to rapidly form stable
structures by nucleating around biomolecules [8, 9].
Xylanase enzyme (EC 3.2.1.8, endo-1,4-p-xylan xylano-
hydrolase, Xyl) catalyzes the hydrolysis of -1,4 glycosidic
bonds of xylose units in the xylan polymer, the main com-
ponent of hemicelluloses [10]. Xylan is the substrate of the
Xyl enzyme and it is the second most abundant carbohydrate
in nature after cellulose [11]. The xylose sugar formed as a
result of the hydrolysis of xylan and the xylose oligosaccha-
rides formed from this sugar are defined as xylooligosaccha-
rides (XOS) [12, 13]. Xyl enzyme is the key component that
makes up XOSs [14]. XOSs act as probiotics, inducing the
proliferation of beneficial bacteria while reducing the num-
ber of harmful bacteria in the digestive tract [15]. In addi-
tion, XOSs have anti-inflammatory agent, anti-cancer, and
antioxidant properties [16—18]. Moreover, the Xyl enzyme is
of great interest in many industrial areas. For example; it acts
as a clarifier in the beverage industry [19], as a feed additive
activating the enzymatic degradation of arabinoxylan in the
animal feed industry [20], and as a bleaching agent in the
paper industry [21]. Considering the increasing demand for
natural juice consumption in recent years, the role of the Xyl
enzyme in the industry gains importance. Fresh juices are
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composed of hemicellulosic components, polysaccharides
such as pectin and starch. These polysaccharides tend to pre-
cipitate in juices during storage, shortening shelf life and
decreasing juice quality [22]. The commercial use of fresh
juices in the industry is possible by removing the turbid-
ity caused by polysaccharides. The commercial use of fresh
juices in the industry is possible by removing the turbidity
caused by polysaccharides [23]. Various physical/chemical
methods in juice treatment have not been able to show the
desired effect, making it difficult to steer toward the stor-
age and commercial market. The removal of turbidity as
a result of enzymatic processes gains importance with the
low toxicity, high efficiency, selectivity, and mild reaction
conditions of the enzymes. The sensitivity and decreasing
stability of enzymes to industrial conditions limit the adapta-
tion process of the Xyl enzyme, which has a wide industrial
spectrum and causes high costs due to difficulties in stor-
age and reusability. In addition, the inability to separate the
soluble enzyme in the reaction medium, product contami-
nation, high temperature, pH, and the presence of inhibi-
tors are other factors limiting the application [19]. Enzyme
immobilization is a method that offers advantages such as
increased enzyme stability, resistance to environmental con-
ditions, and improved application cost with the effect of the
selected appropriate carrier support. The tendency of many
carriers supports used in the immobilization process to be
in amorphous structure and not having sufficient flexibil-
ity causes limitations in practice [24, 25]. Xyl enzyme was
immobilized to many carriers supports divided into organic,
inorganic, and composite materials such as chitosan beads
[26], copper-based MOF [10], hydroxyapatite nanoparticles
modified with metal ions [27], nanoflower [28], silica encap-
sulated magnetic nanoparticles [19], and superparamagnetic
graphene oxide nanosheets [11]. However, there is very little
investigation regarding the optimization of Xyl immobiliza-
tion using MOF as support. In this view of the background,
there is a much greater need for innovative materials and
strategies, and researchers have focused more on this topic
in recent years.

We have witnessed in previous studies that manganese
ions (Mn2*) improve the catalytic activity of Xyl [29, 30].
Therefore, the aim of the current study was to realize the
enhancement of Xyl catalytic performance via the addition
of manganese (Mn) ions and to develop a promising perspec-
tive for the fabrication of enzyme carrier materials. Thanks
to our approach, this work may offer a novel way to improve
the activity of enzymatic reactions for laboratory or even
industrial use. Herein, the selection of ZIF-67 supports for
immobilization of the Xyl was dictated by their properties,
such as porosity and thermal/mechanical stability, which can
increase immobilization efficiency and stabilize the struc-
tures of the immobilized enzymes. The zeolitic imidazolate
framework-67 (ZIF-67) and manganese-doped ZIF-67 (Mn/
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ZIF-67) were synthesized and employed as the support for
in situ immobilization of Xyl. The characterization proce-
dure of the ZIF-67, Mn/ZIF-67, Xyl@ZIF-67, and Xyl@Mn/
ZIF-67 was determined using ultraviolet-visible spectros-
copy (UV-Vis), Fourier transforms infrared spectroscopy
(FT-IR), X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and energy dispersive X-ray spectroscopy
(EDAX). In addition, optimal conditions (temperature and
pH) of free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 were
defined and the reusability, thermal stability, and thermody-
namic parameters for thermal denaturation were conducted.
Further, kinetic parameters (V,,, and K ) were calculated
and analyzed in detail. Most importantly, the potential of the
Xyl@ZIF-67 and Xyl@Mn/ZIF-67 was examined to improve
the clarification of apple juice.

