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ARTICLE INFO ABSTRACT

Keywords: Surface adsorption is a convenient and readily available method for immobilizing enzymes on metal-organic
Biocatalyst frameworks (MOFs). Metal-organic framework-5 (MOF-5), isoreticular metal-organic frameworks-3 (IRMOF-3),
MOF ) o and multivariate analysis of MOF-5/IRMOF-3 (MMI) with a half-amino group (-NH,) were prepared in this study.
finzzszle immobilization Thermomyces lanuginosus lipase (TLL) was chosen as a commercially available enzyme for immobilization on the
T}ﬂazoles surfaces of these MOFs. Briefly, 1.5 mg of TLL was added to 10 mg of the MOFs, and after 24 h, 67, 74, and

88% of the TLL was immobilized on MOF-5, IRMOF-3, and MMI, respectively. Fourier transform infrared spec-
troscopy, X-ray diffraction, thermogravimetric analysis, scanning electron microscopy, energy-dispersive X-ray
analysis, and Brunauer—-Emmett-Teller analysis were used to characterize the resulting biocomposites. TLL@MOF-
5, TLL@IRMOF-3, and TLL@MMI exhibited activities of 55, 75, and 110 U/mg, respectively. Investigation of the
activity and stability of the prepared biocatalysts showed that TLL immobilized on MMI was 2.34-fold more active
than free TLL. TLL@MMI exhibited high stability and activity even under harsh conditions. After 24 h of incu-
bation in a mixture of 50% (v/v) MeOH, TLL@MMI retained 80% of its activity, whereas TLL@MOF-5 and free
TLL lost 50 and 60% of their activities, respectively. TLL@MMI was used to synthesize 2-arylidenehydrazinyl-4-
arylthiozole derivatives (91-98%) in a one-pot vessel by adding benzaldehydes, phenacyl bromides, and thiosemi-
carbazide to water. The efficiency of the 4a derivative with free TLL was 43%, whereas that with TLL@MMI was

98%.

1. Introduction

Enzymes are used in various industries and have great potential for
further applications. However, harsh conditions, such as high tempera-
tures, non-aqueous solvents, high salt concentrations, and extreme pH,
negatively affect the structure and activity of the enzyme [1-5]. Other
disadvantages of this enzyme include the high cost of purification, isola-
tion, and non-reusability. Various methods have been proposed to over-
come these limitations. One of the most effective methods is enzyme
immobilization. Enzyme immobilization not only solves these problems
but can also increase enzyme stability. The structure of the enzyme may
change after immobilization. These changes can decrease enzymatic ac-
tivity, an inherent disadvantage of enzyme immobilization [6-9].

Lipases (triacylglycerol hydrolases, EC 3.1.1.3) catalyze numerous
reactions, such as esterification [10], transesterification [11], alcohol-
ysis [12], and hydrazinolysis [13]. Lipases are popular catalysts in the
chemical industry and academia for several reasons. First, these enzymes
work in non-aqueous conditions. Second, they do not require cofactors
to perform the reactions. Third, they show high substrate tolerance. De-
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spite these advantages, however, they also have some disadvantages,
such as the difficulty separating them from the reaction medium and
the subsequent inability to recover them, increasing costs [14-18].
Lipase immobilization on porous materials such as silica, sol-gel
matrices, hydrogels, and organic microparticles has been studied for
decades [19,20]. Metal-organic frameworks (MOFs) are a new group of
porous materials made from metal ions and organic compounds linked
through coordination bonds. Owing to their porous structure, large sur-
face area, and thermal and chemical stability, MOFs have received in-
creasing attention for enzyme immobilization applications [21,22]. En-
zyme immobilization on MOFs can be categorized into four main types:
surface attachment, covalent linkage, pore entrapment, and coprecipi-
tation. During surface attachment, the enzyme attaches to the MOF via
physical interactions. These weak interactions include hydrogen bond-
ing, van der Waals interactions, and z-r interactions [23]. Enzyme im-
mobilization onto MOF surfaces is the most straightforward method, as
enzymes bind through weak interactions, and activating the functional
groups is unnecessary. This method makes it possible for the MOF to
be synthesized separately, and its synthetic conditions would not affect
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Fig. 1. Some examples of drugs containing thiazoles.
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enzyme activity; therefore, a wide range of MOFs can be used as carriers
[24,25].

Maintaining the structure of an enzyme and its active sites is one
of the positive features of enzyme adsorption onto MOF surfaces. How-
ever, compared to other immobilization methods, this method gives the
enzyme less stability and resistance to harsh conditions, such as organic
solvents and high temperatures [26]. Therefore, modifying MOFs with
amino groups overcomes this problem.

