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ABSTRACT

Laccase from Aspergillus sp. (LC) was immobilized within Fe-BTC and ZIF-zni metal organic
frameworks through a one-pot synthesis carried out under mild conditions (room temperature and
aqueous solution). The Fe-BTC, ZIF-zni MOFs, and the LC@Fe-BTC, LC@ZIF-zni immobilized
LC samples were characterized by X-ray diffraction, scanning electron microscopy, Fourier
transform infrared spectroscopy, and thermogravimetric analysis. The kinetic parameters (Ky and
Vmax) and the specific activity of the free and immobilized laccase were determined. Immobilized
LCs resulted in a lower specific activity compared with that of the free LC (7.7 umol min™! mg™).
However, LC@ZIF-zni was almost 10 times more active than LC@Fe-BTC (1.32 umol min™! mg-
"'vs 0.17 pmol min"! mg™') and only 5.8 times less active than free LC. The effect of enzyme
loading showed that LC@Fe-BTC had an optimal loading of 45.2 mg g™, at higher enzyme
loadings the specific activity decreased. In contrast, the specific activity of LC@ZIF-zni increased
linearly over the loading range investigated. The storage stability of LC@Fe-BTC was low with a
significant decrease in activity after 5 days, while LC@ZIF retained up to 50% of its original
activity after 30 days storage. The difference in activity and stability between LC@Fe-BTC and

LC@ZIF-zni is likely due to release of Fe3" and the low stability of Fe-BTC MOF. Together, these

results indicate that ZIF-zni i1s a superior support for the immobilization of laccase.



Introduction

Enzyme immobilization on solid supports has been widely explored.!® Immobilized enzymes
usually display high resistance to harsh environmental conditions and may exhibit improved
thermal stability when compared to free enzymes. The enzymatic activity and stability depend on
the choice of the support as well as on the method of immobilization.*> A wide range of materials,

O agarose,!! liquid crystals,"

e.g. mesoporous silica,®® xerogels,” magnetic nanomaterials,’
nanofibrous polymers'® and metal organic frameworks (MOFs) have been utilized for the
immobilization of enzymes.!*"!” MOFs are composed of metal ions and organic linkers connected
through coordination bonds to form a three-dimensional network.'® They have been used for a
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range of applications, including storage of gases,'” catalysis,?® removal of pollutants,?!

2223 and, more recently, as enzyme supports.?42¢ In

biomedicine and sensing applications,
comparison with other supports, enzymes immobilized on MOFs can exhibit high catalytic
activities, improved stability, and reusability.?’2° Enzymes can be readily immobilized in situ in
MOFs. Such in situ immobilization is facile, rapid and results in high enzyme loadings.*’ In this
approach, enzyme molecules are entrapped in the three-dimensional network formed by the metal
ions and the organic linkers. While a number of reports have focused on the catalytic activity of
the immobilized enzymes, the spatial distribution has not been described in detail .*!*? For example
Liang et al.*® tagged catalase (CAT) with fluorescein isothiocyanate (FITC) and used confocal
laser scanning microscopy to show that the distribution and localization of the enzyme depended
on the type of MOF used. A more homogeneous distribution was observed on MAF-7 and ZIF-90
in comparison to ZIF-8. Li et al.>* immobilized cyt ¢ and demonstrated that the protein was

embedded in the Cu-BTC framework rather than within the pores. Finally, a number of enzymes

can be co-immobilized within the same support.>> However, the synthesis of MOF usually requires



long reaction times (several days for solvothermal and hydrothermal techniques and weeks for
diffusion methods) and are often carried out under harsh conditions (high temperatures, use of
organic solvents).>® Such conditions are generally not appropriate for enzymes and result in
denaturation and loss of catalytic activity. Recently, GascOn et al. immobilized different enzymes,
e.g. alcohol dehydrogenase (ADH), glucose oxidase (GOx), and lipase in a basolite F300-like
MOF using an in situ mild synthetic method.>”-* This method involves entrapment of the enzyme
within a MOF based on Fe*" and the tridentate linker trimesic acid, in a process that is rapid and
facile (room temperature and close to neutral pH). The synthesis occurs under mild conditions with
the material displaying micro and meso-porous structure.’’ Similarly, Kida et al. developed a
method to synthesize zeolite imidazole frameworks (ZIF-8) in aqueous solution®® while Falcaro
and co-workers immobilized several enzymes within a ZIF-8 material.!” ZIF-zni is a robust, dense,
non-porous material.**#! ZIF-zni, one of the most stable MOF materials, is usually synthetized at
very high temperatures and in organic solvents.*’ Nevertheless, it can be also be prepared at room

temperature, using water as the solvent.*?