2 Materials and methods
2.1 Materials

Xyl enzyme (>2500 units/g, recombinant, expressed in
Aspergillus oryzae), trichloroacetic acid (TCA, >99.0%),
cobalt(Il) nitrate hexahydrate (Co(NO;),-6H,0, >98%),
manganese(Il) nitrate tetrahydrate (Mn(NO;),-4H,0,
>97.0%), xylose (>98%), and 2-methylimidazole (2-MI,
99%) were purchased from Sigma-Aldrich (St. Louis MO,
USA). 3,5-dinitrosalicylic acid (DNS, 97%) was obtained
from Alfa Aesar (Ward Hill, MA). Xylan from beechwood
(>95%) was supplied by Carl Roth (Karlsruhe, Germany).
Unless otherwise stated, other chemicals were of analytical
purity and were used without further purification. Ultrapure
water (Millipore Direct-Q3 System) was used to prepare
aqueous solutions.

2.2 Synthesis Procedure of ZIF-67 and Mn/ZIF-67

The synthesis of ZIF-67 was carried out according to
the method applied by Guo et al. [31]. In brief, 10 mmol
(2.910 g) of Co(NO;),-6H,0 and 40 mmol (3.284 g) of
2-MI were each dissolved separately in 200 mL of methanol.
Then, Co(NO3),-6H,0 solution was added to 2-MI solution
and the mixture solution was stirred at room temperature for
30 min. Then, the mixture solution was at room tempera-
ture for 24 h. The purple precipitates formed were separated
from the mixture by centrifugation at 5000 rpm for 10 min.
The crystals were then washed several times with methanol
and finally dried under a vacuum at 60 °C. The synthesis
of Mn/ZIF-67 was carried out with minor modifications to
the method applied by Lourenco et al. [32]. Briefly, 400 mg
of Mn(NO3),-4H,0 was dissolved in 100 mL of methanol.
Then, 50 mg of ZIF-67 was added into Mn(NO;),-4H,0
solution, and the final mixture was stirred for 30 min at room
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temperature. After waiting for 24 h, the mixture was centri-
fuged at 5000 rpm for 10 min. Finally, the resulting product
was washed several times with methanol and dried under a
vacuum at 60 °C. Figure 1 shows a schematic illustration of
the synthesis steps for ZIF-67 and Mn/ZIF-67.

Cobalt (Il) nitrate

hexahydrate :

Incubation at room

2.3 Xyl Immobilization

The immobilization of the Xyl was carried out during the
synthesis of ZIF-67 and Mn/ZIF-67 by in situ (adding an
enzyme to synthesis in one step) method (Fig. 2). In the
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Fig. 1 A schematic illustration of the synthesis steps for ZIF-67 and Mn/ZI
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Fig.2 Schemes of the one-step in situ immobilization of Xyl@ZIF-67 and Xyl@Mn/ZIF-67 to juice clarification
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ZIF-67 synthesis step, 20 U/mL of Xyl enzyme solution
prepared with sodium acetate buffer (50 mM, pH 6.0) was
added to Co(NO;),-6H,0 solution. The mixture was then
added to 2-MI. The aforementioned synthesis steps were
continued and Xyl@ZIF-67 was synthesized. In the Mn/
ZIF-67 synthesis step, 20 U/mL of Xyl enzyme solution
prepared with sodium acetate buffer (50 mM, pH 6.0) was
added to the Mn(NO;),-4H,0 solution. By continuing the
aforementioned synthesis steps, the Xyl@Mn/ZIF-67 was
synthesized. Finally, Xyl@ZIF-67 and Xyl@Mn/ZIF-67
were gathered by centrifugation at 5000 rpm for 5 min. The
drying process of both immobilized enzymes was carried
out at 37 °C.

2.4 Determination of Xyl Activity

Xyl activity was determined by measuring the amount of
reducing xylose sugar released by xylan hydrolysis using
DNS reagent [33]. To prepare the DNS reagent, 1 g of
3,5-dinitrosalicylic acid was first dissolved in 2 N 20 mL of
NaOH. Then, 5 g of sodium-potassium tartrate was added
to the DNS solution and the final volume was completed
to 100 mL with distilled water. For the measurement of
Xyl activity, a 1% (w/v) xylan solution was prepared using
sodium acetate buffer (50 mM, pH 6). 2 mg of Xyl@ZIF-
67 and Xyl@Mn/ZIF-67 and 20 puL (20 U/mL) of free Xyl
were added to 1 mL of 1% (w/v) xylan solution. Free Xyl,
Xyl@ZIF-67, and Xyl@Mn/ZIF-67 were then incubated in
a water bath at 60 °C for 10 min. Xyl@ZIF-67 and Xyl@
Mn/ZIF-67 were centrifuged at 5000 rpm for 5 min at 4 °C.
1.5 mL of DNS reagent was added to all samples to termi-
nate the catalytic activity. After that, the tubes containing
enzyme samples were kept in boiling water for 5 min and
then cooled at room temperature. The absorbance of the
resulting reducing sugar was measured at 540 nm using a
microplate reader controlled by the Gen5 Data Analysis soft-
ware (BioTek Instruments, Inc., Winooski, VT, USA). The
produced xylose equivalents were calculated via a xylose
standard curve. One unit (IU) of Xyl activity was determined
as the amount of enzyme that produces 1 umol of xylose
per minute. All measurements were made in triplicate and
results are given as mean + standard deviation.