Lipases have lids consisting of hydrophobic polypeptide chains. This
lid opens in the presence of a hydrophobic agent, thereby exposing the
active site and the hydrophobic pocket. Lipases can be adsorbed onto a
hydrophobic surface through a hydrophobic pocket through a process
called interface activation. Hence, lipases can be immobilized on a hy-
drophobic substrate with an open lid to maintain their activity [27-29].
In recent years, stable hydrophobic MOFs have been prepared using or-
ganic bonds or post-synthetic modifications with hydrophobic groups or
materials. ZIF-8, ZIF-L, ZIFN, and Uio-66-NH,-OA are examples of MOFs
successfully used to immobilize lipases via surface adsorption [23,30].

Lipase from Thermomyces lanuginosus (TLL) is an sn-1,3-specific li-
pase widely used for the synthesis of organic compounds and biodiesel
production. The immobilization of TLL has been the subject of
many studies [27,31]. Carriers such as amine-functionalized magnetic
nanoparticles, multi-walled carbon nanotubes, and magnetic macrop-
orous zeolitic imidazolate framework-8 (m-M-ZIF-8) have been used to
immobilize TLL through covalent bond formation or physical adsorp-
tion. Previous investigations showed that the catalytic properties of TLL,
such as enzyme activity, organic solvent tolerance, and reusability, sig-
nificantly improved after immobilization [19,32,33].

Compounds containing five aromatic rings with nitrogen and sul-
fur groups are called thiazoles. This heterocyclic structure has various
biological properties, such as antimicrobial, antineoplastic, antiretrovi-
ral, and antifungal [34,35]. Thiazoles are part of the structure of many
drugs, such as savuconazole, cefotaxime, ritonavir, nitazoxanide, and

H
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(angiocardiopathic drug)

atrotinolol (Fig. 1) [35]. Owing to their importance, various catalysts
have been used to synthesize these scaffolds, as shown in Table 1. The
disadvantages of these methods include harsh reaction conditions, the
need to separate the intermediates, and the use of toxic solvents. There-
fore, efficient, cost-effective, and recyclable catalysts are required to
synthesize them.

In addition to their natural catalytic role, lipases can also catalyze
other reactions, such as the Michael addition [36-38], Mannich [39],
Ugi [40], Cannizaro [41], and Baylis—Hilman [42] reactions. This char-
acteristic of lipases is called promiscuity and has received considerable
attention [43]. In this study, this lipase was used to synthesize thiazole
derivatives.

Accordingly, for the first time, three MOFs, MOF-5, isoreticular
metal-organic framework-3 (IRMOF-3), and multivariate analysis of
MOF-5/IRMOF-3 (MMI) with a half-amino group (-NH,) were used
to immobilize TLL and generate three biocomposites: TLL@MOF-5,
TLL@IRMOF-3, and TLL@MMI. The effects of pH, solvent, and tem-
perature on the stability of the three biocomposites were investigated.
Moreover, because of the increasing interest in green methods for the
synthesis of organic compounds, the prepared biocatalysts were used to
synthesize thiazoles. Since thiazole is widely used in various drugs, its
synthesis using a green method is important.

2. Materials and Methods
2.1. Materials

TLL and phenacyl bromide were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Zinc nitrate tetrahydrate (Zn(NO3),-4H,0), tereph-
thalic acid (H,BDC), 2-aminoterephthalic acid, aldehydes, thiosemicar-
bazide, and other chemicals were purchased from Merck. The structures
of the thiazoles were characterized using 'H (300 MHz) and 13C (75
MHz) nuclear magnetic resonance (NMR) using a Bruker NMR spec-
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Table 1

Reaction parameters previously reported for synthesizing compound 4a.
Entry Compound Reagent/Catalyst (condition) One-pot Yield (%) Ref.
1 4a NaHCO;/K,CO; (reflux) No 72 [74]
2 4a AcOH (reflux) No 61 [72]
3 4a TCCA' /p-TSA? Yes 84 [75]

K,CO; (ball-milling)

4 4a a few drops of DMF No 82 [76]
5 4a CuONPs/TiO,* (RT) Yes 98 [73]

! trichloroisocyanuric acid
2 p- toluenesulfonic acid
3 copper nanoparticles supported on TiO,

trometer. Dimethyl sulfoxide-dg (DMSO-dg) was purchased from Mes-
bah Energy Co., Ltd..