Laccases (LCs, E.C. 1.10.3.2, p-diphenol: dioxygen oxidoreductase), are multicopper oxidases that
catalyze the oxidation of various phenolic and non-phenolic compounds® via reduction of
molecular oxygen to water.** In addition to p-diphenols (quinols), o-diphenols (catechols),
alkoxyphenols and their derivatives, aromatic amines and aminophenols can also act as substrates
for laccase. Due to their strong electron-rich character, nonphenolic substrates such as
polymethoxybenzenes*’ can act as substrates for laccases. The radical products produced in the
catalytic reaction are particularly favored when the lone electron can be efficiently delocalized in
the aromatic systems, forming semiquinones, with further reaction depending on the properties of

the products, pH and the concentration of oxygen. In nature, laccases (LCs) are present in plants,



bacteria, insects and white rot fungi.*®*” Due to their low substrate specificity, LCs are used for a
wide range of applications, such as bleaching of denim and paper,*® removal of toxicants released

0 elimination of phenolics,® and biomass

during combustion processes,*’ decolorisation,’
delignification.’'-33 Recently Naseri et al. immobilized laccase from Trametes versicolor on ZIF-
zni and ZIF-8, two different zeolite imidazolate frameworks, to study enzymatic activity and
stability to storage and recycling.>* Li et al. encapsulated laccase (Ganoderma lucidum) in ZIF-8
to form an enzymatic biofuel cell based self-powered biosensor.??> Gascon et al. compared the
immobilization of laccase (4Aspergillus oryzae) on Fe-BTC MOF obtained through a one-pot and
a post-synthesis method, and also investigated the catalytic activity and enzyme leaching.*
Although laccases are very useful enzymes for a wide range of applications,**>% they possess low
stability in their soluble form, being easily perishable at neutral and basic pH.>” Moreover, when
immobilized on solid supports, the catalytic activity and stability of laccases is strongly affected

by the amount of water present in the preparation, indeed the activity and stability rapidly decrease

upon drying.>®

The majority of reports on the immobilization of enzymes on MOFs focus on single MOF
materials, describing the immobilization of different enzymes in the MOF?*#39%0 to demonstrate
the potential use of a specific MOF support. This study compares two different MOF materials as
supports for the in situ immobilization of Aspergillus sp. laccase. More specifically, laccase (LC)
was entrapped within Fe-BTC MOF and ZIF-zni, to obtain LC@Fe-BTC and LC@ZIF-zni
biocatalysts3®34(Scheme 1). The properties of the immobilized biocatalysts were extensively
characterized, and the kinetic parameters, Ky and Vimax compared with those of the free laccase.

Specificactivities for different laccase loadings were measured, together with the storage stability.



This study enabled a detailed comparison of in situ enzyme immobilization on the two MOF

supports, Fe-BTC and ZIF-zni.
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Scheme 1. Synthesis and immobilization of LC in ZIF-zni and Fe-BTC supports

Results and Discussion

Characterisation of Fe-BTC, LC@Fe-BTC, ZIF-zni and LC@ZIF-zni samples

Fe-BTC and ZIF-zni and laccase modified MOFs (LC@Fe-BTC and LC@ZIF-zni) were
characterised using X-ray diffraction. The XRD patterns (Fig. 1A) show sharp peaks at 11°, 19°,
24°, 28°, and 34° confirming the formation of the Fe-BTC structure.”%1:%2 Fig. 1B confirms the
formation of the ZIF-zni materials, with characteristic peaks at 15°, 17°, 18°, 21° in agreement
with previous literature reports.'*®3 The XRD patterns obtained for both LC@Fe-BTC and
LC@ZIF-zni samples do not differ significantly from those of Fe-BTC and ZIF-zni demonstrating
that laccase does not significantly alter the structure of the MOFs. Thermogravimetric analysis