2.5 Determination of Optimum Temperature
and pH

The activity of free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67
was evaluated at varying temperatures and pHs, according to
the standard assay condition. The temperature varied from
30 to 80 °C, whereas the pH ranged from pH 4.0 to 10.0.
The enzyme activities at optimum conditions were consid-
ered 100% and the results were presented as relative activity.
Moreover, the activation energy (E,) of the free Xyl, Xyl@
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ZIF-67, and Xyl@Mn/ZIF-67 was calculated from the slope
of the Arrhenius plot according to the following Eq. 1. The
slope was determined by plotting the graph of the log of
relative activity versus 1000/T [K] [34].

Ea
Slope = — =2
ope R (H

The temperature coefficient value (Q,,) for optimal tem-
peratures of free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67
was calculated via the following Eq. 2 [35].

Q,, = antilog (E,10/RT) Q)

where E, is the activation energy (kJ/mol), R is the gas con-
stant (8.314 J/mol/K), and T is the absolute temperature (K).

2.6 Determination of Kinetic Parameters

To estimate the kinetic parameters, the activity of free
Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 was measured
by preparing xylan solutions at different concentrations
(0.05-4.0 mg/mL). The apparent maximum velocity (V ,,.)
and Michaelis—Menten constant (K_) were calculated
with the Lineweaver Burk plot obtained from the Michae-
lis—Menten equation.

2.7 Investigation of Thermal Stability

To investigate the thermal stability of free Xyl, Xyl@ZIF-
67, and Xyl@Mn/ZIF-67, their activities were measured at
different incubation times (15, 30, 45, 60, 90, and 120 min)
at 50 °C, 60 °C, and 70 °C. At the end of each incubation,
the samples were subsequently cooled to room temperature,
and the residual activity was measured at the optimum tem-
peratures using the routine Xyl activity assay. The enzyme
activity at 15 min was considered 100% and the results were
given as relative activity.

2.8 Determination of Reusability

Reusability is the most important advantage of immobilized
enzymes over their free counterparts, which reduces the cost
in industrial applications. The reusability of Xyl@ZIF-67
and Xyl@Mn/ZIF-67 was achieved by measuring activity
under optimum conditions. After the first activity measure-
ment, centrifugation was performed to separate the super-
natant and immobilized enzymes. Afterward, the activity
was measured in the supernatant, and the fresh substrate
solution was added to the separated immobilized enzymes.
This catalytic cycle was repeated 8 times. The initial activity
was considered as 100% and the subsequent activities were
presented as relative activity.
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2.9 Application of Inmobilized Enzymes in Apple
Juice Clarification

The effects of Xyl@ZIF-67 and Xyl@Mn/ZIF-67 on juice
clarification were investigated using apple juice. Fresh apple
(Malus domestica) fruits were purchased from a local mar-
ket. The clarification procedure was performed according
to previous works [36, 37]. Purchased apples were weighed
before extracting the juice. The apples were washed with
tap water, peeled, and cut into small pieces. Then the pieces
were shredded with the help of a household blender and
filtered through cheesecloth to separate from the pulp. The
juice yield was calculated by measuring the weight of the
juice obtained according to Eq. 3 [38]. The fresh apple juice
was kept at 90 °C for a few minutes for pasteurization. For
clarification, the pHs of the juices were adjusted to pH 8.0
and 7.0, which were the optimum pHs of Xyl@ZIF-67 and
Xyl@Mn/ZIF-67, respectively. The centrifugation was car-
ried out at 10,000 rpm for 5 min to ensure complete separa-
tion of the apple juice from the pulp. Then, 2 mL of apple
juice was added to 5 mg of ZIF-67, Mn/ZIF-67, Xyl@ZIF-
67, and Xyl@Mn/ZIF-67. The clarification process was car-
ried out by incubating Xyl@ZIF-67 and Xyl@Mn/ZIF-67 at
optimum temperatures for 60 min. After incubation, juice
clarity was determined by measuring the percent trans-
mittance (%T) at 660 nm using a spectrophotometer. Fur-
thermore, the change in the amount of reduced sugar after
clarification was determined using the DNS method [33].
ZIF-67 and Mn/ZIF-67 constructs were used as controls of
immobilized enzymes.