2.2. MOF characterization

Scanning electron microscopy (SEM; SU3500) was used to determine
the surface morphology of the MOFs. The constituent elements of TLL
and TLL@MMI were analyzed using energy-dispersive X-ray (EDX) in
conjunction with SEM. MOF-5, MMI, and IRMOF-3 were subjected to
X-ray diffraction (XRD) using a scintillation counter with Cu radiation
(1=1.5406 /o\). Thermogravimetric analysis (TGA) was performed using
a thermogravimetric analyzer (STAPT 1600) in an air environment from
25 °C to 600 °C, increasing at a rate of 20 °C/min. Fourier transform
infrared spectroscopy (FT-IR) was conducted using a Bruker Equinox
55 system within the wavenumber range of 600-3800 cm™'. The per-
centages of carbon, nitrogen, and hydrogen in IRMOF-3 and MMI were
determined using an Elementar Analysensysteme GmbH device. Mean-
while, a Brunauer—-Emmett-Teller (BET) Surface Area & Porosity Ana-
lyzer (BET), BELSORP Mini II) was used to determine the surface areas
of the MOFs and TLL@MOFs.

2.3. Preparation of MOFs

MOF-5 was prepared using the solvothermal method with some
modifications, as reported in the literature [44]. In detail, 0.553
g H,BDC and 2.61 g Zn(NOj3),4H,0 were added to 87 ml N,N-
dimethylformamide (DMF) and stirred for 10 minutes at 25 °Cuntil a
clear solution was obtained, and then the solution was transferred to a
Teflon reactor and kept at 105 °C for 21 h. Subsequently, the reaction
mixture was cooled to room temperature, and the product was separated
via centrifugation. The product was then washed twice with DMF, and
the colorless crystals were soaked in MeOH for approximately 7 days.
The MeOH was changed every other day. Afterward, the crystals were
separated from the MeOH and dried in an oven for 3 h at 100°C.

MTV-MOF-5/IRMOF-3 (MMI), which contains a mixture of 2-
aminoterephthalic acid and H,BDC instead of a full 2-aminoterephthalic
acid ligand in their structure, was synthesized using the solvothermal
method [45,46]. Briefly, 0.137 g 2-aminoterephthalic acid, 0.208 g
H,BDC, and 1.56 g Zn(NO3),-4H,0 were dissolved in 75 ml DMF, then
transferred to a Teflon reactor and kept at 105 °C for 21 h. Finally, the
obtained crystals were activated in a manner similar to MOF-5 synthesis.

IRMOF-3 was synthesized by dissolving 0.48 g Zn(NO3),-4H,0 and
0.12 g 2-aminoterephthalic acid in 15 ml DMF, transferring the mixture
to a Teflon reactor and keeping it at 105 °C for 21 h. Finally, the obtained
crystal was activated in a manner similar to MOF-5 synthesis [47].

2.4. Preparation of TLL@MOFs
All TLL@MOFs were prepared by adding 1.5 mg (100 pl) of TLL (16

mg/ml) to 10 mg MOF and stirred at 200 rpm for 24 h at 15-20 °C. The
resulting biocomposite was centrifuged and washed three times with

potassium phosphate buffer (pH 7.2) and dried with a vacuum system
at 25 °C for 2-3 h.

2.5. Determining the amount of enzyme immobilized on the MOFs

The percentage of immobilized enzymes on the MOFs was calculated
using the Bradford method [48]. The difference between the amount of
enzyme remaining after immobilization and the initial enzyme concen-
tration was determined as the immobilization percentage. To ensure the
accurate calculation of the immobilization yield and that the immobi-
lized enzyme did not separate from the hydrophobic substrate during
washing [49], the enzyme concentration in the biocomposite washing
buffer was also calculated using the Bradford method. TLL@MMI and
TL@IRMOF-3 did not release the enzyme, whereas approximately 1%
of the enzyme was released by TLL@MOF-5; these were ignored in the
calculations.

2.6. Activity assay of free and immobilized TLL

The activities of the free and immobilized enzymes were assessed by
calculating the amount of p-nitrophenol produced during p-nitrophenyl
butyrate (p-NPB) hydrolysis in 10 mM potassium phosphate buffer at
pH 8.2 and 25 °C. At the beginning of the reaction, 20 pl of the enzyme
suspension (2 mg immobilized enzyme in 20 ml of 10 mM phosphate
buffer [pH 7.2]) was added to 2 ml of the reaction mixture (20 ul of 30
mM p-NPB in 10 mM potassium phosphate buffer [pH 8.2]). Afterward,
the absorbance change at 410 nm (¢ _ 17500 M1 em1) was measured
over 2 min. Finally, the specific activity (U/mg) was calculated from the
amount of immobilized enzyme. Meanwhile, 20 pl of TLL was dissolved
in 10 ml of 10 mM potassium phosphate buffer [pH 7.2] to measure the
activity of the free enzyme using the p-NPB assay. To confirm the lack
of catalytic activity of MOFs with p-NPB, their activities were measured
using the p-NPB assay, confirming that p-NPB was not hydrolyzed by
the MOFs.