(TGA) demonstrated that Fe-BTC MOF had a loss of mass of 12% over the range 0-115°C, while



LC@Fe-BTC showed a much higher loss of up to 35% over the same temperature range. These
losses can be attributed to different amounts of adsorbed water in the samples.>®> Fe-BTC MOF
showed a loss of 14.5% over the range 115-330°C and of 43% over the range 330-500°C, with the
latter likely due to the decomposition of the Fe-BTC structure. In contrast to Fe-BTC, the LC@Fe-
BTC sample did not show a clear loss in mass at 330°C, as confirmed by the derivative plot (dm/dT
vs T, Fig. S1). Enzyme immobilization thus shifted the thermal decomposition of the MOF to
higher temperatures. For LC@Fe-BTC samples, the mass loss over the temperature range 115-
430°C is likely due to the decomposition of BTC and of LC encapsulated in the support. However,
the exact mass loss due to the enzyme decomposition cannot be quantified as it overlaps that of
trimesic acid (Fig. 1C).%* Finally, the mass loss measured above 430°C for LC@Fe-BTC is
assigned to the decomposition of the MOF structure.® Thermogravimetric analysis of ZIF-zni and
LC@ZIF-zni (Fig. 1D) shows that the materials exhibited good thermal stability in air, up to
433°C, in agreement with literature reports.®® ZIF-zni had mass losses of 10 and 25% over the
ranges, 433-566°C and 566-700°C. The first mass loss can be attributed to the partial loss of ZIF
crystallinity whichis favoured in oxidizing environments®’ while the latter can be ascribed to the
complete decomposition and collapse of the ZIF-zni structure.®® Thermogravimetric analysis of
LC@ZIF-zni was comparable with ZIF-zni except for the mass loss of 13 % over the temperature
range, 245-400°C. ZIF-zni displayed a loss in mass of 2.8 % over this range, indicating that loss
in mass of LC@ZIF-zni could be ascribed to the thermal decomposition of immobilized laccase

(Table S1).
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Figure 1. XRD patterns of a) Fe-BTC and LC@Fe-BTC and b) ZIF-zni and LC@ZIF-zni.
Thermogravimetricanalysis (TGA) curve from 25 °C to 800 °C of ¢) Fe-BTC MOF and LC@Fe-
BTC 45.2 mg g and d) ZIF-zni and LC@ZIF-zni 84 mg g™'.

Scanning electron microscopy (SEM) images (Fig. 2 A-B) of Fe-BTC show agglomerates of
irregular particles and are similar to literature reports.** SEM images (Fig. 2 C-D) of ZIF-zni show
a more regular crystalline morphology. LC@Fe-BTC samples have a more irregular particle shape,
likely due to enzyme immobilization (Fig. 2 B). Similar to immobilization in ZIFs, encapsulation
of laccase in Fe-BTC led to changes in particle morphology, in which the particles lose their
regular shape in favor of more disordered agglomerates, in agreement with other reports on the

immobilization of enzymes such as lipase, glucose oxidase and alcohol dehydrogenase.3%3®



Figure 2. SEM images of A-B) Fe-BTC and LC@Fe-BTC C-D) ZIF-zni and LC@ZIF-zni
samples

The FTIR spectrum of Fe-BTC (Fig. 3A) showed a band above 3300 cm™' assigned to OH
stretching, indicative of the presence of adsorbed water. The peak at 1625 cm™! can be attributed
to the C=0 stretching of carboxylate groups.®® The peaks, arising from the carboxylate groups of
trimesic acid, likely mask the NH-C=O amide bands of the protein. The bands at 1447 cm™' and
1375 cm™! are due to asymmetric and symmetric stretching of the O-C-O group, respectively.”
The other two sharp peaks at 750 and 703 cm™! correspond to the bending of aromatic C-H
bonds.*""! FTIR spectra of ZIF-zni and LC@ZIF-zni samples are shown in Fig. 3C and 3D. The

bands in the range of 600 - 1500 cm™! are ascribed to the stretching and bending modes of the
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imidazole ring.”> The presence of imidazole bands obscures the amide band expected for the

enzyme.
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Figure 3. FT-IR spectrum of a) Fe-BTC wavenumber range from 450 to 4000 cm™ b) LC@Fe-
BTC wavenumber range from 1000 to 1800 cm™ and ¢) ZIF-zni wavenumber range from 500 to
4000 cm™! d) LC@ZIF-zni wavenumber range from 400 to 1800 cm.