weight of juice

Juice yield(%) = x 100 3)

weight of fruit

2.10 Characterization

FT-IR spectra were monitored on a Perkin Elmer Spectrum
100 spectrometer (PerkinElmer, Waltham, MA, USA) fitted
with a Universal Attenuated Total Reflectance (ATR) in a
wavelength range of 400-4000 cm™!. XRD patterns were
determined by powder X-ray diffractometer (Rigaku RadB-
DMAX II) at 10—80° in the 20 range. Surface morphology
at various magnifications was investigated by SEM (EVO
40-LEO, LEO Ltd., Cambridge, UK). The elemental compo-
sition was determined via an EDAX detector (model 125 eV,
Bruker AXS, Berlin, Germany). The UV-Vis absorption
spectra were obtained with Shimadzu’s UV-1601 UV-Vis
spectrophotometer. The absorbance measurements were per-
formed on an Eon Microplate Reader controlled by Gen5
2.0 Data Analysis Software (BioTek Instruments, Inc., Win-
ooski, VT, USA).

3 Results and Discussion
3.1 Sample Characterization

The FT-IR spectra of the molecular structures of 2-MI, ZIF-
67, Mn/ZIF-67, Xyl, Xyl @ZIF-67, and Xyl@Mn/ZIF-67 are
shown in Fig. 3. Besides, Table 1 shows comparative table of
wavenumber assignments. The broad and strong absorption
band observed in the range of 2200-3200 cm™ in the spec-
trum of 2-MI can be attributed to the bond vibration between
pyrrole and pyridinic nitrogen (N-H:--N). The absorption
band at 1835 cm™! can be attributed to the N-H stretching
vibration. Depending on the skeletal vibration of the imi-
dazole ring, absorption peaks are observed at 1832, 1591,

P

-
m

Transmittance/a.u.

—2-MI
—ZIF-67

Mn/ZIF-67

T T T T T T T T T T T T T T
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Xyl
—Xyl@ZIF-67
Xyl@Mn/ZIF-67
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Fig.3 FT-IR spectra of 2-MI, Xyl, ZIF-67, Mn/ZIF-67, Xyl @ZIF-67,
and Xyl@Mn/ZIF-67

@ Springer



704

Topics in Catalysis (2024) 67:698-713

Table 1 Comparative table of wavenumber assignments of FT-IR for 2-MI, Xyl, ZIF-67, Mn/ZIF-67, Xyl@ZIF-67, and Xyl @Mn/ZIF-67

Wavenumber (cm™")

Assigned structural units 2-MI Xyl ZIF-67 Mn/ZIF-67 Xyl@ZIF-67 Xyl@Mn/ZIF-67
O-H stretching - 3296 - - - -

N-H stretching 1835 - 1832 - - -

CH asymmetric stretching 1591-1427 2922 - - - -

CH sp? (aromatic) 3136-2923 - 3136-2923 3136-2923 3136-2923 -

Amide I band - 1630 - - 1670 1670
Amide II band - 1520 - - 1575 1575
C-N stretching 1142 - 1142 1142 1142 1142
C-N bending 992 - 992 992 992 992

C=N out-of-plane stretching 756-1577 - 756-1591 7561571 7561577 756-1577
Co-N stretching - - 424 426 424 426
Mn-N stretching - - - 546 - 546

and 1427 cm™!. Specific absorption peaks are observed at
680740 and 935-1300 cm™" due to the out-of-plane and in-
plane vibration of 2-MI. When compared with 2-MI, the dis-
appearance of the broadband at 2200-3200 cm ™! in the ZIF-
67 and Mn/ZIF-67 spectra, as well as the absorption band
observed at 1832 and 1591 cm™, explains the formation of
ZIF structures [39]. The existence of the bond between the
2-MI ligand supporting the ZIF-67 structure and the metal
ions can be attributed to the Co—N stretching vibration band
seen at 424 cm™!. The presence of the Co—N bond is also
seen in ZIF-67, Mn/ZIF-67, and Xyl@ZIF-67 structures.
While the C-N bending vibration occurs at 992 cm™!, the
stretching vibration from C—N shows an absorption band at
1142 cm™! [40]. Absorption peaks are observed at 756 and
1577 cm™! due to the C=N out-of-plane stretching vibration
of 2-MI. C-N bending and stretching vibrations show their
presence with peaks of 992 and 1142 cm™!, respectively.
In addition, the absorption bands of ZIF-67, Mn/ZIF-67,
and Xyl @ZIF-67 at 3136 and 2923 cm™! are coupled to the
stretching vibration of the C—H sp? aromatic ring of 2-MI
and the C—H sp? aliphatic hydrocarbon chain [41]. Absorp-
tion bands at 426 and 546 cm™~! in Mn/ZIF-67 structure are
dependent on Co-N and Mn-N stretching vibration. This
is an indication that Mn™? is included in the ZIF-67 struc-
ture. The characteristic absorption bands of Xyl at 1630 and
1520 cm™! are attributed to the C=0 amide I and N-H amide
11 bond. In addition, 3296 cm~! O-H stretching vibration and
2922 cm~! C—H asymmetric stretch absorption band were
observed [42]. The amide I and amide II absorption bands
at 1575-1670 cm™! in the FT-IR spectrum of Xyl @ZIF-67
prove that the enzyme is immobilized to ZIF-67. While the
426 cm™! Co—N stretch in Xyl@Mn/ZIF-67 belongs to ZIF-
67, it is seen that the Mn—N absorption band forms a sharp
peak compared to Mn/ZIF-67 at 545 cm™!. Therefore, all of
these results verified the successful immobilization of Xyl
into the ZIF-67 and Mn/ZIF-67 supports.