2.7. Leaching test

Briefly, 3 mg of TLL@MOF was added to solutions containing 1 M
NaCl, and the mixture was incubated for 24 h. The enzyme concentra-
tion in the mixture was measured using the Bradford method.

2.8. Determination of pH stability and the pH with optimum enzyme
activity

To determine the best pH where the enzyme has optimal stability, the
free and immobilized enzymes were incubated in potassium phosphate
buffer at different pH levels (6.5-10) for 24 h, and their activities were
measured using the p-NPB assay. To determine the optimum pH, enzyme
activities were measured using the p-NPB assay at different pH levels
(6.5 to 10).
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Fig. 2. Scanning electron microscopy images of the surfaces of a) MOF-5, b) TLL@MOF-5, ¢) IRMOF-3, d) TLL@IRMOF-3, e) MM], and f) TLL@MMI. Energy-dispersive

X-ray analyses of g) MMI and h) TLL@MMI.

2.9. Thermal stability

To measure the thermal stability of the immobilized enzymes, free
and immobilized enzymes were incubated in potassium phosphate
buffer at the pH with the optimal enzyme activity and subjected to dif-
ferent temperatures, at 45-85 °C for 2 h and at 45, 55, and 65 °C during
24 h. Enzymatic activity was measured using the p-NPB assay to deter-
mine the thermal stability of the enzyme.

2.10. Stability in organic co-solvents

To determine the stability of the TLL@MOFs in organic solvents, free
and immobilized enzymes were incubated in 1 ml of a solution contain-
ing 10 mM potassium phosphate buffer (pH 7.2), 20% and 50% (v/v)
MeOH, EtOH, THF, MeCN, DMF, and 1,4-dioxane at room temperature.

2.11. Synthesis of thiazoles

Thiazole was enzymatically synthesized in glass bottles containing
20 ml of a reaction mixture comprising 5 mmol aldehyde, 5 mmol ace-
tophenone, and 5 mmol thiosemicarbazide dissolved in H,O. The mix-
ture was stirred at 200 rpm for 90 min at 45 °C with 10 mg of TLL@MMIL.
To purify the products, ethyl acetate (EtOAc) was added to obtain two
phases, after which the aqueous phase was centrifuged to remove the
catalyst. The EtOAc phase was then dried under vacuum. The obtained
precipitate was washed twice with EtOAc to obtain the pure product.

2.12. Reusability of the TLL@MOFs

The catalyst used during thiazole synthesis was isolated to determine
the number of times it could be used. After each reaction, the mixture
was decanted with ethyl acetate, and the aqueous phase was centrifuged
to separate the catalyst. The recovered catalyst was washed three times
with potassium buffer (pH 9) and ethanol and then dried under vacuum
for reuse. The activity of the recovered catalyst was measured using a
p-NPB assay before being reused in subsequent reactions. All steps were
repeated six times.

3. Results and Discussion
3.1. Characterization of MOFs and TLL@MOFs

The exterior structures of MOF-5, TLL@MOF-5, MMI, TLL@MMI,
IRMOF-3, and TLL@IRMOF-3 are shown in (Fig. 2a-2f). The appear-
ance of the TLL@MOFs indicated that the enzyme was coated onto the
structure of the MOFs. The SEM images of MOF-5, MMI, and IRMOF-3
show a cubic shape, which is the typical morphology of each MOF. EDX
is an X-ray technique used to detect the elemental or chemical prop-
erties of compounds [50]. EDX analysis was performed to confirm the
addition of the enzyme. TLL contained Zn, C, N, and O (Fig. 2g), while
the appearance of S in the EDX spectrum of TLL@MMI indicated the
presence of the enzyme (Fig. 2h). Moreover, the nitrogen-to-zinc ratio
is 0.2 and 0.9 in TLL and ILL@MMI, respectively. This increase in the
amount of nitrogen confirms the presence of the enzyme in TLL@MMI.

XRD analysis provides detailed information on the crystallographic
structure, chemical composition, and physical properties of materials
[51]. The XRD patterns of MOF-5, IRMOF-3, and MMI are shown in
Fig. 3. Strong diffraction peaks observed at 26 values of 6.6°, 9.4°, and
13.5° are consistent with previous reports [45,46].

FT-IR involves the vibration and rotation of molecules at specific
wavelengths [52]. These vibrations and rotations help elucidate the in-
teractions between the enzyme and the MOF. The structures of MOF-5,
TLL@MOF-5, IRMOF-3, TLL@IRMOF-3, MMI, and TLL@MMI were il-
lustrated by FT-IR (Fig. 4a—4c). The peaks at wavenumbers 1606-1505
cm™ and 1400-1256 cm! correspond to the BDC vibrations. The peaks
at 1200-600 cm’! can be attributed to the fingerprint of terephthalate
[53]. The intensity of OH peaks related to the enzyme decreased af-
ter immobilization, which indicates the formation of hydrogen bonds
[54,55].