In particular, the sharp peaks in the range 1100 - 1400 cm™' region are attributed to the C=N
stretching.” The peak at 668 cm ™! is due to the stretching of the Zn—N coordination bond between
Zn and the imidazole ring.”* The presence of laccase was confirmed by EDX measurements with
0.14 and 0.20% (m/m) of copper for LC@Fe-BTC and LC@ZIF-zni (Figure S8), respectively, in

agreement with the ratio of laccase loadings for both materials.
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A wide range of studies have been described on the use of iron based MOFs,”” but their long term
stability, especially of Fe-BTC, has not been studied in detail. Oveisi et al. reported leaching of
0.3 ppm of Fe?* (0.01% of the initial amount) in the synthesis of Fe-BTC MOF.”® Sanchez et al.
reported similar negligible amounts of iron leaching (0.3 ppm).3” Aguilar et al. studied the
hydroxylation of phenol using Fe-BTC. Fe leaching was absent or negligible at room temperature
but increased with temperature up to 26 ppm at 50 °C.”7 A study demonstrated how nanoparticles
of MIL-100 progressively lose their crystallinity when incubated in PBS (phosphate buffer saline)
solution from 6 h to 3 days due to the interaction between phosphate and iron ions.”® Similarly to
MIL-100, Fe-BTC is unstable in aqueous buffer solutions. Determination of iron release from Fe-
BTC was analyzed following a SCN- based colorimetric assay (Figure S6). Iron release was
assayed by suspending Fe-BTC in citrate, phosphate and Tris-HCl buffers (10 and 100 mM) at pH
5,7 and 9, respectively under static and shaking conditions for 24 and 48 h (Figure S7). Samples
suspended in 10 mM buffer in shaking conditions demonstrated a higher concentration of iron
release (up to 35 uM at pH 5 and 9 after 48 h) than samples stored in static conditions (up to 25
UM at pH 5 after 24 and 48 h). In 100 mM buffer solutions, samples at pH 5 showed comparable
leaching levels of iron (25 pM) with no significant differences between static and shaking
conditions and between 24 and 48 h of storage. Samples stored at pH 7 and 9 demonstrated an
increase in iron release up to 40 uM after 48 h. The increased amounts of iron released in 100 mM
buffer indicates that the buffer concentration is a factor in the stability of the material. Overall, the
data demonstrate that Fe-BTC is unstable upon exposure to aqueous buffer, limiting its use as a
support for enzymes. A comparable systematic study of ZIF-8 stability in PBS demonstrated that
ZIF-8 is unstable and releases metal ions in the presence of specific buffer solutions.”® In that work

Falcaro et al. demonstrated that ZIF-8 particles can rapidly lose crystallinity when incubated in
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PBS for 1 hto 24 h, leading to the formation of zinc phosphate particles with the rate of degradation
depending on the size of the ZIF-8 particles. In another work, Gassensmith et al. demonstrated that
ZIF-8 is more stable in some buffers and cell media.®’ The stability of ZIF-8 stability is dependent
on the stability of the bond between Zn?* and 2-methylimidazole linker. Both phosphate and
bicarbonate can bind to Zn** competing with the linker and reducing the stability of the material.
The stability of ZIF-8 was assessed by examining the surface morphology, degree of crystallinity
of the material and leaching of the protein. No significant leaching of protein or changes in

crystallinity were observed indicating that ZIF-8 is stable in the buffers used.

SEM and XRD were used to evaluate the structural stability of LC@Fe-BTC and LC@ZIF-zni
afteruse (Figure S10-S11). While the XRD pattern of LC@ZIF-zni displayed more noise and was
more irregular, the main peaks (20 peak position: 10, 15, 18, 20) were retained indicative of a
partial loss of the MOF structure. SEM images confirmed that the surface morphology was not
significantly changed (Figure S11). The XRD pattern of Fe-BTC is not well defined due to the
semi-amorphous nature of the material. The XRD patterns before and after use were similar
(Figure S10) As with LC@ZIF-zni, SEM images confirmed that there were no substantial changes

in the morphology of LC@Fe-BTC after use (Figure S11).