@ Springer

Figure 4 shows XRD patterns of ZIF-67, Mn/ZIF-67,
Xyl@ZIF-67, and Xyl@Mn/ZIF-67. For ZIF-67 structures,
the characteristic diffraction peaks appeared at 20=7.32°,
10.38°,12.7°,14.7°, 16.42°, 17.94°, 22.08°, 24.44°, 26.66°,
and 29.62°. Consistency of this XRD pattern with previ-
ous reports indicated the successful formation of the ZIF-67
crystal structure [43]. It was seen that new peaks did not
appear in Mn/ZIF-67 and Xyl@ZIF-67 structures, but the
intensity of the existing peaks decreases. In addition, it was
observed that the crystallinity of Mn/ZIF-67 deteriorated
after enzyme immobilization. The reason for this is that the
enzyme occupies some parts of the Mn/ZIF-67 structure [25,
44].

UV-Vis spectra of ZIF-67, Mn/ZIF-67, Xyl@ZIF-67,
and Xyl@Mn/ZIF-67 are given in Fig. 5. For the spectrum

)
.lr;m,‘.l--‘hu"fv‘m‘ v et

alud, )

ZIF-67

Gl b 4

Mn/ZIF-67
Wl , Xiezir-e7

Intensity (a.u.)

Xyl@Mn/ZIF-67

10 20 30 40 50 60 70 80
20 (Degree)

Fig.4 XRD patterns of ZIF-67, Mn/ZIF-67, Xyl @ZIF-67, and Xyl@
Mn/ZIF-67
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Fig.5 UV-Vis spectra of ZIF-
67, Mn/ZIF-67, Xyl @ZIF-67,
and Xyl@Mn/ZIF-67

Absorbance (a.u.)

—ZIF-67
—Mn/ZIF-67
—Xyl@ZIF-67
—Xyl@Mn/ZIF-67

«——500-600—»

200 300

of ZIF-67, it showed a sharp peak at 230 nm and a wider
absorption band between 500 and 600 nm. The band at
230 nm confirmed the existence of metal-ligand charge
transfer between Co and oxygen (O) [45]. Broadband indi-
cated the presence of tetrahedral and octahedral coordinated
cobalt (Co) ions of the ZIF-67 structure [46]. Mn/ZIF-67
exhibited a similar spectrum to ZIF-67. However, the sharp
band at 230 nm shifted to 220 nm due to the doping of Mn
ions. Xyl@ZIF-67 and Xyl@Mn/ZIF-67 had characteristic
absorption bands of pure materials. However, a new peak
appeared at 260 nm due to the presence of the Xyl enzyme
[47]. Overall, the observed changes in the UV-Vis spectra
implied the immobilization of Xyl.

In Fig. 6, the morphological features of ZIF-67, Mn/ZIF-
67, Xyl@ZIF-67, and Xyl @Mn/ZIF-67 were investigated by
SEM images. SEM images show the characteristic regular
rhombic dodecahedron crystal morphology of ZIF-67. This
confirms previous literature studies, showing that ZIF-67
constructs were successfully synthesized [2, 48]. In addition,
the fact that the surface morphologies of ZIF-67 and Xyl@
ZIF-67 are similar and that enzyme immobilization does
not cause a change in the crystal structure supports similar
studies [49, 50]. Doping Mn to ZIF-67 structures caused
a wide growth orientation and increased crystal size as a
result of deprotonation of the organic binder, resulting in
slight changes in the crystal morphology of Mn/ZIF-67 [51].
In contrast to Xyl@ZIF-67, enzyme immobilization caused
changes in Mn/ZIF-67 structures. Similar to our images, Xu
et al. encapsulated N-acetylhexoamine 1-Kinase (NahK) into
Mn-doped metal-organic material (Mn-Zn-MOM) [44].
They observed that Mn-ZIF-90 changed in rhombohedral
dodecahedral crystal structure and NahK@Mn-Zn-MOM
structure changed as dispersed ellipsoid crystals.