The temperature resistance of biocomposites is an important is-
sue. Thermogravimetric analysis (TGA) is a technique to evaluate the
thermal resistance of materials [56]. The TGA results for MMI and
TLL@MMI are shown in Fig. 4d. MMI showed high thermal stability
up to 450 °C, then it lost 45% of its weight at temperatures up to 500
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°C. TLL@MMI lost approximately 6% of its weight up at temperatures
up to 150 °C; then, it lost 60% of its weight from 250 to 500 °C. Due to
the presence of the enzyme on the MOF surface, the thermal resistance
of the biocatalyst decreased. However, despite all these conditions, it is
still stable up to 150 °C.

BET analysis is an approach to measure the specific surface area of a
material [57]. The nitrogen adsorption-desorption isotherms of MOF-5,
IRMOF-3, MMI, TLL@MOF-5, TLL@IRMOF-3, and TLL@MMI are shown
in Fig. 5. According to these isotherms, the surface areas of MOF-5,
IRMOF-3, and MMI are 445, 448, and 461 m2/g, respectively. After im-
mobilizing TLL on these supports, the surface areas were reduced to 104,
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180, and 175 m? /g, respectively. This decrease in the MOF surface area
indicated the presence of enzymes.

CHN analysis was also performed to determine the number of amino
groups in IRMOF-3 and MMI. For IRMOF-3, the amounts of carbon, hy-
drogen, and nitrogen were calculated to be 35.11%, 2.58%, and 5.12%,
respectively, and the obtained values were 34.51% C, 2.6% H, and
5.21% N. Based on these calculations, MMI had 36.04% C, 2.65% H,
and 2.63% N, and the obtained values were 35.89% C, 2.48% H, and
2.7% N.

3.2. Optimization of TLL@MOF preparation

To obtain the best activity and immobilization yield, the temper-
ature, amount of enzyme, and stirrer rotation speed (rpm) were opti-
mized. Initially, different amounts of the enzyme (Fig. 6a) were loaded
on the carrier, and then 50-200 pl of free TLL was loaded on 10 mg
of the substrate, and the highest enzyme activity was obtained using
100 pl of the enzyme. Subsequently, the stirrer rotation speeds were
changed to 150, 200, 250, and 300 rpm; the optimal magnetic rotation
speed was 200 rpm. The results showed that enzyme activity and im-
mobilization yield decreased when the stirrer rotation speed increased.
Moreover, the immobilization yield was also low when the stirrer rota-
tion speed was lower than 200 rpm. The reaction system was also sub-
jected to various temperatures (15-35 °C) to achieve the best results.
The results showed that as the temperature increased, the immobiliza-
tion yield also increased (Fig. 6b). For TLL@MMI, the immobilization
yields were 98, 95, 90, 88, and 88% at temperatures of 35, 30, 25, 20,
and 15 °C, respectively, with specific enzyme activities at 98, 100, 105,
110, and 110 U/mg, respectively. Our results suggest that enzyme activ-
ity decreased with increasing temperature, even though immobilization

TLL@IRMOE-3
1 | ‘ ‘
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Fig. 4. Fourier transform infrared spectra of MOF-5, TLL@MOF-5 (a), IRMOF-3, TLL@IRMOF-3 (b), MMI, and TLL@MMI (c). TGA curves of MMI and TLL@MMI

(d).
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Fig. 6. Optimization of TLL@MOFs using a) different amounts of TLL and b) different temperatures to achieve the best immobilization yield.

also increased. This occurs because of excessive enzyme accumulation,
which reduces enzyme activity. Therefore, 15-20 °C was chosen as the
optimal temperature to immobilize the enzyme.

Next, 1.5 mg of TLL was immobilized on 10 mg of MOFs pro-
duced at 15-20 °C at 200 rpm for 24 h. With these parameters, im-
mobilization yields of 67, 74, and 88% were obtained for TLL@MOF-5,
TLL@IRMOF-3, and TLL@MMI, respectively. Moreover, specific activ-
ities of 47, 55, 110, and 75 U/mg were calculated for the free TLL,
TLL@MOF-5, TLL@MMI, and TLL@IRMOF-3, respectively (Fig. 7).