The effect of immobilization on Kinetic properties

Figure 4 shows the kinetic data obtained for the free and immobilized laccases, while the associated
kinetic parameters are listed in Table 1. The laccase from Aspergillus sp.used in this work showed
a 45-fold loss in specific activity once immobilized within Fe-BTC (from 7.7 to 0.17 pmol min™!
mg"'). GascOn et al.> reported the immobilization of a laccase from Aspergillus oryzae within Fe-

BTC. Their results showed a 95-fold decrease in catalytic activity (from 378 to 4 umol min"' mg-
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1) when the laccase was entrapped in Fe-BTC. With LC@ZIF-zni, a much lower decrease in

activity, by a factor of 5.8, was observed (Vmax decreased from 7.7 to 1.32 umol min™! mg™).

Table 1. Kinetic parameters obtained with free laccase, LC@MOF and LC@ZIF-zni samples.

Samples K Vimax
(M) (pmol min™! mg'l)
Free laccase 13+3 7.7+£04

LC@Fe-BTC 35+7 0.17+0.01
LC@wZIF-zni 22+ 6 1.32 +£0.08

The decrease in Vmax observed with both supports may be due to diffusional limitations or,
alternatively to enzyme inactivation. LC@Fe-BTC showed an increase in Ky (2.7 times higher
than free laccase) suggesting that the substrate had a lower affinity for the enzyme when
immobilized on Fe-BTC. LC@ZIF-zni sample showed an increase in Ky (x 1.6) compared with
the free enzyme. Differences in the kinetic parameters frequently arise upon immobilization of an
enzyme.’! Differences in kinetic parameters between free and immobilized enzymes can arise from
a range of factors that include changes in conformation, in the structure or degree of accessibility
of the enzyme’s active site, in the rate of diffusion and/or in partitioning of the substrate to the
active site.®? Similar to the results described here, Patil et al., immobilized laccase from Trametes
hirsutain ZIF-8 and reported a 1.5 fold increase in Ky, and a 1.2 fold decrease in Vimax suggesting
that the ZIF materials may be suitable supports for the immobilization of laccase.®* Some enzymes
such as catalase showed a decrease in catalytic activity upon immobilization on ZIF-8.3® This was
ascribed to the hydrophobic nature of ZIF-8 that may interact with hydrophobic residues of the
enzyme. In another work, lipase (Candida antarctica B) was immobilized on Fe-BTC with no

significant loss of enzymatic activity.>®> On the other hand, when laccase (Aspergillus oryzae) was
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immobilized on the same material, the activity decreased (up to 0.2 umol min! mg"), thus

suggesting that Fe-BTC was not a good host for the enzyme.>
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Figure 4. Michaelis-Menten plots of the activity of of free laccase, LC@Fe-BTC (9 mg mL™') and
LC@ZIF-zni (9 mg mL™).

Effect of enzyme loading on specific activity

Different LC@Fe-BTC and LC@ZIF-zni samples with increasing protein loading were prepared
using enzyme concentrations in the range 6-10 mg mL"' (LC@Fe-BTC) and 5-12.5 mg mL!
(LC@ZIF-zni) during the in situ immobilization process. LC@Fe-BTC loadings, quantified by
means of the Bradford assay, varied from 29.8 mg g! t0 52.7 mg g™ (Figure 5A; Table S1) while
LC@ZIF-zni loadings ranged from 17.8 mg g! to 59.5 mg g! (Figure 5C; Table S2). The
immobilization efficiency (IE%), defined as the ratio (%) between the amount of immobilized
protein and the total protein in solution, was 100 % for all LC@Fe-BTC samples, demonstrating
that all of the laccase was immobilized within Fe-BTC material. When LC@ZIF-zni was analyzed,
IE% varied between 97-99 % for all samples showing, also in this case, a very high immobilization