400 500 600 700 800
Wavelenght (nm)

The presence of Xyl in ZIF-67 constructs was confirmed
by EDAX analysis before and after immobilization. The
EDAX patterns of ZIF-67, Mn/ZIF-67, Xyl@ZIF-67, and
Xyl@Mn/ZIF-67 are shown in Fig. 7. The presence of car-
bon (C), nitrogen (N), oxygen (O), and Co elements con-
firmed the successful synthesis of ZIF-67. Additionally, the
presence of the Mn element observed in EDAX patterns
of Mn/ZIF-67 supported the successful doping of Mn into
the ZIF-67 structure. After Xyl immobilization, a sulfur
(S) element peak appeared in the EDAX pattern of Xyl@
ZIF-67 and Xyl@ZIF-67, which was attributed to the pres-
ence of the enzyme. The presence of the S peak was due to
the amino acid residues in the protein structure of Xyl [52].
These outcomes revealed that the Xyl enzyme was immobi-
lized to ZIF-67 and Mn/ZIF-67 structures.

3.2 Biochemical Evaluation of Free and Immobilized
Enzyme

3.2.1 Effect of Temperature and pH on the Activity

The relative activities of free Xyl, Xyl@ZIF-67, and Xyl@
Mn/ZIF-67 at different temperatures ranging from 30 to
80 °C are shown in Fig. 8A. The free Xyl and Xyl@Mn/
ZIF-67 showed the highest activity at 70 °C while Xyl @ZIF-
67 had the highest activity at 50 °C. It is well known that
after immobilization the optimum temperature can change
or remain the same. However, the activity of free Xyl, Xyl@
ZIF-67, and Xyl@Mn/ZIF-67 decreased at high tempera-
tures without exception. For instance, at 80 °C, the relative
enzyme activity of the free Xyl was 60%, whereas Xyl @ZIF-
67 and Xyl@Mn/ZIF-67 retained 65.8% and 72.4%, respec-
tively. The results clearly revealed that the immobilization
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Fig.6 SEM images of ZIF-67, Mn/ZIF-67, Xyl @ZIF-67, and Xyl@Mn/ZIF-67 at different magnifications

process of Xyl prevented conformation transition at high
temperatures and increase the thermostability of Xyl. The
thermostability can be attributed to the interactions that
occur between the support and the enzyme biomolecules
[53]. Moreover, it should be noted that the results show the
significantly higher relative activity of Xyl@Mn/ZIF-67

@ Springer

compared with Xyl@ZIF-67, at 70 and 80 °C. The main
reason for this may be better stabilization of the tertiary
structure of Xyl after doping of Mn ions with ZIF-67.

The relative activities of free Xyl and Xyl@ZIF-67, Xyl@
Mn/ZIF-67 at pH values varying between pH 4.0-10.0 are
given in Fig. 8B. The free Xyl showed its highest activity at
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pH 6.0 whereas Xyl@ZIF-67 and Xyl@Mn/ZIF-67 exhibited
maximum activity at pH 8.0 and 7.0, respectively. The shift
of the optimum pH for Xyl@ZIF-67 and Xyl@Mn/ZIF-67
to higher values compared to the free Xyl can be explained
by the differentiation of pKa values due to the change in
ionizable groups. In addition, Xyl@ZIF-67 and Xyl@Mn/
ZIF-67 have an activity of over 55% over a wide pH range
(5.0,6.0,7.0, 8.0, 9.0, and 10.0). Especially, under alkaline
conditions, Xyl @ZIF-67 and Xyl@Mn/ZIF-67 were better
adapted to alkaline conditions and showed higher activity
compared to the free enzyme. This shows that the immobi-
lization process has given Xyl enzyme a high resistance and
stability against alkaline conditions. Rafiei et al. encapsu-
lated the lipase enzyme into ZIF-67 and explained that the
immobilized lipase has higher activity in the alkaline region
than the free lipase as an advantage of the encapsulation
method [49]. These outcomes show that our results are in
agreement with the literature.

Arrhenius plots were provided for the identification of
E, of free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 (Fig. 9).
The E, values of free Xyl, Xyl@ZIF-67, and Xyl@Mn/
ZIF-67 were calculated as 11.54, 10.69, and 8.46 kJ/mol,