3.3. Effect of NH,

Various MOFs have been used to immobilize enzymes. MOFs with
nitrogen atoms and amino groups, such as MIL-101-NH,, PCN 333, and
NH,-MIL-53(Al), are popular for immobilizing enzymes [26,58-60]. Un-
til now, no research group has paid attention to the fact that if the num-
ber of these amino groups changes, it affects enzyme immobilization
and stability. Accordingly, we chose MOFs that have the same shape

and surface area, and their holes are smaller than those of the enzyme;
thus, we did not observe immobilization by another method.

Three MOFs containing different amounts of amino groups in their
structures were chosen to immobilize TLL: MOF-5, IRMOF-3, and MMI.
All ligands of IRMOF-3 have amino groups, half-ligands of MMI have
amino groups, and MOF-5 does not have any amino groups.

Immobilization of the enzyme on MOF-5 resulted in TLL@MOF-5
being 1.17-fold more active than the free TLL (Fig. 7). TLL@IRMOF-
3 was 1.6-fold more active than free TLL. While reducing the number
of amino groups in the MOF structure(MMI), the immobilized TLL was
1.5-fold more active than the fully amino structure (IRMOF-3), which
was used for immobilization. Therefore, although amino groups improve
enzyme stability, the number of amino groups should also be considered.

To demonstrate the stability of the interaction between the enzyme
and the MOF surface, a leaching test was performed. After 24 h of incu-
bation, TLL@MOF-5, TLL@IRMOF-3, and TLL@MMI showed that 53%,
89%, and 74% of the enzyme remained on the substrate, respectively,
and did not leach. This indicates the strength of the existing hydrogen
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Fig.7. Specific activity of free TLL, TLL@MOF-5, TLL@MMI, and TLL@IRMOF-
3.

bond, which is due to the presence of the amino group. In MOF-5, which
does not contain an amino group, the leaching percentage is higher,
while in IRMOF-3, which contains a full amino group, the interaction
between the enzyme and the surface of the MOF is highly stable.

Although TLL@IRMOF-3 showed a stable interaction between the
enzyme and the MOF surface, the activity of the enzyme in that construct
was lower than that of TLL@MMI. This result suggests that when the
number of amino groups increases, excess hydrogen bonding probably
leads to the destruction of the main structure of the enzyme, decreasing
its activity.

3.4. Enzymatic properties of TLL@MOFs

3.4.1. Effect of pH on enzyme activity

The optimum pH values for TLL@MOF-5, TLL@MMI, and
TLL@IRMOF-3 were investigated within the range of 6-10 at room tem-
perature. As shown in Fig. 8b, although the optimum pH for free TLL
was between 8 and 8.5, the three biocomposites showed an improved
optimal pH within 8-10.

Furthermore, free TLL and the three biocomposites demonstrated dif-
ferent pH stabilities after incubation in buffers with different pH values
(Fig. 8a). Free TLL did not show high stability between pH 6 and 7.5.
However, the stability of TLL improved after immobilization; TLL@MMI
showed excellent stability in the pH range of 6-10. Changes in the op-
timal pH and the stability of an enzyme at different pH values after
immobilization have been reported previously [61,62].

@

TLL@MMI
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3.4.2. Effect of solvent on enzyme activity

Solvents play an important role in chemical reactions [63]. Five com-
mon organic solvents that are generally used in synthetic reactions were
investigated in this study to determine the stability of the synthesized
biocomposites. Free TLL and the three biocomposites were incubated
in a mixture of 20% and 50% (v/v) of each of the five solvents for 24
h (Fig. 9a, 9b). All biocomposites exhibited higher activities than the
free enzyme, with TLL@MMI exhibiting the highest stability under all
solvent conditions. After 24 h of incubation in a mixture of 50% (v/v)
MeOH, TLL@MMI retained 80% of its activity, whereas TLL@MOF-5
and free TLL lost 50 and 60% of their activities, respectively.

3.4.3. Effect of temperature on enzyme activity

The thermal stability of the synthesized biocomposites was compared
with that of free TLL (Fig. 10a). All three biocomposites exhibited higher
activity after 2 h of incubation. Despite free TLL losing 60% activity at
75 °C, the TLL@MMI still showed 84% activity at the same temperature.
Fig. 10b shows enzyme activity results after 24 h of incubation at 45
and 55 °C. The activity of all three biocomposites was greater than 97%
within that temperature range, while free TLL lost 20% and 40% activity
at 45 and 55 °C, respectively. TLL@MMI lost 50% of its activity at 45
and 55 °C after 95 and 72 h of incubation, respectively. Previous studies
have reported that the immobilization of enzymes on MOFs improves
their thermal stability [64,65].