efficiency. For LC@Fe-BTC samples, the increase in enzyme loading shown in Fig. 5A is
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supported by TGA analysis (Fig. 5B). TGA analysis of LC@Fe-BTC samples (6 and 7 mg/mL)
displayed a loss in mass of 70% over the range 0 and 115 °C due to the loss of water. At higher
enzyme concentrations (9 and 10 mg/mL). LC@Fe-BTC samples had losses in mass of 25%, likely
due to a lower water content. The % mass loss in the range 115 - 430°C increased with increasing
enzyme loading from 9.5% to 22%, with the exception of LC@Fe-BTC with a loading of 45.2 mg
g! that showed a mass loss of 27%. TGA curve for Fe-BTC did not show any mass losses in the
range between 200 and 300 °C. On the other hand, in the same temperature range LC@Fe-BTC
samples showed a low mass loss (more visible in the derivative curve, Fig. S1) that increased with
increasing enzyme loading. GascOn et al. investigated the mass loss of enzymes immobilized
within Fe-BTC MOF through thermogravimetric analysis coupled to mass spectrometry.>® In that
work, they attributed the mass loss over the temperature range 200 - 300°C to water retained by
the enzyme.>> LC@ZIF-zni samples showed a linear increase in mass loss in the temperature range

245-400°C except for the loading at 19.8 mg g! that showed a mass loss of 9.5 % (Table S2).
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Figure 5. a) Protein loading of Fe-BTC MOF, b) thermogravimetric analysis (TGA) of LC@Fe-
BTC with different enzyme loadings c) Protein loading of ZIF-zni samples d) thermogravimetric
analysis (TGA) of LC@ZIF-zni with different enzyme loadings

Specific activity of LC@Fe-BTC and LC@ZIF-zni

The specific activities of the samples at different enzyme loadings were examined. In the absence
of diffusional limitations, the activity should increase as the loading is increased. Figure 6 shows
an initial linear increase in activity with enzyme loading on LC@Fe-BTC up to an activity of 0.08
units to at aloading of 45.2 mg g!'. Above this loading the specific activity decreased, likely arising
from limitationsin substrate diffusion within the pores®®* For the loadings examined, the specific
activity is an order of magnitude higher for ZIF-zni samples than Fe-BTC biocatalysts. In contrast,
with LC@ZIF-zni an increase in activity over the range investigated (Fig. 6), was observed,
indicating diffusional limitations were not observed. Naseri et al.>* obtained a high retention of
activity of a laccase from 7. versicolor in ZIF-zni demonstrating a very high adaptability of
laccases for ZIF-zni support. The laccase from Aspergillus sp. is a glycoprotein containing about
10% sugar content.*** The presence of asparagine-N-linked sugar residues on the enzyme confer

polar, hydrophilic properties on the enzyme.
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enlargement of data for LC@Fe-BTC

As studied recently by Liang et al., the enzyme polarity is likely related to high activity retention
in ZIF materials.*? Likely, ZIF-zni materials offer a more favorable environment for laccase
activity in comparison with Fe-BTC supports. When Knedel et al.! immobilized laccase from
Corynebacterium glutamicum in ZIF-8, no activity was observed when ABTS was used as the
substrate. The lack of activity was explained on the basis that the small ZIF-8 pore windows (3.4
A) which did not allow ABTS to enter the pores and reach the enzyme active site. Liang et al.
demonstrated how, even in porous ZIFs, ca. 40% of the enzyme was on the surface rather than
entrapped in the material.*?

Knedel at al. also reported how laccase immobilization in ZIF materials using 2,6-
dimethoxyphenol and syringaldazine substrates enhanced stability in ethanol and N,N-
dimethlyformamide (DMF)'® meaning that, upon immobilization in ZIF-8, laccase works also in
the absence of water. When laccase is immobilized in chitosan the laccase water requirement

decreased up to 7% in water content.®¢ In our work, the relative amount of water present in the Fe-