respectively. These values represent a 1.08-fold decrease
in E, for Xyl@ZIF-67 and a 1.36-fold decrease for Xyl@
Mn/ZIF-67 relative to the free Xyl. A similar observa-
tion was also reported by Amaro-Reyes et al. when Xyl
from Trichoderma longibrachiatum was immobilized
by covalent bonding on magnetic chitosan support [54].
According to Amaro-Reyes et al. [54], the values of E,
were calculated as 45.9 kJ/mol for free Xyl and 13.9 kJ/
mol for immobilized Xyl. In another study, the E, for free
and immobilized Xyl diminished from 150.1 to 78.8 kJ/
mol [55]. E, indicates the energy that must be exceeded to
convert the substrate into a product. This decrease in E,
observed for immobilized enzymes means that the enzyme
has to cross a lower energy barrier to form a transition
state complex with its substrate for hydrolysis to products
compared to its free form [56, 57]. Thus, the immobiliza-
tion process provides an energy saving advantage, which
makes the enzyme more economically valuable for indus-
trial uses [57]. On the other hand, the decrease in E, also
indicates a lower sensitivity to temperature and a higher
stability for the active site of the immobilized enzyme [56,
57].
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As another significant parameter, Q,, (temperature coef-
ficient) was estimated using the E, value. The Q,, values
for the free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 at their
optimal temperatures were found to be 1.09, 1.09, and 1.07,
respectively. Typically, the Q,, for enzymes ranges from 1 to
2 [58]. The deviation from the Q,, value shows that reactions
are not temperature dependent (other assay factors partici-
pate in controlling the reaction rate than temperature). This
result is consistent with that reported by Glekas et al. [35].

3.2.2 Kinetic Parameters

To determine the kinetic parameters of free Xyl, Xyl@
ZIF-67, and Xyl@Mn/ZIF-67, the V_,, and K, values
were attained by the Michaelis—Menten equation using the
Lineweaver—Burk plots (Fig. 10) and listed in Table 2. The
Vnax Values were estimated as 0.167 +0.006, 0.226 +0.026,
and 0.062 +0.003 umol/min/mL for free Xyl, Xyl @ ZIF-67,
and Xyl@Mn/ZIF-67, respectively. The K, values of free
Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 were 3.139 4+ 0.049,
5.430+0.161, and 0.799 +0.078 mg/mL, respectively. The
changes in the kinetic parameters are related to the type of
support. For example, the V., value of the Xyl@ZIF-67
was 1.35 times higher than that of the free Xyl, while the

V max Value of the Xyl@Mn/ZIF-67 diminished 2.69 times.
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Table 2 Kinetic parameters and correlation coefficients of free Xyl,
Xyl@ZIF-67, and Xyl@Mn/ZIF-67

Enzyme Vinax (Mmol/min/mL) K, (mg/mL) R?

Free Xyl 0.167 +0.006 3.139+0.049  0.9928
Xyl@ZIF-67 0.226 +£0.026 5.430+£0.161  0.9969
Xyl@Mn/ZIF-67  0.062+0.003 0.799+£0.078  0.9928

Similarly, the K, value of the Xyl@ZIF-67 was 1.73 times
higher than that of the free Xyl, while the K, value of the
Xyl@Mn/ZIF-67 reduced 6.79 times. The desired change in
the kinetic parameters after immobilization is an increase in
the V... value as opposed to a decrease in the K, value. As
discussed before [59], it is well known that conformational,
steric, and mass transfer effects resulting from the molecular
orientation of the enzyme, as well as microenvironment and
cleavage effects, are responsible for the changes in kinetic
parameters after immobilization. Additionally, for Xyl@Mn/
ZIF-67, the reduction increased the activity of the enzyme,
possibly due to the effect of doping Mn ions to the ZIF-67
supports, and allowed the enzyme to interact more easily
with the substrate due to the porosity structure [60].

3.2.3 Investigation of Thermal Stability

The free Xyl, Xyl@ZIF-67, and Xyl@Mn/ZIF-67 were incu-
bated at high temperatures (50 °C, 60 °C, and 70 °C) for
varying times to investigate the thermal stability of enzyme
samples. The results of thermal stability were shown in
Fig. 11. It was found that the Xyl@ZIF-67 and Xyl@Mn/
ZIF-67 exhibited promising performance. However, with
the increase of treatment time at high temperatures, relative
activities decreased due to partial thermal inactivation of
the enzyme samples. The activity of the free Xyl decreased
dramatically after 120 min of thermal treatment at 70 °C.
Although the Xyl@ZIF-67 and Xyl@Mn/ZIF-67 show a loss
of activity under the same conditions, their activities were
definitely higher than their free counterpart. After incuba-
tion at 70 °C for 120 min, the free Xyl remained at 28.7%
of the activity, while the Xyl@ZIF-67 and Xyl@Mn/ZIF-67
remained at 85.7% and 40.0%, respectively. This excellent
thermal stability may be due to the protective effect of ZIF-
67, which made Xyl in a more suitable microenvironment
and improved its stability. It was also assumed that the ther-
mal activity of the immobilized enzyme obviously depends
on the type and properties of the carrier support.
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Fig. 10 Lineweaver—Burk plots of free Xyl, Xyl@ZIF-67, and Xyl @Mn/ZIF-67
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3.2.4 Reusability 20, Bp——
B %y @Vin/ZIF-67