3.4.4. Michaelis—Menten kinetic parameters

The Michaelis—Menten kinetic parameters of the reaction were mea-
sured to investigate the effects of immobilization on enzyme kinetics.
The K, (Michaelis constant) and V,,, (maximum reaction velocity)
were calculated by varying the p-NPB concentration. The V,, was
356.5, 302.3, 288.7, and 312.3 pmol/min for free TLL, TLL@MMI,
TLL@IRMOF-3, and TLL@MOF-5, respectively. The K, values were
1.032, 1.89, 2.01, and 1.63 uM for free TLL, TLL@MMI, TLL@IRMOF-
3, and TLL@MOEF-5, respectively. An increase in K, indicates a lower
affinity for the immobilized enzyme than for the free enzyme (substrate).
This increase may be due to changes in the environment around the en-
zyme, restriction of substrate transfer to the active site, or a decrease in
enzyme flexibility [66-68].

3.5. Thiazole synthesis

Because of the observed stability of the immobilized enzyme in dif-
ferent temperatures and organic solvents, we decided to use this bio-
composite to synthesize organic compounds and measured its strength
and ability in this field. In this study, the synthesis of thiazoles was in-
vestigated. In a recent study, we investigated the synthesis of pyrazoles
using TLL@MMI [69].

free TLL

TLL@MMI —8—TLL@IRMOF-3 —4—TLL@MOF-5
100 & (b) -

80

60

40

Relative activity (%)

pPH

pH

Fig. 8. pH stability and optimum pH for the activity of the MOF-immobilized enzymes. The experimental conditions were: a) 2 mg immobilized enzyme was dispersed
in 20 ml of a 10 mM potassium phosphate buffer (pH 7.2) and incubated at different pH levels for 24 h; b) 2 mg immobilized enzyme in was dispersed in 20 ml of a
10 mM potassium phosphate buffer (pH 7.2), and enzyme activity was measured in different buffers (100% activity = 110 U/mg).
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Fig. 10. Thermal stability of TLL@MOFs and free TLL after a) 2 h and b) 24 h of incubation at different temperatures. Experimental condition: 2 mg immobilized
enzyme was dispersed in 20 ml of 10 mM potassium phosphate buffer (pH 7.2) and incubated for 2 and 24 h at different temperatures (100% activity = 110 U/mg).

Table 2

Optimization of (E)-4-(4-bromophenyl)-2-(2-(4-methoxybenzylidene) hydrazineyl) thiazole (4a) synthesis by
adapting various parameters: solvent, temperature, and amount of catalyst.

Entry Solvent Temperature (°C) Time (min) mg of catalyst Catalyst Yield (%)
1 H,0 45 90 5 TLL@MMI 87

2 Phosphate buffer (pH 9) 45 90 5 TLL@MMI 80

3 MeCN 45 90 5 TLL@MMI 51

4 DMF 45 90 5 TLL@MMI 72

5 EtOH 45 20 5 TLL@MMI 63

6 H,0 45 30 10 TLL@MMI 92

7 H,0 45 90 15 TLL@MMI 92

8 H,0 45 90 10 TLL@MMI 98

9 H,0 25 90 10 TLL@MMI 83
10 H,0 45 90 10 MMI 31

11 H,0 45 90 3 Free TLL 43

12 H,0 45 90 - - Trace

Reagents and conditions: 4-methoxy benzaldehyde (1a) (5 mmol), 4-bromophenacyl bromide (2a) (5 mmol),

thiosemicarbazide (3) (5 mmol), and solvent (10 mL).

Analogs of 2-arylidenehydrazinyl-4-arylthiozole exhibit antibacte-
rial and antioxidant activities [70]. Because of their high bioactivity,
several methods have been used to synthesize them [71,72]. Several pre-
vious studies about this are presented in Table 1. Most previous studies
synthesized 2-arylidenehydrazinyl-4-arylthiozole analogs in two steps,
which are time-consuming and require separate purification. In contrast,
Reddy et al. [73] reported one-pot synthesis under green conditions us-
ing a metal catalyst.

In this study, we initially investigated the model reaction by mix-
ing 4-methoxy benzaldehyde 1a (5 mmol), 4-bromophenacyl bromide
2a (5 mmol), and thiosemicarbazide 3 (5 mmol) at 45 °C in H,O as a

solvent and 5 mg of TLL@MMI as a catalyst. After 90 min, the yield
was 87% (Table 2, entry 1). The model reaction was also tested at 45
°C with 5 mg of TLL@MMI in other solvents, such as phosphate buffer
(pH 9) (table 2, entry 2), MeCN (table 2, entry 3), DMF (table 2, entry
4), and EtOH (table 2, entry 5). All the tested solvents exhibited lower
reaction efficiencies than that of water. When the amount of catalyst
was increased to 10 mg, the reaction yield reached 98% (Table 2, entry
8). However, using more than 15 mg of the catalyst was associated with
decreased efficiency (Table 2, entry 7). Examining the model reaction
at room temperature (25 °C) exhibited 83% yield at the optimal tem-
perature of 45 °C. In addition, when the reaction was performed in the
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Scheme 1. TLL@MMI catalyzes the synthesis of 2-arylidenehydrazinyl-4-arylthiozole derivatives (4a—4e) in H,0. Reagents and conditions: benzaldehydes (1a-1d)
(5 mmol), phenacyl bromides (2a-2b) (5 mmol), thiosemicarbazide (3) (5 mmol), H,O (10 mL), TLL@MMI catalyst (10 mg), 45°C.