BTC and ZIF-zni samples can be seen by the differential scanning calorimetry (DSC) plot. A small
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endothermic (positive) peak between 100 and 200 °C can be attributed to water retained in ZIF-
zni samples (Fig. S3). Over the temperature range 80-130 °C, a much bigger endothermic peak
was seen for Fe-BTC samples (Fig. S4) indicative of a higher water content. As shown in Figure
5B-D, from TGA data, LC@ZIF-zni resulted in dryer samples for all the assayed loadings in
comparison with LC@Fe-BTC samples. In principle, drying of the immobilized biocatalyst should
result in a significant decrease in laccase activity.® In fact, LC@ZIF-zni retained higher activities
at various enzymatic loadings even if samples with reduced moisture content (1 % vs 35 % in
water content for biocatalyst with 59.4 and 52.7 mg/g of enzymatic loading for ZIF-zni and Fe-
BTC respectively) than Fe-BTC were used (Fig. 5D). It is worth noticing that also at the optimal
Fe-BTC loadings, LC@ZIF-zni displayed a 10-fold higher activity than LC@Fe-BTC (1.32 pmol
min” mg!vs 0.17 umol min"' mg™!) indicative of a superior immobilization environment in ZIF-

zni when compared to Fe-BTC .

Storage stability of LC@Fe-BTC and LC@ZIF-zni

Samples of LC@Fe-BTC and LC@ZIF-zni were stored at 4 °C and the residual activity was
checked every 3-5 days. The storage stability of LC@Fe-BTC showed a rapid linear decrease,
retaining only 16% of initial activity (0.59+0.11 pmol min g'!) after eight days, while LC@ZIF-
zni retained 82% of its initial activity (8.18+ 0.14 pmol min™! g!). On comparison of the two
supports there was over 60% difference in retention of activity, confirming that ZIF-zni is a
superior support. Furthermore, LC@ZIF-zni retained about 50% of its initial activity at the 30"
day. The rapid decrease in LC activity may be due to enzyme denaturation in the Fe-BTC material,
but the lower stability of the Fe-BTC material is likely a significant factor. Good retention of
catalytic activity in ZIF materials was reported by Ulu who described the immobilization of

asparaginase in ZIF-8% with the immobilized enzyme retaining 40% of initial activity after four
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weeks, similar to the data described here. The stability of laccase (7Trametes hirsute) immobilized
on ZIF-8 was described by Patil et al.3* with only 20% loss of activity after storage for 20 days at
30°C. The good storage stability of laccase in ZIF-zni highlights its possible use as a support for

laccase immobilization.
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Figure 7. Storage stability of LC@Fe-BTC and LC@ZIF-zni, activity normalized at 3.6 and 13.7
umol min g respectively.

Reuse is an important aspect in evaluating immobilized enzymes. Samples of LC@Fe-BTC and
LC@ZIF-zni were evaluated for reuse. (Figure S9). ZIF-zni samples showed a rapid decrease after
use, with a residual activity of 6.2 % after three cycles. On the contrary, Fe-BTC displayed a
significantly better performance retaining 18.2% activity after the 10™ cycle. The rapid decrease
in activity of the ZIF-zni samples is likely due to practical difficulties in recovering the samples
as the crystal size of the ZIF biocatalysts dissolve when in contact with some buffers making its

recover and reuse very challenging. A similar phenomenon was recently observed by Maddigan et

al. 88
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Conclusions

The comparison between two MOF materials used for the in situ immobilization of Asperigillus
sp. laccase was described. The structures of both supports were characterized using XRD, SEM,
TGA and FTIR techniques. Immobilization efficiency was 100% for all LC@Fe-BTC loadings
while for ZIF samples it was slightly lower (from 97-99 %). Surprisingly, LC@ZIF-zni showed a
much higher Vinax when compared with LC@Fe-BTC samples. The Ky value of LC@ZIF-zni is
lower (21.6 uM) than that of LC@Fe-BTC (35.5 uM) suggesting more efficient substrate binding
by laccase in ZIF-zni. The enzymatic activities were studied in a wide range of loadings. In the
case of Fe-BTC samples, a maximal specific activity was observed at an optimal loading of 42.5
mg g whereas higher loadings resulted in a specific activity decrease. Differently, LC@ZIF -zni
samples did not show any decrease in activity up to 59.4 mg g indicating that a higher amount of
laccase can be immobilized without observed limitations. Lastly, the storage stability of both
immobilized biocatalysts was studied indicating a much higher activity retention for LC@ZIF-zni
samples (50% loss of initial activity after 30 days) than LC@Fe-BTC (84% loss of initial activity
after 8 days). ZIF-zni material is a promising material for the in sifu immobilization of laccase

with good retention of activity while Fe-BTC materials do not possess long term stability.
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