Another limitation in the industrial application of free
enzymes is that they cannot be reused, as free enzymes can-
not be recovered after use [61]. However, the immobilization
strategy allows enzymes to be reused in repeated reactions.
In the present study, the reusability of the Xyl@ZIF-67 and
Xyl@Mn/ZIF-67 was evaluated by repeated use for 8 cycles.
As shown in Fig. 12, the Xyl@ZIF-67 and Xyl@Mn/ZIF-67
retained more than 70% of their initial activity after 8 reuses,
indicating that both immobilized enzymes have appropri-
ate stability and can be reused. The decrease in the relative
hydrolysis efficiency of xylan after 8 catalytic cycles may
be due to the blocking of the active centers of the immobi-
lized enzymes by the reaction products. On the other hand,
it can also be caused by the leaching of the enzyme from the
support material during repeated use [62]. One important
conclusion was that Xyl@Mn/ZIF-67 had higher activity
compared to Xyl@ZIF-67. This is in line with previous find-
ings and supports our hypothesis.

3.2.5 Effect of Inmobilized Enzyme on Clarification
of Apple Juice

Pectin, starch, and hemicellulosic components in juices are
the main factors in the formation of turbidity in juice. This
turbidity, on the other hand, reduces the demand for con-
sumption and creates difficulties in industrial pasteurization

@ Springer
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Fig. 12 The reusability profile of the Xyl @ZIF-67 and Xyl@Mn/ZIF-
67

and concentration stages. Removal of these opacity factors
can be achieved by appropriate enzymes to produce high
quality clarified juices. In this study, the potential of the
Xyl@ZIF-67 and Xyl@Mn/ZIF-67 was assessed in clarifi-
cation of the juice obtained from apple pulps with 81.25%
yield. The ability of Xyl@ZIF-67 and Xyl@Mn/ZIF-67 on
the clarification of apple juice is shown in Fig. 13. After
60 min of treatment, the Xyl@ZIF-67 and Xyl@Mn/ZIF-67
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Fig. 13 The effect of Xyl@ZIF-67 (A) and Xyl@Mn/ZIF-67 (B) on
apple juice clarification in terms of transmittance and reducing sugar

were increased transmittance of apple juice from 65.61 to
94.73%, from 77.80 to 84.13%, respectively, when compared
to the control. In addition, the reducing sugar amounts of
Xyl@ZIF-67 and Xyl@Mn/ZIF-67 increased from 6.45 to
7.55 g/L and 6.03 to 7.83 g/L, respectively (Fig. 13A, B).
Processing fruit juices with the Xyl enzyme increases the
release of reducing sugar. The reducing sugars released
are indicative of the breakdown of hemicellulosic compo-
nents in the juice. Similar studies in the literature support
the increase in the amount of reducing sugar at the end of
the clarification process [38, 63]. This study revealed that
immobilization of the Xyl into ZIF-67 and Mn/ZIF-67 not
only improved stability and reusability of Xyl but also clari-
fied juices quite efficiently.

4 Conclusion

In this study, a viable strategy combined with an appropri-
ate immobilization matrix was investigated to make the Xyl
enzyme more stable and effective in industrial scale pro-
cesses such as juice clarification. Herein, to the best of our

knowledge, we have shown that two different carrier sup-
ports, ZIF-67 and Mn/ZIF-67, which have not been sug-
gested before in the literature, can be used for Xyl immobi-
lization. For this purpose, the formation of the ZIF-67 and
Mn/ZIF-67structures with and without Xyl was carried out
by in situ method and these structures were elucidated by
structural and morphological characterization processes
such as UV-Vis, FT-IR, XRD, SEM, and EDAX. In terms of
biochemical characterization, changes were observed in the
optimum pH and temperature of the immobilized enzymes
compared to the free enzyme. Considering the optimum pH
results, it is seen that immobilized enzymes improve the
activity considerably at alkaline pHs where free Xyl has low
activity. Compared to free Xyl, the K, value increased for
Xyl@ZIF-67 and decreased for Xyl@Mn/ZIF-67. In con-
trast, the V., value for Xyl@ZIF-67 increased relative to
free Xyl and decreased for Xyl@Mn/ZIF-67. Moreover, the
Xyl@ZIF-67 and Xyl@Mn/ZIF-67 had more temperature
tolerance and excellent reusability. The Xyl @ZIF-67 and
Xyl@Mn/ZIF-67 presented high residual activity (=70%)
after 8 cycles of reuse. Most importantly, the effect of
immobilization of commercially important free Xyl on two
different carrier supports on apple juice clarification was
investigated. Accordingly, Xyl @ZIF-67 and Xyl@Mn/ZIF-
67 increased the clarity of apple juice by 29.12% and 6.33%,
respectively. It was observed that the amount of reducing
sugar, which is known to be associated with the clarification
process, increased at the end of this process. Considering
the growing popularity of ZIFs in the MOF class in enzyme
immobilization, this study pioneered the rapid and easy syn-
thesis of ZIF-67 structures and their use as a carrier support
in immobilization. Meanwhile, this investigation may pro-
vide a satisfactory carrier matrix to apply in the industrial
production of apple juice.
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