absence of the enzyme (Table 2, entry 10), with a 31% yield. When the
reaction was investigated in the absence of a catalyst, no product was
observed (Table 2, entry 11).

To demonstrate the diversity of this reaction, derivatives with
electron-donating and electron-accepting substituents were also selected
(Scheme 1). All the derivatives were obtained with >90% yield. It is
noteworthy that Reddy et al. achieved the same yield for 4a, but they
used a larger amount of catalyst. Specifically, they coated Cu nanopar-
ticles onto TiO,, yielding 25 mg of CuONPs/TiO,-synthesized thiazole
for each 5 mmol of substrate.

3.6. Reusability

The catalysts used in the reactions were separated, washed, and dried
for reuse. Subsequently, the activity of the recovered catalysts was mea-
sured before the next use. After six cycles, the catalysts retained 87%
of their activity (Fig. 11). The high stability and reusability of the cata-
lysts we generated indicate that they can be used for various chemical
reactions under different conditions.

4. Conclusion

In this study, we produced three new biocomposites by changing
the number of amino groups in MOF structures and immobilizing TLL
in them through surface adsorption: TLL@MOF-5, TLL@IRMOF-3, and
TLL@MMI. TLL@MMI was more effective than the other MOFs, showing
the highest stability and chemical reaction efficiency. This information
indicates that increasing the number of amine groups in the structure of
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Fig. 11. Reusability of the TLL@MMI catalyst for the thiazole synthesis reac-
tion.

the MOF up to a certain amount has a positive effect on enzyme activity
and stability; however, a higher number of amine groups over this limit
causes negative effects [77].

5. Experimental
(E)-4-(4-bromophenyl)-2-(2-(4-methoxybenzylidene) hydrazineyl)

thiazole (4a). 'H NMR (300 MHz, DMSO-d) 8.00 (s, 1H), 7.80 (d,
J = 8.2 Hz, 2H), 7.66 — 7.55 (m, 4H), 7.39 (s, 1H), 7.01 (d, J = 8.3
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Hz, 2H), 3.80 (s, 3H).13C NMR (75 MHz, DMSO-dg) 6 173.68, 165.56,
153.85, 147.21, 138.72, 136.76, 133.14, 132.80, 132.04, 125.85,
119.57, 109.59, 60.49.

(E)-2-((2-(4-(4-bromophenyl) thiazol-2-yl) hydrazineylidene)
methyl) phenol (4b). 'H NMR (300 MHz, DMSO-dg) & 12.22 (s, 1H),
10.12 (s, 1H), 8.03 (s, 1H), 7.80 (d, J = 8.3 Hz, 2H), 7.67 — 7.55 (m,
3H), 7.40 (s, 1H), 7.22 (t, J = 7.6 Hz, 1H), 7.01-6.79 (m, 2H).

(E)-4-(4-bromophenyl)-2-(2-(2-nitrobenzylidene) hydrazineyl) thia-
zole (4c). 'H NMR (300 MHz, DMSO-dg) 6 12.60 (s, 1H), 8.43 (s, 1H),
8.09 - 7.96 (m, 3H), 7.87 - 7.73 (m, 3H), 7.61 (d, J = 7.5 Hz, 2H), 7.47
(s, 1H).

(E)-2-((2-(4-(p-tolyl) thiazol-2-yl) hydrazineylidene) methyl) phenol
(4d). 'H NMR (300 MHz, DMSO-dg) 6 10.15 (s, 1H), 8.33 (s, 1H), 7.63
(d, J = 8.1 Hz, 2H), 7.53 - 7.14 (m, 4H), 7.00 - 6.75 (m, 3H), 2.4 (s,
3H).

(E)-2-(2-(4-methoxybenzylidene) hydrazineyl)-4-(p-tolyl) thiazole
(4e). 'H NMR (300 MHz, DMSO-dg) 6§ 7.98 (s, 1H), 7.86 (d, J = 7.7
Hz, 2H), 7.59 (d, J = 8.2 Hz, 2H), 7.33 - 7.18 (m, 3H), 7.03 - 6.97 (m,
2H), 3.80 (s, 3H), 2.4 (s, 3H).
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